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ABSTRACT 

 

Accelerated aging is recognized to play a role in the pathogenesis of COPD. Recently, 

extracellular matrix (ECM) dysregulation has been proposed as additional hallmark of lung 

aging. The airway smooth muscle (ASM) in COPD airways is thickened, accompanied by 

abnormal ECM homeostasis. We previously demonstrated higher levels of cellular 

senescence in COPD-derived fibroblasts, which was associated with altered ECM gene 

expression. Since it is unknown whether ASMCs are more senescent in COPD and whether 

this also affects ECM expression, we compared cellular senescence levels of ASMCs 

between COPD patients and non-COPD controls and assessed the association with ECM 

expression. 

Cellular senescence markers and ECM gene expression were measured in ASMCs 

from COPD patients at baseline and upon Paraquat-induced senescence. COPD-derived 

ASMCs (n=10) were compared to lung fibroblasts from the same patients (n=6) and to non-

COPD control-derived ASMCs (n=11). 

Percentages of SA-β-gal positive cells were higher in ASMCs compared to lung 

fibroblasts from the same patients (35% vs 13% respectively). Paraquat-induced senescence 

resulted in small ECM changes in ASMCs. Cellular senescence levels were similar in COPD-

derived ASMCs compared to non-COPD. 

We demonstrated that cellular senescence levels at baseline are higher in ASMCs 

compared to lung fibroblasts, but are not different between ASMCs from COPD patients 

compared to non-COPD. We found no link between cellular senescence and ECM gene 

expression in COPD-derived ASMCs. These results indicate that, in contrast to lung 

fibroblasts, higher levels of senescence in ASMCs do not appear to play a major role in COPD 

pathology. 

 

  



High levels of cellular senescence in airway smooth muscle cells; no increase in COPD 

 

119 

INTRODUCTION 

 

Accelerated aging has been postulated to play a role in the pathogenesis of chronic 

obstructive pulmonary disease (COPD). Aging is defined as a progressive loss of normal 

homeostasis, and when abnormal can result in disease or death (1, 2). Normal lung aging 

includes lung function decline, airspace enlargement, and loss of elasticity (3, 4). In COPD 

patients, lung aging is accelerated and may contribute to disease development and 

progression (5, 6). As the pathogenesis of COPD is still largely unknown, more knowledge of 

this process and the role of accelerated aging is needed.  

Multiple studies have found higher levels of several aging markers in COPD patients 

compared to individuals without COPD (5-8). The aging marker most extensively described 

in COPD is cellular senescence, which is an irreversible cell cycle arrest that prevents cell 

death and tumor development. Accumulation of senescent cells can lead to tissue 

dysfunction by causing chronic inflammation and extracellular matrix (ECM) changes (2). 

Higher levels of cellular senescence have been found in multiple structural cells derived 

from COPD patients compared to non-COPD controls, including alveolar and bronchial 

epithelial cells, pulmonary vascular endothelial cells, pulmonary artery smooth muscle cells, 

and lung fibroblasts (9-14). 

Another proposed hallmark of lung aging is ECM dysregulation (7). The ECM plays 

an essential role in the function and structure of the lungs and is important in healthy lung 

tissue repair and remodeling. Age-related ECM changes can affect normal homeostasis and 

healthy tissue function (15, 16). In general, ECM changes upon aging include an increase in 

fibrosis and loss of elasticity, which also has been observed in both normal and accelerated 

lung aging (3, 5, 6, 17, 18). Lung fibroblasts are major producers of ECM and regulate ECM 

homeostasis. Recently, we found that higher levels of cellular senescence in COPD-derived 

lung fibroblasts were associated with lower levels of the ECM protein decorin (19). In 

addition, upon induction of cellular senescence in primary lung fibroblasts using Paraquat 

(PQ), we found differential gene expression of several ECM proteins, including reduced 

decorin expression.  

The airway smooth muscle cell (ASMC) is another cell type that can play an 

important role in lung tissue remodeling by regulation of ECM homeostasis (20-22). In COPD 

pathology, the large and small airway walls are thickened, including a thickening of the ASM, 

leading to airflow limitation (23-25). In lung tissue from COPD patients, an increase in 

smooth muscle mass has been observed compared to individuals without COPD (26-28). 

