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ABSTRACT  

Background: Lung fibroblasts are crucial structural cells involved in airway remodelling and 

tissue maintenance. The aim of the study was to analyze the effect of cigarette smoke extract 

(CSE) on primary human lung fibroblasts cultures at different time points of proliferation in 

order to assess if a first exposure exerted a protective effect on a subsequent exposure.  

Methods: We examined the effect of CSE on fibroblasts isolated from 15 donors who had 

undergone lung surgery. Fibroblast cultures were exposed to 2% CSE early (day 5-7), late (day 

9-11), or at both time points (double). Cell counts and viability tests were performed every 2 

days. Changes in proliferation rates were determined immediately at the end of each 2-day 

exposure as well as 2 days afterwards, until the end of the experiment with a plateau of 

proliferation. Differences between exposures were analyzed by comparing proliferation rates 

by ANOVA with adjusted post-hoc analyses.  

Results: Early-, late- and double-CSE exposed cultures showed lower proliferation rates 

(p<0.05 each) compared to unexposed cultures. Responses to late-CSE differed when CSE had 

been given in the first exposure and indicated a protective effect of early CSE exposure. 

Changes over 2 days of exposure and 2 days afterwards (4 days) led to similar results 

compared to the changes recorded over 2 days of exposure only. The responses in terms of 

proliferation rates differed between cells from different donors but correlated between 

exposures regimens indicating intrinsic differences in the susceptibility to CSE.  

Conclusions: Repeated CSE exposures attenuated proliferation of primary human lung 

fibroblasts stronger than a single exposure, despite the fact that an early CSE exposure 

appeared to protect against the CSE in repetitively exposed fibroblast cultures. Regarding the 

use of primary cells from different donors in in vitro-experiments, our results also underline 

that marked differences might occur, while responses can still be consistent across different 

exposure conditions.  

Keywords: CSE, repeated cigarette smoke exposure, primary human lung fibroblasts 
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INTRODUCTION 

Chronic obstructive pulmonary disease (COPD) is an irreversible disorder characterized by 

progressive bronchial obstruction and alveolar destruction causing lung function impairment. 

Being one of the leading causes of morbidity and mortality worldwide1,2, COPD is known to be 

primarily caused by inhaled noxious agents such as cigarette smoke3,4 or particles in ambient 

air5. These agents can provoke senescence of resident cells and induce alveolar destruction 

and airway remodelling. Based on the link between exposure and biological aging6–10, recent 

studies even highlighted potential beneficial outcomes of drugs with anti-aging effects in 

ameliorating disease progression in COPD11,12.  

To mimic hallmarks of COPD such as aging in vitro, cell lines and human primary cells have 

been experimentally exposed to cigarette smoke extract (CSE). The markers of cellular 

senescence induced by this approach13–18 correlated with biochemical and morphological 

alterations known to occur in lung emphysema7,8,16,19.  

Lung fibroblasts are structural cells that play crucial roles in airway remodelling and tissue 

maintenance through their proliferation and regeneration potential20,21. This potential is, 

however, reduced in COPD and in particular in lung emphysema, where alveolar destruction 

is accompanied by senescence of lung fibroblasts22,23. These findings were confirmed in CSE-

exposed fibroblast cultures in vitro13,14. In the majority studies, a single CSE exposure was used 

to assess cellular responses. This does not address the potential persistence of effects and 

memory effects of one exposure on subsequent exposures, which might be relevant in view 

of the fact that in reality smoking occurs as a persistent habit and not a single event. 

There are several indicators of cellular senescence and biological aging, including biochemical 

and molecular markers such as telomere length. The panel of indicators also includes the basic 

determination of cellular proliferation rate and capacity, which can give direct hints on a 

potential loss of functionality. Indeed, proliferation rate is closely linked to other markers of 

senescence and has been demonstrated to be informative particularly for lung emphysema22–

24. 

Based on these considerations, the present study determined, whether the timing of cigarette 

smoke exposure within the natural course of proliferation of primary human lung fibroblasts 

resulted in different responses, and whether the response at a later time point would be 
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modulated by a previous exposure, indicating memory effects. To address these questions, 

we used single or double CSE exposures in vitro. In addition, we assessed, to which extent 

responses quantitatively differed between fibroblasts from different human donors and 

whether responses would be consistent or inconsistent when comparing exposures. 

