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Worldwide tobacco epidemic – societal impact

Although it is known for years that tobacco smoking is harmful for health and a 
preventable cause of death, smoking is still a worldwide problem as 22.3% of the global 
population is using tobacco products. In addition, more than 8 million people die due 
to tobacco smoking globally each year, including 1.2 million deaths due to second-hand 
tobacco smoke (1). Also in the Netherlands, 1 out of 5 people is smoking and smoking 
is an important cause of illness and death as approximately >19.000 smokers die yearly 
(2, 3). Moreover, tobacco use has substantial societal and economic effects as 9.4% of 
the burden of disease is due to smoking in the Netherlands (2).

Last decades, several measures are taken by the World Health Organization (WHO) 
Framework Convention on Tobacco Control (FCTC) and the WHO Study Group on 
Tobacco Product Regulation (TobReg) to address the worldwide tobacco epidemic. Their 
focus is to prevent initiation of tobacco use, promote cessation of tobacco use and protect 
against exposure to second-hand tobacco smoke. Altogether, these measures aim to 
reduce tobacco-related morbidity and mortality. Moreover, WHO FCTC acknowledges 
that regulation of contents and composition of emissions of tobacco products (Articles 
9 and 10) is required in order to reduce attractiveness, addictiveness as well as toxicity 
of tobacco products. Although quitting smoking is the preferred option to reduce the 
detrimental impact of tobacco on human health and the economy, less harmful tobacco 
products can be beneficial for the smokers’ health given the addictiveness of tobacco 
consumption. Regulation of chemicals present in tobacco products is largely lacking, 
except for nicotine, carbon monoxide and tar. Moreover, it is not conclusively proven 
yet that lowering of specific components in tobacco will contribute to a reduced risk 
of mortality and morbidity of smokers. Based on toxicity data, one of thousands of 
toxicants suggested to be potential for mandated lowering by the WHO FCTC are the 
chemical group of aldehydes which, in the context of cigarette smoke (CS), mainly 
include acetaldehyde, acrolein and formaldehyde. (4, 5)

With regard to the morbidity and mortality numbers described above, it has to be 
mentioned that tobacco smoking is an important main risk factor for several respiratory 
diseases including chronic obstructive pulmonary disease (COPD) (6). COPD is a 
leading cause of death globally (7, 8). Mainly symptomatic treatments are available 
focusing on ameliorating lung function and reducing exacerbation (risk), however no 
cure exists for COPD patients (6, 9). COPD is a multifactorial disease in which, besides 
inflammation and oxidative stress, mitochondrial dysfunction is suggested to play 
a role (10, 11). Nowadays, mitochondrial dysfunction has been firmly implicated in 
the pathogenesis of COPD (12, 13), and CS-induced abnormalities in mitochondrial 
morphology and function have been described in literature (12-16). However, the 
underlying molecular mechanisms controlling mitochondrial content, metabolism and 
function (mitochondrial biogenesis, mitophagy, mitochondrial dynamics) in (epithelial) 
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cells of the lungs and airways are incompletely understood in COPD patients as well 
as upon exposure to CS and CS-associated aldehydes. Therefore, the aim of this thesis 
was to investigate the impact of several aldehydes (relevant for CS-exposure) on the 
molecular pathways regulating mitochondrial function in epithelial cells of the lungs 
and airways in the context of COPD.

Impact on fundamental and applied science

Our findings in Chapter 2 provided novel insights in the extent of abnormalities in the 
molecular regulation (mitochondrial biogenesis versus mitophagy) of mitochondrial 
metabolism in COPD peripheral lung tissue. Directionality of the observed alterations 
in gene- and protein expression was dependent on disease status, showing more 
pronounced changes in very severe COPD patients. Moreover, as we observed 
discrepancies in the findings in different (cellular) compartments of the airways and 
lungs, this data emphasized the importance of using models reflecting different parts 
of the airways and lungs. Based on our results, the next step is to investigate if the 
observed alterations in mitochondrial turnover processes in lung tissue homogenates 
play a significant role in the pathogenesis of COPD, are responsible for alterations in 
mitochondrial function or may represent compensatory mechanisms. Our findings 
accompanied by additional data from future studies would contribute to filling this 
knowledge gap and discovering potential new therapy targets for COPD.