This increase in smooth muscle mass is accompanied by altered ECM deposition, including 

dysregulated collagen structure, decrease in elastic fibers, and an increase in fibronectin, 

and tenascin (20, 22, 29, 30). Whether cellular senescence of ASMCs has an effect on ECM 

gene expression and plays a role in COPD pathology is unknown. Furthermore, higher levels 

of cellular senescence in ASMCs from COPD patients compared to non-COPD have, in 

contrast to other structural lung cells (8), not been shown yet. Therefore, we assessed 

whether cellular senescence in ASMCs is accompanied by changes in ECM gene expression 

and assessed whether levels of cellular senescence are different in COPD-derived ASMCs 
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compared to non-COPD controls. Furthermore, cellular senescence levels of ASMCs and 

lung fibroblasts from the same donors were compared. 

 

 

METHODS 

 

A detailed description can be found in the online supplement. 

 

Subjects 

Primary airway smooth muscle cells (ASMCs) and primary lung fibroblasts from subjects 

undergoing lung transplantation or tumor resection surgery were isolated as previously 

described (31, 32). All included COPD patients were Global Initiative for Chronic Obstructive 

Lung Disease (GOLD) stage IV patients, defined as FEV1/FVC ratio <70% and FEV1 % pred 

<30%. Non-COPD control subjects were included when the FEV1/FVC ratio was >70%. All 

subjects were ex-smokers and were matched for age, sex, and smoking history (Table 1). 

None of the COPD patients was alpha-1 antitrypsin deficient. Ethical approval for all 

experiments with primary lung cells was provided by the Human Ethics Committees (IRB) of 

the Sydney South West Area Health Service and St Vincent’s Hospital IRB, and written 

informed consent was obtained. 

 

 

Table 1: patient characteristics of ASMCs from COPD patients and non-COPD controls 

Variable Control COPD P-value 

Number 11 10   

Age, mean years (range) 63 (53-75) 58 (44-64) 0.168 

Male/female, N 7/4 4/6 0.290 

Smoking history All ex-smokers All ex-smokers   

Pack-years 40 (26-60) 30 (20-50) 0.359 

Stop-months 13 (2-48) 95 (53-138) 0.355 

FEV1 % predicted 92 (75-100) 20 (18-22) 0.001 

FVC % predicted 94 (77-101) 69 (49-86) 0.079 

FEV1/FVC (%) 78 (77-83) 25 (22-26) 0.001 

• Data are presented as medians with IQRs unless otherwise stated. 

• Significant differences between groups were tested using Mann–Whitney U-tests. P-values are 

boldfaced when significantly different. 

• FEV1:  forced expiratory volume in one second, FVC:  forced vital capacity. 
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Primary cell culture 

Primary ASMCs and primary lung fibroblasts were cultured in DMEM (Gibco) supplemented 

with 5% fetal bovine serum (FBS), 25 mM Hepes buffer (Gibco), and 1% antibiotic‐

antimycotic (Gibco) at 37°C/5% CO2 as described before (31, 32). For the direct comparison 

of the two cell types from the same patients, freshly isolated cells were used, which had not 

been stored in liquid nitrogen yet. For both cell types, 40,000 cells were seeded in 6-well 

plates and treated after two days with or without 250 μM Paraquat dichloride hydrate (PQ) 

(Sigma-Aldrich) for 24 hours to induce cellular senescence (19, 33). After 24 hours, PQ was 

washed away and cells were kept in culture with DMEM + 5% FBS for another 24 hours (for 

RNA collection) or four days (for RNA collection, SA-β-gal staining, and secreted proteins). 

These time-points were carefully chosen based on pilot study results. All cells were used at 

passage five unless otherwise stated. 

 

Senescence-associated β-Galactosidase staining 

Cellular senescence was assessed with standard Senescence-associated β-Galactosidase 

(SA-β-gal) staining as described before (19, 34). A detailed description can be found in the 

online supplement. 

 

Gene expression analyses 

To analyze gene expression, quantitative reverse transcriptase-polymerase chain reaction 

(qRT-PCR) was performed using TaqMan gene expression assays (Life Technologies). A 

detailed description can be found in the online supplement. 

 

Secreted protein analyses 

Cell-free supernatants were harvested four days after PQ removal and stored at -20°C prior 

to ELISA analysis. Secreted IL-6 and IL-8 levels were measured using Human DuoSet ELISA 

(R&D Systems). As the numbers of cells were significantly different at the end of culture 

between untreated and PQ treated, we corrected the secreted protein levels for cell 

numbers counted at the end of culture. 

 

Western Blot analyses 

Western blot analyses were used to assess protein levels of the senescence markers p16 

and p21. A detailed description can be found in the online supplement. 