 

MATERIAL AND METHODS 

Patient characteristics 

Lung tissue samples were derived from n = 15 patients who had undergone surgery for lung 

cancer at the Thoracic Surgery Department of Pulmonary Hospital Großhansdorf, Schleswig-

Holstein, Germany. All patients gave their written informed consent. The use of the samples 

for cell culture had been approved by the local Ethics Committee (Ärztekammer Schleswig-

Holstein, Bad Segeberg). All patients except two were smokers or ex-smokers. Mean age 

(range) was 61.6 (45-75) years, 40% were female. Two had a diagnosis of COPD25, showing a 

ratio of forced expiratory volume in 1s to forced vital capacity (FEV1/FVC) <0.7 and values of 

FEV1 of 92 and 65 % (predicted); none had severe COPD, as this would have been a 

contraindication for surgery.  

Isolation of primary human lung fibroblasts 

Isolation of fibroblasts from fresh lung samples was performed as previously described22,23. 

Accordingly, peripheral, noncancerous tissue samples derived from the resected lung tissue 

were stored in Dulbecco´s Modified Eagle Medium (DMEM, gibco, REF:22320-022, Life 

Technologies Limited) during shipment in a thermal insulation package. After arrival, tissue 

samples were washed three times in Hanks’ Balanced Salt Solution (HBSS, gibco, REF:14175-

053, Life Technologies Limited), pleura and vessels were resected and samples were cut into 

small pieces which were cultured in DMEM medium supplemented with 10% Fetal Bovine 

Serum (FBS, gibco, REF:10270-106, Life Technologies Limited), 100 U Penicillin/ml, 100 µg 

Streptomycin/ml (Penicillin-Streptomycin, gibco, REF:15140-122, Life Technologies Limited) 

and 0.05 mg/ml Gentamicin (gibco, REF:15710-049, Life Technologies Limited). Fibroblasts 

were seeded on 24-well plates and incubated at 37°C, 5% CO2 and 95% air humidity. To 

preserve cellular phenotype, only cells at low passage (<4), cultured for about 3 weeks were 

used for the exposure experiments.  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2024. ; https://doi.org/10.1101/2024.11.27.625673doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.27.625673
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

Preparation of cigarette smoke extract (CSE) 

For CSE preparation, a gas washing bottle with a fritted glass (Impinger, DESAGA/Vertrieb 

Sarstedt AG) filled with DMEM was used, as previously described26. Briefly, “Gauloises blond 

blue“ cigarettes with Filter (nominal tar content 10 mg, nicotine 0.8 mg) were smoked during 

5 min, while the main stream smoke was conducted through the bottle filled with 10 ml DMEM 

media. The suction rate was set so that each cigarette was smoked during 5 min to a length of 

about 5 mm from the cigarette filter. The generated CSE was sterile filtered, aliquoted and 

stored at -32°C. Freshly thawed CSE aliquots (100% reference) were used for all experiments 

and diluted to the final exposure concentration of 2%.  

Proliferation assay 

Before reaching full confluence, cells were transferred to 24-well plates for the CSE exposure. 

To avoid potential topographical biases on the well plates, one inside well and one outside 

well were identically treated and the average of both cell counts was taken for analysis. For 

each time point a separate plate was prepared.  

To analyze cell proliferation differences over time, 4 groups were designed: control (ctrl, only 

medium without CSE), single early CSE exposure (se-CSE), single late CSE exposure (sl-CSE) and 

early plus late CSE exposure (double-CSE). Cells were counted every second day starting with 

the day 3 post-seeding. Exposure to se-CSE was performed between day 5 and 7, sl-CSE 

exposure between day 9 and 11, double-CSE at both time points. In total, cells were counted 

9 times over a time period of 18-19 days. Proliferation rates were determined at the end of 

the exposure (2-days period) and 2 days thereafter separately. These results were also 

combined into a 4-day rate. The experimental approach is summarized in Figure 1A.  

Cell count 

Cells were harvested using trypsin and counted in a Neubauer-chamber by light microscopy, 

according to the previously described protocol22. Viability was evaluated using trypan blue 

staining. The average of three counts was taken. 

Repeated exposure study 

Exposures were performed with 2% CSE. In the control group, cells received the same amount 

of culture medium without CSE. Each experiment used cells from a different donor in 
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duplicate. Each exposure lasted 2 days, as in the single exposures, and was stopped by washing 

the cells 3 times with DMEM. For an overview see Figure 1A. 