As in science there is an urgent request for transition from use of in vivo to in vitro 
models, we contributed to this aim by analyzing the relevance and applicability of 
various cellular and smoke exposure in vitro models in the context of our research 
question. The findings in Chapter 3 highlighted the importance of making a thought-out 
choice for an in vitro exposure model, which is tailored to the specific research question. 
By comparing more advanced models using differentiated primary bronchial epithelial 
cell cultures exposed to whole CS to more simple conventional models using submerged 
primary bronchial epithelial cell cultures and CS extract, we aimed to encourage future 
inhalation toxicology researchers to carefully consider if and when it is needed to use 
more complex models over the more simple in vitro models. This study hopefully creates 
more awareness for the pitfall to assume that more complex models are ‘better’, while 
in particular cases the simple models are sufficient to answer the research question 
and thereby safe time and money.

Taken into account the findings of Chapters 2 and 3, our studies support the value of 
comparison of various experimental models to consider applicability for respiratory 
(toxicology) studies. In the future, even more complex models mimicking the human 
lung environment (e.g., co-cultures, organs-on-chip) should be included in this research 
field.

164930_ChristyTulen_BNW-def.indd   333164930_ChristyTulen_BNW-def.indd   333 07-03-2023   12:2407-03-2023   12:24



334

Impact paragraph

Furthermore, in this thesis, we studied the regulation of mitochondrial metabolism 
in response to noxious particles, i.e., CS and aldehydes, in several in vivo and in vitro 
models. We observed differences in degree of effect of CS, mix of aldehydes or acrolein 
exposure in vivo or in vitro, following an acute or sub-acute exposure regime (Chapters 
4, 5, 6). Heterogeneity observed in the results of these studies could be explained by 
the variety in models used (in vivo rat (lung) versus in vitro human primary bronchial 
epithelial cells), route (nose-only, whole-body) and duration of exposure (acute versus 
sub-acute), mixture (CS or three aldehydes) versus the individual aldehyde acrolein, and 
dosimetry. These studies elaborate the knowledge about fundamental pathways involved 
in the regulation of molecules associated with mitochondrial biogenesis, mitophagy 
and mitochondrial dynamics in response to CS or aldehydes, which is a suggested 
mechanism to predispose to COPD. Future studies could focus on the (potential 
additive/synergistic) impact of (other) compounds (individually or in a mixture) 
emitted by CS on the function of mitochondria to contribute to and/or strengthen the 
evidence reported in our studies. It is important to take into account the translational 
impact of our findings to the human situation, but also to consider what is the most 
informative and applicable model matching the research question. This data again 
underscores the importance of a considered choice for the use of a specific research 
model. The innovative model developed in Chapter 6 contributes to the transition to in 
vitro research (replace). This model (puff-like exposure, differentiated cultures) could 
be of value for future research in the field of inhalation toxicology of noxious particles 
and unravelling molecular mechanisms underlying respiratory diseases. Moreover, we 
also used lung material from animal studies which were designed and conducted by 
collaborating research groups (reduce; Chapters 4 and 5) and we build on their already 
published findings (17, 18). By reusing these samples from previous executed animal 
studies, the needless repeating of animal studies and corresponding unnecessary use 
of animals is prevented. In conclusion, lessons learned from our studies could be used 
for design of future studies in this research field, taking into account the challenges 
faced regarding dosimetry (e.g., dose, peak-exposure mimicking puff topography), 
mixture toxicology, exposure duration and route, and model used.

Lasty, the knowledge from our studies combined with additional insights about the 
causal and mechanistic impact of several aldehydes (relevant for CS-exposure) on 
the molecular pathways controlling mitochondrial content, mitochondrial function 
and metabolism in epithelial cells of the lungs and airways in the context of COPD 
could contribute to detect, investigate and develop potential therapeutic applications 
targeting aldehydes-induced mitochondrial dysfunction in COPD therapy in the future.

164930_ChristyTulen_BNW-def.indd   334164930_ChristyTulen_BNW-def.indd   334 07-03-2023   12:2407-03-2023   12:24



