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Chapter 1: 

General introduction and scope of the thesis
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Maternal smoking during pregnancy 

It is generally accepted that maternal smoking during pregnancy influences fetal 

development as well as the conceptus' future health1, and yet, the prevalence of 

pregnancy smoking is estimated at around 10% in the European Union and the 

United States of America2,3. 

The acute negative effects of prenatal smoke exposure (PSE) range from 

spontaneous pregnancy loss4 to stillbirth5 and maternal smoking significantly 

contributes to the induction of a variety of fetus abnormalities such as e.g., lower 

lung volume6, increased inner airway wall thickness7 and hepatic parenchymal 

degeneration8,9. 

Although epidemiology and in vivo experiments highlight these negative outcomes 

of PSE on the fetus, the long-term negative effects of prenatal smoke exposure on 

developmental mechanisms and signaling pathways are not yet fully understood. 

However, it was recently reported that the effect of tobacco smoke differs when 

comparing blood of children and actively smoking adults, as DNA methylation, 

chromatin modifications and gene expression seem to be affected10. Similarly, 

genotoxic damage and deregulated gene expression were found in fetal livers of 

prenatally smoke exposed mice11. Those affected genes were associated with genetic 

and epigenetic mechanisms that wer linked to “physiopathological changes in the 

developing fetus”11. Prenatal smoke exposure was also seen to increase the 

prevalence of lung tumor (mixed solid-papillary tumors with 1.1-1.8 mm diameter 

and carcinoma with 1.8-3.0 mm) at 8.5 months after birth12. A higher susceptibility 

to develop respiratory diseases due to prenatal and early postnatal smoke exposure 

may be the result of alterations in the structural and functional development of the 

lung (reviewed in13). 

Lung and liver development in the mouse 

Lung 

Lung development in vertebrates can be divided in five stages that are briefly 

described in Table 1. Those stages can be generally applied, but vary on time point 

among different species. In the mouse, the pulmonary development starts at day E9.5 

and by day E16, the general lung structure is established. Subsequently, a streak of 

cellular differentiation - especially of epithelial cells lining the trachea, bronchi, and 

bronchioles - follows, however the epithelial cell layer composition varies and is 

region specific. The underlying differentiation mechanisms are influenced by 

autocrine-paracrine as well as cell-cell interactions that regulate transcription factors, 

thereby controlling cell differentiation14. The saccular-alveolar stage is most 

prominently marked by birth and its entailed transition from a fluid-filled to an air-
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filled lung. Pulmonary blood vessels and the respiratory epithelium converge to 

facilitate gas exchange. Upon birth, the lung fluid is resorbed and pulmonary 

surfactant is secreted into the peripheral saccules of the lung to prevent alveolar 

collapse once the lung is filled with air. Postnatal maturation of the lung marks the 

final phase where alveolarized structures form the alveolar gas exchange area.  

Table 1. The five structural phases of lung formation (adapted from ref.69) 

Phase Events / Features Mouse 

Embryonic Formation of the lung buds and major bonchi, division of tracheal-

esophageal tube 

E9-E11.5 

Pseudoglandular Proliferation of bronchial branches, acinar tubules and buds; 

vasculogenesis and innervation 
E11.5-E16.5 

Canalicular Organization of the pulmonary vascular bed, pulmonary acinus, and 

increasing innervation, beginning of alveolar epithelium development 
E16.5-E17.5 

Saccular Dilatation of peripheral airspaces, differentiation of the respiratory 

epithelium and increasing vascularity of the saccules, surfactant synthesis 
E17.5-PN5 