Data analysis 

Changes in proliferation rate were calculated between defined time points, either 

immediately after the 2-day exposure versus immediately before exposure, or 2 days after the 

end of exposure versus immediately before exposure (therefore comprising 4 days), or 

immediately after exposure versus 2 days after the end of exposure. The primary changes 

used in the present analysis were those covering the 4 days from the start of exposure until 2 

days after the end of exposure. The cell numbers determined at these time points were used 

to compute the respective ratios of cell numbers as numerical values of the respective 

proliferation rates. In addition, ratios between proliferation rates for different exposure 

conditions were calculated, if adequate. All ratios were log10-transformed for analysis in order 

to achieve normal distribution. The results were re-transformed to obtain geometric mean 

values with geometric standard errors of mean (SEM), whereby geometric SEM is to be 

understood as variability factor of the geometric mean. Moreover, 95% confidence intervals 

were computed for the geometric mean values. Statistical comparisons between exposures 

were performed by the Wilcoxon matched-pairs signed-ranks test, and p-values are given 

explicitly; thus, no correction for the multiplicity of tests was introduced. For correlation 

analysis, Pearson’s correlation coefficients of log-transformed data were computed. p-values 

< 0.05 were considered as statistically significant. All statistical analyses were performed using 

the software package SPSS (Version 26., IBM, Armonk, NJ, USA). 

 

RESULTS 

Cellular proliferation curves over time  

CSE exposure reduced the slope of the fibroblast proliferation curves after se-CSE, sl-CSE and 

double-CSE compared to ctrl (Figure 1B). Numerical values can be found in Table 1.  
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Figure 1: Panel A: Overview of the experimental approach. Panel B: Mean values of proliferation 
curves (see Table 1) based on the absolute cell number of primary human lung fibroblasts at 
different time points and upon single early, single late or double-CSE exposure. For statistical results 
see text. P1-4: passage 1-4, phLF: primary human lung fibroblasts, CSE: cigarette smoke extract, ctrl: 
control, se-CSE: single early CSE exposure, sl-CSE: single late CSE exposure 

 

Condition  Day 1 Day 3 Day 5 Day 7 Day 9 Day 11 Day 13 Day 15 Day 17 
ctrl Mean 3572 7228 13339 21461 36486 52339 65278 73928 80361 

 SEM 508 1066 2051 2901 4812 6408 7201 6610 6960 
se-CSE Mean 3622 6800 13100 13461 16789 29400 39561 47956 50400 

 SEM 548 866 2073 2207 2310 3278 4122 4516 4641 
sl-CSE Mean 3494 7333 12956 21322 33461 30828 34983 39978 41650 

 SEM 461 939 1894 3643 4534 3224 3377 3867 3878 
double-CSE Mean 3789 7683 12389 12722 15427 22028 27722 31217 32494 
  SEM 479 1034 1514 2365 2039 2473 2789 3976 3754 

 

Table 1: Absolute numbers of fibroblasts at different time points of culture. Values are given as mean 
and SEM (standard error of mean). ctrl: control exposure (medium), se-CSE: single early CSE, sl-CSE: 
single late CSE, double-CSE: early and late CSE exposure, CSE: cigarette smoke extract 
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The number of trypan blue-negative cells was proportional to the total cell number, while the 

number of trypan blue-positive cells was very low at all time points and showed no significant 

differences between exposure conditions.  

Relative changes in cell number over 4 days  

Early exposure  

To quantify effects of early CSE exposure, data of the se-CSE and the first of the double-CSE 

exposures could be combined as mean values. Similarly, as a reference for the early time point, 

proliferation rates of ctrl cultures and sl-CSE could be combined as mean value. When using 

these combined values, the post/pre-CSE ratio (day 9/5) of proliferation rates was significantly 

lower with CSE in comparison to ctrl (geometric mean (geometric SEM) 1.25 (1.06) versus 2.72 

(1.08), p = 0.001, Figure 2A). Correspondingly, early CSE exposure reduced the proliferation 

rate compared to ctrl to about half its value (geometric mean (geometric SEM) 0.46 (1.06), 

95% CI: 0.40; 0.52). 

Late exposure  

In the subsequent analyses, we determined the effect of different early exposures on the 

responses observed in late exposures to reveal potential protective or enhancing effects of 

early CSE exposure.  

Comparisons involving similar exposure histories 

If early exposures did not involve CSE, the effect of a single late CSE exposure could be 

determined. This also showed a significant effect, as ctrl cultures showed higher relative 

proliferation rates (1.86 (1.08)) compared to sl-CSE exposed cultures (1.11 (1.14), p = 0.001, 

Figure 2A). Correspondingly, in terms of geometric mean values the post/pre-CSE ratio (day 

13/9) in comparison to ctrl was 0.60 (1.10) with 95% CI: 0.49; 0.73. 