 

Statistical analyses 

SPSS Statistics 26 software (IBM) was used for statistical analyses. The effect of PQ 

treatment compared to untreated and the differences between ASMCs compared to lung 

fibroblasts from the same patients were tested using paired analyses with Wilcoxon signed-

rank tests. Mann-Whitney U-tests were used to test differences between COPD patients 

and non-COPD controls. P<0.05 was considered statistically significant. 
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RESULTS 

 

Higher percentages of SA-β-gal positive cells in airway smooth muscle cells compared to 

lung fibroblasts 

Since the percentages of SA-β-gal positive cells at baseline seemed already higher in airway 

smooth muscle cells (ASMCs) than we (19) and others previously found in lung fibroblasts 

(14, 35-37), we decided to do a direct comparison between both cell types derived from the 

same patients. ASMCs had a lower proliferation rate compared to lung fibroblasts with 

significantly lower population doublings from passage 5 onwards (Fig. 1A). The percentages 

of SA-β-gal positive cells at baseline were significantly higher in ASMCs (35%) compared to 

lung fibroblasts (13%) at passage 5 (Fig. 1B), which was also observed at passage 4 and 6 

(Fig. E1B in the online supplement). No differences in p16 and p21 gene expression (Fig. 

1C+D) were observed between ASMCs and fibroblasts. P16 and p21 protein levels at 

passage 5 were not significantly different either (Fig. 1E+F). Secretion of the well-known 

senescence-associated secretory phenotype (SASP) proteins IL-6 and IL-8 (38-40) was 

assessed as well. IL-6 secretion seems higher in ASMCs compared to lung fibroblasts at 

multiple cell passages (Fig. E1G), but this was not significantly different (Fig. 1G). IL-8 

secretion was also not significantly different between the two cell types (Fig. 1H). 

 

More SA-β-gal positive cells upon Paraquat-induced senescence in airway smooth muscle 

cells compared to lung fibroblasts 

To compare the levels of cellular senescence of ASMCs and lung fibroblasts, senescence was 

induced using Paraquat (PQ). Upon PQ treatment, percentages of SA-β-gal positive cells 

increased similarly in both cell types with higher percentages of SA-β-gal positive cells in 

ASMCs (83%) compared to lung fibroblasts (65%) at passage 5 (Fig. 2A) and passage 6 (Fig. 

E3A). Upon PQ-induced senescence, the total cell numbers were decreased in both cell 

types, while the levels of decrease were not significantly different between the two cell 

types (Fig. 2B). PQ increased p21 gene expression at similar levels in both cell types (Fig. 

2C+D) but did not affect p16 gene expression (Fig. 2E+F). IL-6 and IL-8 secretion were both 

induced after PQ treatment in ASMCs and fibroblasts with similar levels of increase (Fig. 

2G+H), while a trend (p=0.094) towards higher IL-6 secretion post PQ treatment in ASMCs 

compared to lung fibroblasts (Fig. 2G). 
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Figure 1: Higher percentages of SA-β-gal positive cells in airway smooth muscle cells compared to 

lung fibroblasts. Dot plots show baseline levels of cellular senescence markers of ASMCs (light grey) 

and lung fibroblasts (dark grey) from the same 6 patients (same symbols represent the same patients). 

Population doublings of both cell types at multiple passages are shown in the line graph (A). 

Percentages of SA-β-gal positive cells (B) following 4 days of growth in vitro at passage 5. Gene 

expression of p16 (C) and p21 (D) following 24h of growth in vitro at passage 5. Protein levels of p16 

(E) and p21 (F) normalized for GAPDH protein levels following 4 days of growth in vitro at passage 5. 

Examples of the blots are shown in Fig. E2. IL-6 (G) and IL-8 (H) secretion following 4 days of growth in 

vitro corrected for total cell numbers at passage 5. Fibro= fibroblasts. Differences between ASMCs and 

fibroblasts from the same patients were tested using Wilcoxon tests. * means P-value <0.05.  
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Figure 2: More SA-β-gal positive cells after Paraquat-induced senescence in airway smooth muscle 

cells compared to lung fibroblasts. Dot blots show senescence markers at baseline (grey) and upon 

PQ-induced senescence (black) in ASMCs and lung fibroblasts from the same 6 patients (same symbols 

represent the same patients). Percentages of SA-β-gal positive cells (A) and total cell numbers (B) at 

baseline and 4 days post PQ removal at passage 5. Gene expression of p16 (C+D) and p21 (E+F) at 

baseline and 24h (C+E) and 4 days (D+F) post PQ removal at passage 5. IL-6 (E) and IL-8 (F) secretion 

levels at baseline and 4 days post PQ removal corrected for total cell numbers at passage 5. Fibro = 

fibroblasts. Differences between ASMCs and fibroblasts from the same patients were tested using 

Wilcoxon tests. * means P-value <0.05. 