Alveolar Increase of number and size of the alveoli, maturation of the pulmonary 

vascular system 
PN5-PN28 

 E = embryonic; PN = postnatal  

Liver 

Similar to the lung, also the liver arises from the embryonic foregut. After the 

formation of the liver bud around E9.5, it grows from E10 to E15 due to 

vascularization and the migration of hematopoetic cells15-18. By E13, functional 

hepatocytes start to mature and by E17 hepatocytes acquire their characteristic 

epithelial morphology arranged in hepatic cords with bile canaliculi on the apical 

surfaces19. It is followed by a phase of extensive differentiation of parenchymal and 

nonparenchymal cell types, organization of extracellular matrix, development of the 

biliary tract, maturation of sinusoidal capillaries and hepatic vasculature, and the 

conversion of hepatocytes to polarized epithelial cells20. During the mid-gestation 

stages of development, the hepatoblast population must expand to define the total 

volume of the liver21. 

Prenatal programming by maternal smoking during pregnancy 

Prenatal programming and developmental origins of health and 

disease (DOHaD) 

Prenatal programming is a concept that links the environmental conditions during 

embryonic and fetal development to the risk of disease development later in life. It 

originates from David Barker's epidemiological observation in adults and their 

susceptibility to develop ischemic heart disease after being born with low birth 

weight (hence “Barker Hypothesis”)22, and demonstrates the association between the 

prenatal environment and disease risk in adult life. 
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The Barker Hypothesis was further extended to the developmental origins of health 

and disease (DOHaD) paradigm, that acknowledges the role of both pre- and 

postnatal environmental factors in modulating developmental stages and ultimately 

influencing health later in life23. It is based on the understanding the developing fetus 

may potentially adapt to the intrauterine environment as response to the effect of 

harmful environmental exposures. This process aims to optimize the in utero 

growing conditions by “reprogramming” organ functions without changing the 

genome, but epidemiological observations as well as clinical and experimental 

experiments describe prenatal programming/ DOHaD as the source of e.g., obesity24 

or diabetes. 

Epigenetics 

The term ‘epigenetics’ was initially used by Conrad Waddington in order to describe 

that genes have an effect on an organism’s phenotype, as their role in heredity still 

needed to be identified. Later on, ‘epigenetics’ was defined as different gene 

function that is -without affecting the actual DNA sequence- mitotically and/or 

meotically passed on over generations. In the past three decades, data were collected 

that advocate for epigenetic mechanisms as e.g., DNA methylation or histone 

modifications being essential for the DOHaD mechanism25. However, the 

participating mechanisms in prenatal programming are far from understood, as a 

multitude of different factors and mechanisms appear to be involved. Transcriptional 

activity is partly regulated by methylation, acetylation and deacetylation, 

ubiquitinilation and sumoylation of DNA and histones, which can also be seen as a 

transcriptional “memory” or “instruction“ on how the genetic code should be read 

and small regulatory RNAs, including micro RNAs, add another layer to regulation 

of gene expression. Modified histone marks, chromatin reorganization, or 

deregulated microRNA expression patterns may all play a role in prenatal 

programming, and were shown to be affected by (in utero) smoke exposure26-28. 

Moreover, epigenetic changes have been proposed as biomarkers of exposure to 

carcinogens (reviewed in ref.29), and toxicant-induced differences in DNA 

methylation, but also histone/ chromatin remodeling, and deregulated non-coding 

RNA expression rates are the most commonly assessed epigenetic mechanisms30-32. 

DNA methylation and tobacco smoke 

DNA methylation, one epigenetic mode of gene regulation, refers to the enzymatic 

addition of a methyl group (-CH3) to a cytosine residue. The majority of those 

(methylated) cytosines neighbor guanine residues (CpG-site), and, if present in a 

gene's promoter region, may influence its expression. Initially, DNA methylation 

was seen as an “on/off-switch”, where hypermethylation of a regulatory gene area 

was linked with genetic silencing, and hypomethylation was associated with gene 

transcription.  
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Hypermethylation of genes was described in peripheral blood leukocytes of adult 

smokers, that additionally correlated to the amount of detected DNA adducts33. 