If early exposures involved CSE, the effect of the late of the double CSE exposure could be 

determined. This again revealed a significant effect, as se-CSE cultures showed higher relative 

proliferation rates (2.43 (1.12)) compared to double-CSE exposed cultures (1.83 (1.13), p = 

0.009, Figure 2A). Accordingly, in terms of geometric mean values the post/pre-CSE ratio (day 

13/9) in comparison to se-CSE was 0.75 (1.08) with 95% CI: 0.63; 0.89. 
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Figure 2: Panel A: Relative changes in cell number (expressed as log10) of fibroblasts over the 4-day 
period between the start of exposure and 2 days after exposure, distinguishing between different 
early and late CSE exposures. For further understanding, the changes over 4 days were split into the 
changes over consecutive 2-day periods as shown in the lower panels. Panel B: Relative changes in 
cell number during the 2-days period between the start and the end of exposure. Panel C: Relative 
changes between the end of exposure and 2 days after exposure. Comparisons between conditions 
were performed by the Wilcoxon matched-pairs signed-ranks test. Please note that all values are 
depicted as log10 of ratios of proliferation rates (prolif. ratio), which can be reconverted into ratios by 
taking them as power to base 10. These reconverted values equivalent to geometric mean values and 
the corresponding geometric standard errors of mean are given in the text.  

Comparisons involving different exposure histories 

To determine the effect of early CSE exposure on the late CSE exposure, the late of the double-

CSE exposure was compared with the sl-CSE exposure that was not preceded by early CSE 

exposure. The late of the double exposure showed a significantly lower reduction of 

proliferation rate compared to the sl-CSE (p = 0.001, Figure 2A). Therefore, the effect of CSE 
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in the late exposure was lower when CSE had already been administered in the early exposure, 

suggesting a protective effect. 

In a similar manner, it could be determined whether the proliferation rate at the time of the 

second exposure but without CSE, depended on early exposure to CSE. In this case, the rate 

was significantly reduced if CSE had been given previously (p = 0.009), indicating a persistent 

effect of the early CSE exposure.  

Separate analysis of effects observed during and after exposures 

Regarding the responses during the 2 days of exposure, very similar findings as for the 4-day 

periods were observed (Figure 2B). The results obtained for the 2-days after exposures were 

also similar, although proliferation rates were much lower and differences between exposure 

conditions smaller (Figure 2C). 

Correlation analyses 

Early exposure 

For this purpose, we analyzed the individual 4-day exposure differences for each donor (Figure 

3). In the first step, it was assessed whether baseline proliferation rates were reproducible. 

Indeed, when comparing ctrl and sl-CSE exposed cultures at the early time point (day 5-9), 

proliferation rates showed a significant correlation between the two conditions (r = 0.724, p 

= 0.002; Figure 3A), with data scattering around the line of identity. Moreover, mean values 

for the two conditions were not significantly different (Wilcoxon test, p = 0.733). This indicated 

that individual baseline proliferation rates were reproducible. 

To determine to which extent the responses to the early CSE exposure were reproducible, the 

respective data from the se-CSE and double-CSE exposures were used. In this case, individual 

proliferation rates did not significantly correlate with each other (r = 0.372, p = 0.172; Figure 

3B). There were also no significant differences between the two conditions (p = 0.307). This 

indicated that reproducibility of early CSE responses was less than that of baseline 

proliferation. 

On the other hand, there was a positive correlation between baseline proliferation and 

proliferation after CSE exposure for the early time point (r = 0.684, p = 0.005; Figure 3C), again 

using mean values of the corresponding exposures (see above). Of course, mean values 
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showed a significant difference between the two conditions (p = 0.001). Taken together, these 

observations suggest that the intraindividual differences of the responses between CSE and 

control exposure are better reproducible than the absolute values of the responses, again 

underlining intrinsic differences between cells of different donors. 

 

Figure 3: Correlation analysis between the changes in proliferation rates of primary lung fibroblasts 
derived from 15 donors at the early time point. For quantification, Pearson’s correlation coefficient 
(r) was computed. The star indicates the mean values. Additionally, lines of identity are shown. Data 
are shown as log10 of the ratio of proliferation rates (prolif. ratio) over 4 days (2 days after exposures 
compared to values before the 2-day exposures). Panel A: Response to culture medium in the first 
exposures of either the ctrl or the sl-CSE condition. Panel B: Response to CSE in the first exposures of 
either the se-CSE or the double-CSE condition. Panel C: Response to CSE versus culture medium in 
the first exposures, using mean values of the se-CSE and double-CSE conditions versus mean values 
of the ctrl and sl-CSE conditions. 