High levels of cellular senescence in airway smooth muscle cells; no increase in COPD 

 

125 

No differences in cellular senescence in COPD-derived airway smooth muscle cells 

compared to non-COPD controls 

Next, we assessed whether levels of cellular senescence were higher in COPD-derived 

ASMCs compared to non-COPD-derived ASMCs. The proliferation rate of COPD-derived 

ASMCs was lower compared to non-COPD controls with population doublings significantly 

lower at passage 5 and 6 (Fig. 3A). Cellular senescence was not significantly different 

between COPD and non-COPD-derived ASMCs at baseline, as no differences were found in 

SA-β-gal positive cells (Fig. 3B), p16, and p21 gene expression (Fig. 3C+D). The secretion of 

IL-6, but not IL-8, was higher in COPD-derived ASMCs compared to non-COPD (Fig. 3E+F). 

No differences in DCN, FBLN5, and ACTA2 gene expression were observed between COPD-

derived ASMCs and non-COPD (Fig. 3G-I).  

 

 

Similar induction in cellular senescence by Paraquat in airway smooth muscle cells from 

COPD patients and non-COPD controls 

When comparing senescence markers upon PQ-induced senescence between COPD and 

non-COPD, no significant differences were found in the increase in SA-β-gal positive cell 

percentage (Fig. 4A and Fig. E4A). Upon PQ treatment, the cell numbers of COPD-derived 

ASMCs were lower compared to non-COPD (Fig. 4B), but the level of decrease was similar 

(Fig. E4B). There was a trend (p=0.051) for higher gene expression of p21 after PQ treatment 

in COPD-derived ASMCs and compared to non-COPD-derived ASMCs at 24h (Fig. 4C), but 

not at 4d (Fig. 4D). Significantly higher fold changes in p21 gene expression were found in 

COPD-derived ASMCs compared to non-COPD after 24 hours and four days of PQ treatment 

(Fig. 4E+F). After higher baseline secretion of IL-6 in COPD-derived ASMCs (Fig. 3E), also 

higher levels after PQ treatment were observed (Fig. 4G), while the fold change was not 

significantly different between COPD and non-COPD (Fig. E4C). IL-8 secretion was increased 

at similar levels and not also not significantly different upon PQ treatment between COPD 

and non-COPD (Fig. 4H & Fig. E4D). 
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Figure 3: No differences in cellular senescence in COPD-derived airway smooth muscle cells 

compared to non-COPD controls. Line graph and dot plots show baseline of cellular senescence 

markers and ECM gene expression of ASMCs from COPD patients (n=10) and non-COPD controls 

(n=11). Population doublings of ASMCs from COPD patients and non-COPD controls at multiple 

passages are shown in the line graph (A). Percentages of SA-β-gal positive cells (B) following 4 days of 

growth in vitro. Gene expression of p16 (C) and p21 (D) following 24h of growth in vitro. IL-6 (E) and 

IL-8 (F) secretion following 4 days of growth in vitro corrected for total cell numbers. Gene expression 

of the ECM proteins DCN (G), FBLN5 (H), and ACTA2 (I) are shown following 4 days of growth in vitro. 

Differences between COPD and non-COPD control were tested using Mann–Whitney U tests. * means 

P-value <0.05. 
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Figure 4: Cellular senescence induction by paraquat in ASMCs from COPD patients and non-COPD 

controls. Dot plots show cellular senescence markers of ASMCs from COPD patients (n=10, solid 

symbols) and non-COPD controls (n=11, open symbols) at baseline (circles) and upon PQ treatment 

(triangles). Percentages of SA-β-gal positive cells (A) and total cell numbers (B) 4 days post PQ removal. 

Gene expression of p21 24h (C) and 4 days (D) and p21 fold changes 24h (E) and 4 days (F) post PQ 

removal. IL-6 (G) and IL-8 (H) secretion 4 days post PQ removal corrected for total cell numbers. 