When comparing DNA methylation in small airway epithelium of smokers and non-

smokers, 204 genes were found to be differentially methylated of which 35 

correlated with gene expression; nearly half with a direct and the other with an 

inverse correlation. As almost 70% of the identified regions appeared within 2kb of 

the transcription start site, the authors concluded “that cigarette smoking alters the 

DNA methylation patterning (…), and for some genes, these changes are associated 

with the smoking-related changes in gene expression.”34. 

Although the mechanisms underlying the negative effects of PSE are still 

unresolved, it has been proposed that the in utero exposure to tobacco smoke may 

cause stable alterations within the gene expression profile of fetal cells. This could 

possibly be mediated - at least in parts - by changes of the offspring's epigenome, 

including DNA hypomethylation35,36. 

Indeed, several studies could link differences of global DNA methylation patterns to 

maternal smoking during pregnancy in human umbilical cord blood (e.g.,37), infant 

whole blood shortly after delivery38 or buccal cells from (life-born) children39. While 

DNA methylation patterns can vary by anatomical location, gender and age40, 

longitudinal studies show reversibility of PSE-induced aberrant methylation status at 

some CpG-sites, whereas others were “persistently perturbed”37,41. Moreover, 

hypomethylation was found in lung and liver of mice that were exposed to 1,3-

Butadiene, a chemical that is present in e.g., cigarette smoke, with a stronger impact 

on liver than on lung30. 

The IGF system and its implementation in aberrant development 

The insulin-like growth factor (IGF) axis is a multicomponent network of molecules, 

that is ubiquitously involved in the regulation of growth, proliferation, and 

differentiation of a variety of cell types42. This axis is composed of growth hormones 

IGF1 and IGF2, type 1 and type 2 IGF receptors (IGF1/2R), a family of at least six 

high-affinity IGF-binding proteins (IGFBPs) and a group of IGFBP proteases43. A 

total of six high-affinity binding proteins (IGFBP1 to 6) have been identified, and 

among them, IGFBP-3 binds 75-90% of circulating IGF143. As IGF1 and 2 bind with 

higher affinity to IGFBPs than to their receptors, those reduce their bioavailability 

and are considered as IGF antagonists44. 

It is well established that particularly the IGF system plays a critical role in the 

regulation of prenatal growth and development because mice with various 

deficiencies of IGF1, IGF2 and IGF1R alone or combined resulted in dwarfism. 

Igf1r null mutants died immediately after birth from respiratory failure, and 
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exhibited, beyond others, muscle hypoplasia45-47. Accumulated evidence suggests 

that IGF2 is a key regulator of feto-placental growth as disturbances in IGF2 

regulation are associated with e.g. IUGR47,48 and the concentrations of IGF2 in fetal 

plasma and tissue are high, but decline progressively after birth49. 

IGF and smoking  

Although the role of IGF1 in allergic airway disease remains elusive, the amount of 

IGF1 was seen to raise in the airways of mice after allergen challenge50, and IGF1 

levels in patients with asthma correlate with subepithelial fibrosis51. A few studies 

demonstrated that IGF1 may be involved in the inflammatory process associated 

with bronchial asthma51,52 but little information is available on the pathophysiology 

of IGFs and related molecules in airway tissues53 and the underlying mechanism of 

the biological actions in the IGF system is largely unknown. However, IGF1 has 

been reported to play important roles in airway inflammation, airway 

hyperresponsiveness and airway smooth muscle hyperplasia50,51,54. Smoke-induced 

impaired IGF-1 signaling along with steatohepatitis were described in adult mice55 

and similar results were seen after treating rats with a combination of alcohol and 

NNK, representing smoke exposure56. 

Despite the few studies that were attained in serum samples of human neonates (e.g. 

ref.57), evidence for the effect of prenatal smoke exposure on the IGF network in 

different organs at early developmental stages is very limited. Recently, reduced 

mRNA and protein levels of Igf1r were found in mouse brain after smoke exposure58 

and intranasal application of cigarette smoke sollution resulted in reduced amounts 

of Igf1 mRNA and protein in the olfactory epithelium, imparing olfactory 

regeneration59. 