Late exposure 

In the next step, reproducibility of late responses was analyzed if, previous history of early 

exposures war either the same or different (Figure 4).  
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Figure 4: Correlation analysis between the changes in proliferation rates of primary lung fibroblasts 
derived from 15 donors at the late time point. For quantification, Pearson’s correlation coefficient (r) 
was computed. The star indicates the mean values. Additionally, lines of identity are shown. Data are 
shown as log10 of the ratio of proliferation rates (prolif. ratio) over 4 days (2 days after exposures 
compared to values before the 2-day exposures). Panel A: Late CSE vs. culture medium exposure 
after early exposure to culture medium. Panel B: Late CSE vs. culture medium exposure after early 
exposure to CSE. Panel C: Late culture medium exposure when early exposures involved either 
culture medium or CSE. Panel D: Late CSE exposure when early exposures involved either culture 
medium or CSE. From the correlation coefficients it can be seen that the responses were fairly 
reproducible across the fibroblasts from different donors. 

When comparing the sl-CSE with the ctrl condition, proliferation rates for the second exposure 

without previous CSE exposure could be analyzed. These rates correlated with each other (r = 

0.725, p = 0.002; Figure 4A), again demonstrating lower proliferation for CSE compared to 

culture medium (p = 0.001).  

When exposure history comprised an early CSE exposure, the response to CSE at the late time 

point also correlated with the response to medium (double-CSE vs. se-CSE condition, r = 0.773, 

p = 0.001; Figure 4B). The significant difference between mean values (p = 0.009) indicating 

lower proliferation for CSE exposure at the late time point. 
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To complete the correlation analysis, we also compared responses when cultures had 

different early exposure histories (culture medium or CSE). When late exposures included the 

administration of culture medium, responses correlated significantly with each other (se-CSE 

vs. ctrl condition, r = 0.686, p = 0.005; Figure 4C), and mean values were significantly different 

(p = 0.009). When the second exposure involved CSE, the results also showed a positive 

correlation (double-CSE vs. sl-CSE condition, r = 0.882, p < 0.001; Figure 4D), and proliferation 

rates were also significantly different (p < 0.001), again illustrating the protective effect of a 

previous CSE exposure. 

 

DISCUSSION 

Our study revealed that twofold CSE exposure attenuated proliferation rate in primary human 

lung fibroblasts stronger than a single exposure. Accordingly, CSE exposure induced a 

flattening of proliferation curves in cell culture, in line with previous results obtained with 

immortalized fibroblast cell lines13. On the other hand, early CSE exposure reduced the relative 

effect of CSE in a second exposure, indicating memory or even protective effects of the first 

exposure. Our data also demonstrated remarkable differences in the proliferation rates of 

fibroblasts derived from different donors. Irrespective of this, the relationship between the 

responses to either CSE or culture medium was reproducible for most of the exposure 

conditions. This suggests that the observed effects including the attenuation of a response to 

CSE by a previous CSE exposure were generic effects in human lung fibroblasts and not specific 

for one cell line. The results also suggest that repeated exposures in cell culture might lead to 

different outcomes compared to single exposures, although in principle inhibitory effects of 

CSE could be elicited over different time points in the natural course of cell proliferation. This 

observation may be relevant for drawing conclusions from CSE experiments on the 

pathophysiological mechanisms in vivo, as COPD patients present a long-term smoking history 

that may not be adequately modelled by single CSE exposures. 

The largest absolute decline in proliferation rates upon single exposure was observed with 

single late CSE exposure (see Figure 2) but the reduction was also strong for single early CSE 

exposure. Although proliferation rate increased after approximatively 3-5 days after single 

early exposure, it did not reach the rate and the capacity of the unexposed cells. This behavior 

was already observed by Kanaji and coworkers and might be explained by the co-existence of 
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fibroblast sub-populations not affected by CSE exposure and capable of partially resuming 

proliferation27.  

The fact that the strongest reduction in cell number was achieved with twofold CSE exposure, 

was in accordance with data from Nyunoya and coworkers13,14. They found that a single 

exposure temporarily inhibited cell proliferation, but a repetitive exposure irreversibly 

induced cell arrest and senescence. In addition, previous reports demonstrated persistent 

effects of even single short-time CSE exposures on primary lung fibroblasts, depending on CSE 

concentration and confirmed by beta-galactosidase as senescence marker26,28. To explain such 

responses, it has been proposed that repetitive CSE exposures might induce two fibroblast 

phenotypes (senescent versus profibrotic) that contribute to irreversible morpho-pathological 

changes in lung emphysema27. The authors suggested that upon CSE exposure resilient lung 

fibroblasts acquire a profibrotic phenotype promoting peri-bronchial fibrosis in COPD27. 