Differences between PQ and baseline were tested using Wilcoxon tests. Differences between COPD 

and non-COPD control were tested using Mann–Whitney U tests. * means P-value <0.05. 
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Similar ECM changes upon Paraquat-induced senescence in airway smooth muscle cells 

from COPD patients and non-COPD controls 

Finally, we assessed whether senescence induction in ASMCs affects gene expression of 

extracellular matrix (ECM) proteins and the fibrotic marker ACTA2, as we previously found 

a strong decrease in DCN, FBLN5, and ACTA2 gene expression in senescence-induced lung 

fibroblasts (19). Upon PQ-induced senescence, gene expression of the ECM protein DCN 

was reduced in ASMCs from both COPD patients and non-COPD controls (Fig. 5A). FBLN5 

gene expression was significantly reduced by PQ in ASMCs from non-COPD, while a similar 

trend (p=0.084) was observed in COPD-derived ASMCs (Fig. 5B). No significant effect of PQ 

on ACTA2 gene expression was observed in ASMCs from both COPD patients and non-COPD 

(Fig. 5C). The fold changes in ECM and ACTA2 gene expression upon PQ-induced senescence 

were not significantly different between ASMCs from COPD patients compared to non-

COPD (Fig. 5D-F). 

 

 

 
Figure 5: Small ECM changes upon Paraquat-induced senescence in airway smooth muscle cells. Dot 

plots show ECM gene expression of ASMCs from COPD patients (n=10, solid symbols) and non-COPD 

controls (n=11, open symbols) at baseline (circles) and upon PQ treatment (triangles). Gene expression 

of the ECM proteins DCN (A), FBLN5 (B), and ACTA2 (C) are shown 4 days post PQ removal. Differences 

between PQ and baseline were tested using Wilcoxon tests. Fold changes in DCN (D), FBLN5 (E), and 

ACTA2 (F) gene expression 4 days post PQ removal. Differences between COPD and non-COPD controls 

were tested using Mann–Whitney U tests. * means P-value <0.05. 
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DISCUSSION 

 

This is the first study assessing the cellular senescence levels of airway smooth muscle cells 

(ASMCs) and to compare this to lung fibroblasts, and between COPD patients and non-COPD 

controls. Percentages of SA-β-gal positive cells, one of the widely used cellular senescence 

markers, were higher at baseline in ASMCs compared to lung fibroblasts over multiple cell 

passages. Cellular senescence levels were not significantly different between cells from 

COPD patients compared to non-COPD, as measured by SA-β-gal positivity, cell proliferation 

inhibition, and p16 and p21 gene expression, although p21 gene expression increased more 

upon PQ treatment in COPD compared to non-COPD derived fibroblasts. PQ-induced 

senescence in ASMCs resulted in small changes in the expression of extracellular matrix 

(ECM) genes, while we previously found strong ECM changes in senescence-induced lung 

fibroblasts (19). The observed ECM changes upon PQ-induced senescence in ASMCs were 

not different between COPD patients and non-COPD controls. 

 

We observed that ASMCs have a more senescent-like phenotype than lung fibroblasts, as 

the proliferation rate was lower and percentages of SA-β-gal positive cells were higher in 

ASMCs compared to lung fibroblasts. However, no differences were observed in the gene 

expression of the senescence markers p16 and p21. The p16 and p21 protein levels of 

multiple donors (five and four out of six, respectively) seemed higher in ASMCs, but this was 

not significantly different. This lack of difference might be caused by low protein levels 

overall. Although the baseline percentages of SA-β-gal positive cells were already higher in 

ASMCs, PQ was able to further induce these percentages to a higher level at the end 

compared to lung fibroblasts with a similar level of induction. Similar to baseline, after PQ-

induced senescence, no differences were found for p16 and p21 gene expression. The 

discrepancy between p16 and p21 expression and SA-β-gal positive cells might be explained 

by the fact that we assessed global gene and protein levels in whole cultures, which might 

lead to an underestimation of cellular senescence levels, whereas for SA-β-gal the 

percentages of positive cells were quantified. Another explanation for this discrepancy 

might be that higher baseline percentages of SA-β-gal positive cells are driven by a p16 and 

p21 independent pathway, for example by a chromatin-dependent pathway or GATA4-

dependent pathway as have been demonstrated in human fibroblast cell lines (41, 42).  