335

Impact paragraph

Impact on regulation

Despite the initiation by the WHO FCTC to approach the tobacco epidemic by aiming 
to reduce harmful components present in CS, minimal progress has been made last 
years with respect to regulation of specific chemicals. This research project aimed to 
provide additional scientific evidence to fill the knowledge gaps regarding the impact 
of aldehydes emitted by CS on epithelial cells of the airways, in particular related to 
the molecular regulation of mitochondrial content/function. The evidence described 
in this thesis aims to provide, together with other (previous) research, a scientific basis 
to potential regulate aldehydes content/composition of emissions in CS in the future. 
Nevertheless, as described in Chapters 4, 5, 6 our findings regarding the impact of a 
mixture of aldehydes versus individual aldehydes were inconclusive making it hard 
to draw any conclusions and recommendations for future regulation only based on 
our data. Therefore, policy makers should critically review and take into account all 
available scientific literature and acknowledge the current knowledge gaps in their 
consideration for the mandated lowering/regulation of aldehydes ((added) sugars) in 
CS and limit emission of CS-associated aldehydes in tobacco products. Our research 
creates more awareness of the need and potential for regulation of the contents and 
composition of emissions of tobacco products, in particular sugars and additives in 
tobacco (smoke). Decreasing sugar yield, selection of specific tobacco types and design 
of a cigarette (e.g., cigarette filter ventilation) are ways to reduce aldehyde content in 
cigarettes (19-21). In addition, the amount of aldehydes exposure of a smoker depends 
on smoking behavior/topography (21). In follow-up of our research, additional studies 
are necessary to prove if a reduction of specific aldehydes in CS is required and to 
what extent this should be in order to induce a beneficial health effect for smokers in 
relation to mitochondrial (dys)function and COPD development. In addition, based on 
our findings, it is interesting for other researchers to investigate the impact of exposure 
to aldehydes or other CS-components alone or possible (additive/synergistic) interaction 
with other compounds in the mix of thousands of chemicals present in CS.

Target groups

The findings from this thesis are relevant for several target groups. First and foremost, 
the research described in this thesis is relevant for other researchers in the field 
of respiratory diseases and inhalation toxicology. We aimed to contribute to the 
knowledge about the underlying molecular mechanisms involved in the regulation of 
mitochondrial content, function and metabolism in (epithelial) cells of the airways and 
lungs in response to smoking-associated aldehydes exposure in the context of COPD. 
By investigating this, we hope to extend knowledge in this research field, set a basis for 
further research and might reveal therapeutic targets for this disease. With respect to 
inhalation toxicology, we also aimed to provide insight in differences and similarities 
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between the various in vitro models and in vivo models, emphasizing the importance of 
tailoring the model to the research question. In addition, we deployed a sophisticated 
(puff-like) exposure model for differentiated primary bronchial epithelial cells to a 
mixture of aldehydes and CS, which could be used in future research in the field of 
inhalation toxicology but is also applicable to research disciplines outside this area. 
Secondly, as described in the paragraphs above, our study is relevant for policy makers. 
Although our findings did not provide conclusive evidence for regulation of aldehydes 
in CS, it is relevant for policy makers to include our findings in the review of available 
scientific literature to consider the potential (health) impact of the regulation/lowering 
of aldehydes ((added) sugars) to the emission of CS-associated aldehydes in tobacco 
products and acknowledge the current knowledge gaps.

Conclusion

In conclusion, the research described in this thesis provides a comprehensive 
overview of the impact of CS and aldehydes on the regulation of processes involved in 
mitochondrial content, function and metabolism in the context of COPD using various 
in vitro and in vivo exposure models of the airways and lungs. By comparing various 
experimental models, our study highlights the importance of making considered 
choices for experimental model and exposure type/regime tailoring the research 
question. Moreover, our data contribute to the knowledge about aldehydes-induced 
mitochondrial toxicity in (epithelial) cells of the lungs and airways. These findings 
may be of value for both researchers in the field of respiratory diseases and inhalation 
toxicology. Furthermore, our study provided additional data which could be taken into 
account by policy makers to consider potential (health) impact by future regulation 
(lowering) of aldehydes levels in CS. Altogether, this thesis contributes to reducing the 
detrimental impact of smoking on society, economy and health status, in particular 
with regard to COPD.

164930_ChristyTulen_BNW-def.indd   336164930_ChristyTulen_BNW-def.indd   336 07-03-2023   12:2407-03-2023   12:24



337

Impact paragraph

References

1. World Health Organization. Factsheet Tobacco: WHO; 2022 [updated 05/24/2022. Available 
from: https://www.who.int/news-room/fact-sheets/detail/tobacco

2. Rijksinstituut voor Volksgezondheid en Milieu. Volksgezondheid Toekomst Verkenning 
2018 - Een gezond vooruitzicht synthese. 2018.