These considerations are in line with our results showing very low proliferation rates after late 

compared to early CSE exposures, if one assumes that the induction of these two phenotypes 

occurs only in cells that are relatively young and far from the final proliferation plateau. A 

dependence of CSE effects on the time point of exposures might also underly our observation 

of a relatively lower effect of CSE, if CSE had been administered previously, indicating partial 

protection against subsequent CSE exposures. The underlying mechanisms were not analyzed 

in our study but might be related to upregulated anti-oxidant defenses, as oxidants have been 

shown to play a role in the response to CSE29.  

The observed pattern of responses was similar, if responses were evaluated either over 2-day 

periods covering the exposures only, or over 4-day periods covering exposures and a 2-day 

post-exposure period. Proliferation rates were lowest immediately after the 2-day exposures, 

suggesting that the dominant effect within the 4-day period was due to the acute responses. 

However, the results for both types of data evaluation were very similar; thus, our choice of 

the 4-day period for primary data analysis did not affect the conclusions. 

An important part of our study was the inclusion of primary lung fibroblasts from different 

donors. This allowed the assessment of differences in the response of different cell lines and 

to test whether the responses of cell lines were consistent across the four different exposure 

conditions. This appears of interest as primary cells may differ in their response from 

established cell lines. On the other hand, the availability of primary cells may be limited and 
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therefore experiments are performed with one or only a few cell lines. That cells from 

different donors show different degrees of response, is conceivable. It would be disastrous, 

however, if the relationship between responses to various types of exposures would be 

different, as this might easily lead to inadequate conclusions. 

Indeed, fibroblasts derived from different donors showed different proliferation rates, 

reflecting the heterogeneity of fibroblast populations and differences in patients’ history, as 

previously described30,31. Importantly, however, the relationship between the responses to 

different exposure conditions was consistent in nearly all comparisons (see Figures 3 and 4), 

and baseline proliferation rates were reproducible. These observations suggest that even from 

a small number of primary cell lines reliable conclusions may be drawn. 

The present study has several limitations. Since environmental toxin exposure is a long-term 

process, multiple exposures would be most adequate but may interfere with the limited 

proliferation capacity in vitro. This might be solved by continuous exposures under steady-

state conditions. Second, each exposure was stopped by washing the cells in repeated washing 

steps. Although unlikely, a small amount of CSE might have remained on the cells. Based on 

previous findings22,23, we selected proliferation rate as outcome parameter. This is sensitive 

and meaningful marker of cellular senescence but of course of limited value for the analysis 

of mechanisms. At the time of the experiments performed in 2005/6, more advanced methods 

were not available in the laboratory, due to technical and logistic reasons. Irrespective of this, 

we believe that the analysis of proliferation rate which is linked to both, cellular senescence 

and regeneration potential, was already sufficient to provide valuable insights into the effects 

of cigarette smoke on human fibroblasts and that the results are still of interest. 

In conclusion, the present study demonstrated that cigarette smoke extract irreversibly 

affected the proliferation rate of primary human lung fibroblasts in vitro at early and late 

phases of cell culture. The results suggest a higher susceptibility to cigarette smoke in the late 

phase but also a relative protective effect of an early exposure on the response to a late-phase 

cigarette smoke exposure, suggesting the induction of protective mechanisms. Absolute 

proliferation rates showed marked differences between cells from different donors. Despite 

this, the relationship of responses to different exposure conditions remained similar across 

cells, suggesting that the observed effects of cigarette smoke were generic for human lung 
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fibroblasts. Our observations might be of interest for the understanding of COPD and the 

design of in vitro models of this disease.  

 

Authors’ contributions 

RAJ conceptualized the study, ECC, AK performed the experiments, KK, SK collected the clinical 

data, MGS and RAJ analyzed the clinical data and documentation, ECC and RAJ performed the 

statistical analysis, RAJ, MGS, DN, KK, OH and ML aided in interpreting results. ECC, MGS, and 

RAJ drafted and wrote the manuscript. ECC, MGS and RAJ also revised the manuscript. All 

authors discussed the results and commented on the manuscript. This work was part of the 

medical doctoral thesis of ECC. 