 

A lower proliferation rate was found in ASMCs from COPD patients compared to non-COPD 

controls, while no differences in senescence markers were found. The lower proliferation 

rate in COPD-derived ASMCs may be caused by lower mitochondrial activity, as a previous 

study demonstrated lower mitochondrial membrane potential in COPD patients compared 

to healthy controls (43). In COPD lungs both ASM hypertrophy and hyperplasia have been 

observed, where the higher numbers of ASMCs in COPD, might explain that cellular 

senescence levels are not different between COPD and non-COPD. Higher secretion of the 

pro-inflammatory cytokine IL-6 was observed in COPD-derived ASMCs compared to non-

COPD, which was unrelated to cellular senescence (Fig. E5A in the online supplement). Pro-
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inflammatory mediators, including IL-6, have previously been found to be higher in COPD-

derived ASMCs at baseline conditions (43), and a greater increase in IL-6 was demonstrated 

upon TGF-β treatment in COPD-derived ASMCs (44). Furthermore, no differences in ECM 

and ACTA2 gene expression were found between ASMCs from COPD patients compared to 

non-COPD at baseline. In addition, no association between cellular senescence and ECM 

gene expression was found (Fig. E5B-D in the online supplement). So although previous 

studies demonstrated ECM changes in ASM from COPD patients (30, 45), we did not observe 

a role for cellular senescence in ECM regulation in ASM from COPD patients. 

 

Upon PQ-induced senescence, we found a similar increase in senescence markers in ASMCs 

from COPD patients and non-COPD controls for all markers, except for p21 gene expression, 

which was more increased in COPD-derived ASMCs compared to non-COPD. Upon PQ-

induced senescence, DCN gene expression was decreased in ASMCs from both COPD 

patients and non-COPD, but FBLN5 gene expression was only significantly decreased in non-

COPD control-derived ASMCs. However, the fold changes in both DCN and FBLN5 gene 

expression upon PQ-induced senescence were similar in ASMCs from COPD patients and 

non-COPD. So, while PQ-induced senescence resulted in a stronger p21 increase in COPD-

derived ASMCs compared to non-COPD, this did not lead to a stronger decrease in ECM 

gene expression. These results confirm our conclusion that cellular senescence does not 

play a major role in ECM regulation by ASM from COPD patients.  

 

The decreases in DCN, FBLN5, and ACTA2 gene expression in ASMCs were smaller than the 

strong decreases we found before in lung fibroblasts (19), which are the genes with the 

strongest decrease upon senescence induction in fibroblasts. The fold changes in ASMCs 

versus fibroblasts were for DCN: 1.26-fold vs 2.81-fold, for FBLN5: 1.15-fold vs 1.51-fold, 

and for ACTA2: 1.15-fold vs 3.50-fold. The only previous published study that assessed ECM 

regulation upon senescence induction in ASMCs found enhanced gene expression of the 

ECM protein COL1A1 and the ECM proteases MMP-2 and MMP-12 upon hyperoxia-induced 

senescence (46). None of the ECM genes measured overlapped with our study and these 

findings were demonstrated in fetal primary ASMCs, whereas we used adult primary 

ASMCs. So, although PQ induced cellular senescence similarly in ASMCs and lung fibroblasts 

with eventually higher percentages of SA-β-gal positive cells in ASMCs, the decreases in DCN 

and FBLN5 gene expression found here in ASMCs were small compared to the strong 

decreases that we previously observed in fibroblasts.  

 

In vitro growth of primary patient-derived cells favors selection and outgrowth of 

proliferative cells and thereby reduces the proportion of senescent cells. This may result in 

an underestimation of the percentages of senescent cells. Therefore, we assessed the 

differences in cellular senescence between the two cell types at multiple cell passages and 

confirmed the higher percentages of SA-β-gal positive cells in ASMCs compared to lung 

fibroblasts at different passage numbers. As only non-senescent cells will proliferate in vitro 

this also indicates that ASMCs have greater induction of cellular senescence. 
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In conclusion, cellular senescence is not higher in ASMCs from COPD patients compared to 

non-COPD controls and there is no link between cellular senescence and DCN, FBLN5, and 

ACTA2 gene expression in COPD-derived ASMCs. These results indicate that, in contrast to 

lung fibroblasts, higher levels of senescence in ASMCs do not appear to play a major role in 

COPD pathology. It remains to be elucidated whether ASMCs display other aging features 

and whether these play a role in aberrant tissue remodeling in COPD.  
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ONLINE SUPPLEMENT 

 

Detailed methods 

 

Subjects 

Primary airway smooth muscle cells (ASMCs) and primary lung fibroblasts from subjects 

undergoing lung transplantation or tumor resection surgery were isolated as previously 

described (1, 2). All included COPD patients were Global Initiative for Chronic Obstructive 

Lung Disease (GOLD) stage IV patients, defined as FEV1/FVC ratio <70% and FEV1 % pred 

<30%. Non-COPD control subjects were included when the FEV1/FVC ratio was >70%. All 

subjects were ex-smokers and were matched for age, sex, and smoking history (Table 1). 