3. Gezondheidsenquête/Leefstijlmonitor. CBS i.s.m. RIVM en Trimbos-Instituut; 2021.

4. Burns DM, Dybing E, Gray N, Hecht S, Anderson C, Sanner T, et al. Mandated lowering 
of toxicants in cigarette smoke: a description of the World Health Organization TobReg 
proposal. Tob Control. 2008;17(2):132-41.

5. World Health Organization & World Health OrganizationTobacco Free Initiative. The 
scientific basis of tobacco product regulation: second report of a WHO study group. World 
Health Organization; 2008.

6. Global Initiative For Chronic Obstructive Lung Disease. Global Strategy for Diagnosis, 
Management, and Prevention of Chronic Obstructive Lung Disease: 2022 Report. 2022.

7. GBD 2015 Mortality and Causes of Death Collaborators. Global, regional, and national 
life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of death, 
1980-2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet. 
2016;388(10053):1459-544.

8. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries 
in 204 countries and territories, 1990-2019: a systematic analysis for the Global Burden of 
Disease Study 2019. Lancet. 2020;396(10258):1204-22.

9. Matera MG, Cazzola M, Page C. Prospects for COPD treatment. Curr Opin Pharmacol. 
2021;56:74-84.

10. MacNee W. Pathogenesis of Chronic Obstructive Pulmonary Disease. Clinics in Chest 
Medicine. 2007;28(3):479-513.

11. Ryter SW, Rosas IO, Owen CA, Martinez FJ, Choi ME, Lee CG, et al. Mitochondrial 
Dysfunction as a Pathogenic Mediator of Chronic Obstructive Pulmonary Disease and 
Idiopathic Pulmonary Fibrosis. Ann Am Thorac Soc. 2018;15(Suppl 4):S266-s72.

12. Hoffmann RF, Zarrintan S, Brandenburg SM, Kol A, de Bruin HG, Jafari S, et al. Prolonged 
cigarette smoke exposure alters mitochondrial structure and function in airway epithelial 
cells. Respir Res. 2013;14:97.

13. Hara H, Araya J, Ito S, Kobayashi K, Takasaka N, Yoshii Y, et al. Mitochondrial fragmentation 
in cigarette smoke-induced bronchial epithelial cell senescence. Am J Physiol Lung Cell 
Mol Physiol. 2013;305(10):L737-46.

14. Sundar IK, Maremanda KP, Rahman I. Mitochondrial dysfunction is associated with Miro1 
reduction in lung epithelial cells by cigarette smoke. Toxicol Lett. 2019;317:92-101.

15. Ballweg K, Mutze K, Königshoff M, Eickelberg O, Meiners S. Cigarette smoke extract affects 
mitochondrial function in alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol. 
2014;307(11):L895-907.

16. Aghapour M, Remels AHV, Pouwels SD, Bruder D, Hiemstra PS, Cloonan SM, et al. 
Mitochondria: at the crossroads of regulating lung epithelial cell function in chronic 
obstructive pulmonary disease. Am J Physiol Lung Cell Mol Physiol. 2020;318(1):L149-l64.

164930_ChristyTulen_BNW-def.indd   337164930_ChristyTulen_BNW-def.indd   337 07-03-2023   12:2407-03-2023   12:24



338

Impact paragraph

17. Snow SJ, McGee MA, Henriquez A, Richards JE, Schladweiler MC, Ledbetter AD, et al. 
Respiratory Effects and Systemic Stress Response Following Acute Acrolein Inhalation in 
Rats. Toxicol Sci. 2017;158(2):454-64.

18. Liu X, Durkes AC, Schrock W, Zheng W, Sivasankar MP. Subacute acrolein exposure to rat 
larynx in vivo. Laryngoscope. 2019;129(9):E313-E7.

19. Talhout R, Opperhuizen A, van Amsterdam JG. Sugars as tobacco ingredient: Effects on 
mainstream smoke composition. Food Chem Toxicol. 2006;44(11):1789-98.

20. Baker RR, da Silva JRP, Smith G. The effect of tobacco ingredients on smoke chemistry. Part 
I: Flavourings and additives. Food Chem Toxicol. 2004;42:3-37.

21. Pauwels C, Klerx WNM, Pennings JLA, Boots AW, van Schooten FJ, Opperhuizen A, et al. 
Cigarette Filter Ventilation and Smoking Protocol Influence Aldehyde Smoke Yields. Chem 
Res Toxicol. 2018;31(6):462-71.

164930_ChristyTulen_BNW-def.indd   338164930_ChristyTulen_BNW-def.indd   338 07-03-2023   12:2407-03-2023   12:24