 

 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2024. ; https://doi.org/10.1101/2024.11.27.625673doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.27.625673
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

REFERENCES 

1 Lange P, Marott JL, Vestbo J, et al. Prediction of the clinical course of chronic obstructive 
pulmonary disease, using the new GOLD classification: a study of the general population. Am J 
Respir Crit Care Med. 2012;186(10):975-981. doi:10.1164/rccm.201207-1299OC. 

2 Vestbo J, Hurd SS, Agustí AG, et al. Global strategy for the diagnosis, management, and prevention 
of chronic obstructive pulmonary disease: GOLD executive summary. Am J Respir Crit Care Med. 
2013;187(4):347-365. doi:10.1164/rccm.201204-0596PP. 

3 Annesi-Maesano I. Air Pollution and Chronic Obstructive Pulmonary Disease Exacerbations: When 
Prevention Becomes Feasible. Am J Respir Crit Care Med. 2019;199(5):547-548. 
doi:10.1164/rccm.201810-1829ED. 

4 Rabe KF, Hurd S, Anzueto A, et al. Global strategy for the diagnosis, management, and prevention 
of chronic obstructive pulmonary disease: GOLD executive summary. Am J Respir Crit Care Med. 
2007;176(6):532-555. doi:10.1164/rccm.200703-456SO. 

5 Eisner MD, Anthonisen N, Coultas D, et al. An official American Thoracic Society public policy 
statement: Novel risk factors and the global burden of chronic obstructive pulmonary disease. 
Am J Respir Crit Care Med. 2010;182(5):693-718. doi:10.1164/rccm.200811-1757ST. 

6 Vij N, Chandramani-Shivalingappa P, van Westphal C, Hole R, Bodas M. Cigarette smoke-induced 
autophagy impairment accelerates lung aging, COPD-emphysema exacerbations and 
pathogenesis. Am J Physiol Cell Physiol. 2018;314(1):C73-C87. doi:10.1152/ajpcell.00110.2016. 

7 Barnes PJ. Pulmonary Diseases and Ageing. Subcell Biochem. 2019;91:45-74. doi:10.1007/978-
981-13-3681-2_3. 

8 Barnes PJ, Baker J, Donnelly LE. Cellular Senescence as a Mechanism and Target in Chronic Lung 
Diseases. Am J Respir Crit Care Med. 2019;200(5):556-564. doi:10.1164/rccm.201810-1975TR. 

9 Choukrallah M-A, Hoeng J, Peitsch MC, Martin F. Lung transcriptomic clock predicts premature 
aging in cigarette smoke-exposed mice. BMC Genomics. 2020;21(1):291. doi:10.1186/s12864-
020-6712-z. 

10 Chilosi M, Carloni A, Rossi A, Poletti V. Premature lung aging and cellular senescence in the 
pathogenesis of idiopathic pulmonary fibrosis and COPD/emphysema. Transl Res. 
2013;162(3):156-173. doi:10.1016/j.trsl.2013.06.004. 

11 Kahnert K, Andreas S, Kellerer C, et al. Reduced decline of lung diffusing capacity in COPD patients 
with diabetes and metformin treatment. Sci Rep. 2022;12(1):1435. doi:10.1038/s41598-022-
05276-x. 

12 Polverino F, Wu TD, Rojas-Quintero J, et al. Metformin: Experimental and Clinical Evidence for a 
Potential Role in Emphysema Treatment. Am J Respir Crit Care Med. 2021;204(6):651-666. 
doi:10.1164/rccm.202012-4510OC. 

13 Nyunoya T, Monick MM, Klingelhutz A, Yarovinsky TO, Cagley JR, Hunninghake GW. Cigarette 
smoke induces cellular senescence. Am J Respir Cell Mol Biol. 2006;35(6):681-688. 
doi:10.1165/rcmb.2006-0169OC. 

14 Nyunoya T, Monick MM, Klingelhutz AL, et al. Cigarette smoke induces cellular senescence via 
Werner's syndrome protein down-regulation. Am J Respir Crit Care Med. 2009;179(4):279-287. 
doi:10.1164/rccm.200802-320OC. 

15 Araya J, Kuwano K. Cellular senescence-an aging hallmark in chronic obstructive pulmonary 
disease pathogenesis. Respiratory Investigation. 2022;60(1):33-44. 
doi:10.1016/j.resinv.2021.09.003. 