None of the COPD patients was alpha-1 antitrypsin deficient. Ethical approval for all 

experiments with primary lung cells was provided by the Human Ethics Committees (IRB) of 

the Sydney South West Area Health Service and St Vincent’s Hospital IRB, and written 

informed consent was obtained. 

 

 

Table 1: patient characteristics of ASMCs from COPD patients and non-COPD controls 

Variable Control COPD P-value 

Number 11 10   

Age, mean years (range) 63 (53-75) 58 (44-64) 0.168 

Male/female, N 7/4 4/6 0.290 

Smoking history All ex-smokers All ex-smokers   

Pack-years 40 (26-60) 30 (20-50) 0.359 

Stop-months 13 (2-48) 95 (53-138) 0.355 

FEV1 % predicted 92 (75-100) 20 (18-22) 0.001 

FVC % predicted 94 (77-101) 69 (49-86) 0.079 

FEV1/FVC (%) 78 (77-83) 25 (22-26) 0.001 

• Data are presented as medians with IQRs unless otherwise stated. 

• Significant differences between groups were tested using Mann–Whitney U-tests. P-values are 

boldfaced when significantly different. 

• FEV1:  forced expiratory volume in one second, FVC:  forced vital capacity. 

 

 

Primary cell culture 

Primary ASMCs and primary lung fibroblasts were cultured in DMEM (Gibco) supplemented 

with 5% fetal bovine serum (FBS), 25 mM Hepes buffer (Gibco), and 1% antibiotic‐

antimycotic (Gibco) at 37°C/5% CO2 as described before (1, 2). For the direct comparison of 
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the two cell types from the same patients, freshly isolated cells were used, which had not 

been stored in liquid nitrogen yet. For both cell types, 40,000 cells were seeded in 6-well 

plates and treated after two days with or without 250 μM Paraquat dichloride hydrate (PQ) 

(Sigma-Aldrich) for 24 hours to induce cellular senescence (3, 4). After 24 hours, PQ was 

washed away and cells were kept in culture with DMEM + 5% FBS for another 24 hours (for 

RNA collection) or four days (for RNA collection, SA-β-gal staining, and secreted proteins). 

These time-points were carefully chosen based on pilot study results. All cells were used at 

passage five unless otherwise stated. 

 

Senescence-associated β-Galactosidase staining 

Cellular senescence was assessed with standard Senescence-associated β-Galactosidase 

(SA-β-gal) staining as described before (4, 5). Briefly, cells were fixed with 2% formaldehyde 

+ 0.2% glutaraldehyde in PBS for 3 minutes. After fixation, cells were incubated with the 

described staining solution for 18 hours (in a dry incubator) at 37°C. After incubation, the 

staining solution was washed away and cells were covered with 70% glycerol in PBS for 

storage. DAPI was used for nuclear staining. Four random images of each well were taken 

using a Nikon microscope at a total magnification of 100x. SA-β-gal positive cells and total 

cells (DAPI) were scored blindly to calculate the percentage of SA-β-gal positive cells. 

 

Gene expression analyses 

To analyze gene expression, quantitative reverse transcriptase-polymerase chain reaction 

(qRT-PCR) was used. RNA samples were collected after 24 hours and four days of PQ 

removal in RLY buffer (Bioline) + 1% 2-Mercaptoethanol and RNA was extracted using an 

ISOLATE II RNA Mini Kit (Bioline). cDNA was synthesized using a SensiFAST cDNA Synthesis 

Kit (Bioline). Gene expression was measured using SensiFAST Probe Hi-ROX Kit (Bioline) and 

TaqMan gene expression assays (Life Technologies) on a StepOnePlus Real-Time PCR System 

(Applied Biosystems). 18S rRNA (18S) (Applied Biosystems) was used as an endogenous 

control. Samples including a no template control as negative control were run in triplicate 

and 2(-ΔCT) was calculated for relative gene expression levels. 

 

Secreted protein analyses 

Cell-free supernatants were harvested four days after PQ removal and stored at -20°C prior 

to ELISA analysis. Secreted IL-6 and IL-8 levels were measured using Human DuoSet ELISA 

(R&D Systems). As the numbers of cells were significantly different at the end of culture 

between untreated and PQ treated, we corrected the secreted protein levels for cell 

numbers counted at the end of culture. 