Nicotine and Xenobiotic Metabolism 

Mainstream cigarette smoke is a complex mixture of approximately 4000 individual 

chemical constituents60,61 of which a subset of substances bears potential to harm the 

fetus. Among these, nicotine is likely the best known, but also the most well studied 

component. Nicotine can be found in tobacco plants, is highly addictive, toxic and 

known to be a carcinogen. It takes effect through the interaction with nicotinic 

acetylcholine receptors (nAChR), resulting in an increased heart rate and blood 

pressure, and stimulates the central nervous system. Moreover, nicotine was shown 

to easily cross the placenta, thereby entering the fetal circulation and accumulating in 

the amniotic fluid62,63, resulting in an elevated exposure of the developing fetus64. 

The metabolism of nicotine is mediated by CYP2A6 in humans, and Cyp2a5 in the 

mouse. By stepwise modifications of the chemical structure, nicotine is converted to 
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cotinine. These reactions predominantly take place in the liver, but extrahepatic 

expression was shown in e.g., human bronchial epithelial cells65. In mice 

extrahepatic Cyp2a5 was shown for, beyond others, lung, as well as olfactory 

mucosa66. Immunohistochemical analysis of the lower respiratory tract identified 

low expression of Cyp2a5 in “the apical parts of the columnal epithelium of the 

trachea, bronchi, and bronchioles”, but none in the alvioli of the lung67. Upon 

depletion of Cyp2a5, mice were found with reduced nicotine clearances, resulting in 

prolonged nicotine-induced pharmacological effects68. 

Scope of the thesis 

The scope of this thesis was to investigate abnormalities in prenatal programming of 

gene promoters due to prenatal smoke exposure (PSE). In particular, we evaluated if 

aberrant DNA methylation states depend on the offspring’s sex, if they are organ- 

and cell-specific, and whether these changes are consistent with time. We focused 

our studies on bisulfite sequencing based methylation analysis along with gene 

expression studies in order to find an indication for functional relevance. In Chapter 

2 we explored the sex-dependent effect of PSE on promoter methylation of insulin-

like growth factor 1 (Igf1) and its receptor Igf1r in lungs of male and female mouse 

offspring at 30 days after birth and how this may be linked to gene expression, 

protein levels and body weight. Chapter 3 continues the methylation analysis on 

promoters of beta-catenin (CtnnB1), forkhead-box-protein a2 (FoxA2) and 

fibronectin 1 (Fn1) in the same offspring. The assessment of PSE-induced effects at 

30 days after birth are also subject of Chapter 4A. Other than in chapters 2 and 3, 

the target gene in Chapter 4A does not relate to pathways that associate with 

development, but to detoxification mechanisms, with nicotine degradation in 

particular: Cytochrome P450 2a5 (Cyp2a5). Chapter 4B continues with the research 

question of chapter 4A by analyzing Cyp2a5 promoter methylation profiles in lung 

and liver of fetuses and three-day-old mice. Chapter 5 connects to the previous 

chapters, especially chapter 2, with questioning whether the described sex-dependent 

PSE-induced prenatal programming is organ-specific. This was done through 

comparing Igf1 and Igf1r methylation patterns in lung and liver. Additionally, a 

varying persistence of methylation patterns was evaluated by relating fetal (E17.5) to 

neonatal (postnatal day 3) samples. Chapter 6 builds upon the findings in the fifth 

chapter and asks to what extent aberrant promoter methylation is detectable in 

bronchial epithelium, trachea and esophagus from neonates. Chapter 7 reviews the 

current research findings of inter- and transgenerational epigenetic inheritance in 

asthma and chronic obstructive pulmonary disease (COPD) and Chapter 8 

summarizes the findings of this thesis, aiming to place them in perspective of future 

research. 
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