16 Tsuji T, Aoshiba K, Nagai A. Cigarette smoke induces senescence in alveolar epithelial cells. Am J 
Respir Cell Mol Biol. 2004;31(6):643-649. doi:10.1165/rcmb.2003-0290OC. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2024. ; https://doi.org/10.1101/2024.11.27.625673doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.27.625673
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

17 Takahashi A, Ohtani N, Yamakoshi K, et al. Mitogenic signalling and the p16INK4a-Rb pathway 
cooperate to enforce irreversible cellular senescence. Nat Cell Biol. 2006;8(11):1291-1297. 
doi:10.1038/ncb1491. 

18 Rapisarda V, Borghesan M, Miguela V, et al. Integrin Beta 3 Regulates Cellular Senescence by 
Activating the TGF-β Pathway. Cell Rep. 2017;18(10):2480-2493. 
doi:10.1016/j.celrep.2017.02.012. 

19 Karrasch S, Holz O, Jörres RA. Aging and induced senescence as factors in the pathogenesis of lung 
emphysema. Respir Med. 2008;102(9):1215-1230. doi:10.1016/j.rmed.2008.04.013. 

20 Kulkarni T, O'Reilly P, Antony VB, Gaggar A, Thannickal VJ. Matrix Remodeling in Pulmonary 
Fibrosis and Emphysema. Am J Respir Cell Mol Biol. 2016;54(6):751-760. doi:10.1165/rcmb.2015-
0166PS. 

21 Yamauchi E, Shoji S, Nishihara M, Shimoda T, Nishima S. Contribution of lung fibroblast migration 
in the fibrotic process of airway remodeling in asthma. Allergol Int. 2008;57(1):73-78. 
doi:10.2332/allergolint.O-06-481. 

22 Holz O, Zühlke I, Jaksztat E, et al. Lung fibroblasts from patients with emphysema show a reduced 
proliferation rate in culture. Eur Respir J. 2004;24(4):575-579. 
doi:10.1183/09031936.04.00143703. 

23 Müller K-C, Welker L, Paasch K, et al. Lung fibroblasts from patients with emphysema show 
markers of senescence in vitro. Respir Res. 2006;7(1):32. doi:10.1186/1465-9921-7-32. 

24 Basma H, Gunji Y, Iwasawa S, et al. Reprogramming of COPD lung fibroblasts through formation 
of induced pluripotent stem cells. Am J Physiol Lung Cell Mol Physiol. 2014;306(6):L552-65. 
doi:10.1152/ajplung.00255.2013. 

25 Adeloye D, Song P, Zhu Y, Campbell H, Sheikh A, Rudan I. Global, regional, and national prevalence 
of, and risk factors for, chronic obstructive pulmonary disease (COPD) in 2019: a systematic 
review and modelling analysis. The Lancet Respiratory Medicine. 2022;10(5):447-458. 
doi:10.1016/S2213-2600(21)00511-7. 

26 Schindler S. Wirkung von Zigarettenrauchextrakt und Wasserstoffperoxid auf das 
Wachstumsverhalten menschlicher Lungenfibroblasten: Ludwig-Maximilians-Universität 
München; 2015. 

27 Kanaji N, Basma H, Nelson A, et al. Fibroblasts that resist cigarette smoke-induced senescence 
acquire profibrotic phenotypes. Am J Physiol Lung Cell Mol Physiol. 2014;307(5):L364-73. 
doi:10.1152/ajplung.00041.2014. 

28 Dimri GP, Lee X, Basile G, et al. A biomarker that identifies senescent human cells in culture and 
in aging skin in vivo. Proc Natl Acad Sci U S A. 1995;92(20):9363-9367. 
doi:10.1073/pnas.92.20.9363. 

29 Rahman I, Swarska E, Henry M, Stolk J, MacNee W. Is there any relationship between plasma 
antioxidant capacity and lung function in smokers and in patients with chronic obstructive 
pulmonary disease? Thorax. 2000;55(3):189-193. doi:10.1136/thorax.55.3.189. 

30 Kotaru C, Schoonover KJ, Trudeau JB, et al. Regional fibroblast heterogeneity in the lung: 
implications for remodeling. Am J Respir Crit Care Med. 2006;173(11):1208-1215. 
doi:10.1164/rccm.200508-1218OC. 

31 Kim S-Y, Lee J-H, Kim HJ, et al. Mesenchymal stem cell-conditioned media recovers lung 
fibroblasts from cigarette smoke-induced damage. Am J Physiol Lung Cell Mol Physiol. 
2012;302(9):L891-908. doi:10.1152/ajplung.00288.2011. 

 
 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 28, 2024. ; https://doi.org/10.1101/2024.11.27.625673doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.27.625673
http://creativecommons.org/licenses/by-nc-nd/4.0/

	References