 

Western Blot analyses 

Cells were lysed in protein lysis buffer including proteases and phosphatase inhibitors four 

days after PQ removal and after ten minutes of incubation, samples were collected and 

stored at -20°C. Proteins were separated on a 15% SDS-PAGE gel and transferred on a PVDF 

0.2µm membrane using standard wet transfer conditions. Membranes were blocked with 
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5% BSA (p16) or 5% nonfat dry milk (p21) and incubated overnight at 4°C with antibodies 

against p16 (1:1000, Cell Signaling Technology) and p21 (1:1000, Cell Signaling Technology), 

and GAPDH (1:5000, Merck Millipore) as a loading control. Secondary antibodies conjugated 

with HRP (Dako) were incubated for one hour at RT and were visualized with Clarity 

Enhanced Chemiluminescence substrate (Bio-Rad Laboratories) using a ChemiDoc Imager 

(Bio-Rad Laboratories). Image Lab software (Bio-Rad Laboratories) was used for 

densitometry (with local background subtraction method) of detected protein bands and 

protein levels were normalized for GAPDH protein levels. 

 

Statistical analyses 

SPSS Statistics 26 software (IBM) was used for statistical analyses. The effect of PQ 

treatment compared to untreated and the differences between ASMCs compared to lung 

fibroblasts from the same patients were tested using paired analyses with Wilcoxon signed-

rank tests. Mann-Whitney U-tests were used to test differences between COPD patients 

and non-COPD controls. P<0.05 was considered statistically significant. 
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Supplementary figures 

 

 

 
Figure E1: Cellular senescence levels of ASMCs and lung fibroblasts at multiple passages. Dot plots 

show baseline levels of cellular senescence markers of ASMCs (circles) and lung fibroblasts (squares) 

from the same 6 patients at multiple passages. Population doublings of both cell types at multiple 

passages are shown in the line graph (A). Percentages of SA-β-gal positive cells (B) following 4 days 

growth in vitro at multiple passages. Gene expression of p16 (C+D) and p21 (E+F) following 24h and 4 

days growth in vitro at multiple passages. IL-6 (G) and IL-8 (H) secretion following 4 days growth in 

vitro corrected for total cell numbers at multiple passages. Fibro = fibroblasts. Passage numbers are 

indicated on the X-axis of the graphs. We did not have enough cells from 2 donors at passage 4 and 9 

(n=4). Differences between ASMCs and fibroblasts from the same patients were tested using Wilcoxon 

tests. * means P-value <0.05. 
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Figure E2: Protein levels of p16 and p21 in lung fibroblasts and ASMCs. Images of Western Blots for 

p16 (A) and p21 (B) are shown with samples from ASMCs and lung fibroblasts from the same 6 patients 

at baseline. GAPDH was used as loading control. Quantifications are shown in Fig. 2E+F. 

 

 

 
Figure E3: Paraquat-induced senescence of ASMCs and lung fibroblasts at multiple passages. Dot 

blots show senescence markers at baseline levels (squares and circles) and upon PQ-induced 

senescence (triangles) in ASMCs and lung fibroblasts from the same 6 patients at multiple passages. 

Percentages of SA-β-gal positive cells (A) and total cell numbers (B) at baseline and 4 days post PQ 

removal at multiple passages. Gene expression of p21 at baseline and 24h (C) and 4 days (D) post PQ 

removal at multiple passages. IL-6 (E) and IL-8 (F) secretion levels at baseline and 4 days post PQ 

removal corrected for total cell numbers at multiple passages. F = fibroblasts, M = ASMCs. Differences 

between ASMCs and fibroblasts from the same patients were tested using Wilcoxon tests. * means P-

value <0.05. 
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Figure E4: Fold changes upon PQ-induced senescence in airway smooth muscle cells from COPD 

patients and non-COPD controls. Dot blots show fold changes upon PQ treatment in ASMCs from 

COPD patients (n=10) (solid circles) compared to non-COPD control (n=11) (open circles). Increase in 

percentages of SA-β-gal positive cells (A) and a decrease in total cell numbers (B) 4 days post PQ 

removal. Fold changes in IL-6 (C) and IL-8 (D) secretion 4 days post PQ removal corrected for total cell 

numbers. Differences between COPD and non-COPD controls were tested using Mann–Whitney U 

tests. * means P-value <0.05. 
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Figure E5: Correlation between cellular senescence and IL-6 or ECM gene expression. Dot plots show 

correlations between cellular senescence markers (SA-β-gal, p16 & p21) and IL-6 secretion (A), DCN 

(B), FLBN5 (C), or ACTA2 (D) gene expression. Significant correlations were tested using Spearman’s 

tests. Spearman’s Rho and p-value are indicated in the left top corner of the graphs. 
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