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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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Abstract 

Prenatal smoke exposure is a risk factor for abnormal lung development and 

increased sex-dependent susceptibility for asthma and chronic obstructive pulmonary 

disease (COPD). Birth cohort studies show genome-wide DNA methylation changes 

in children from smoking mothers, but evidence for sex-dependent smoke-induced 

effects is limited. The insulin-like growth factor (IGF) system plays an important role 

in lung development. We hypothesized that prenatal exposure to smoke induces 

lasting changes in promoter methylation patterns of Igf1 and Igf1r, thus influencing 

transcriptional activity and contributing to abnormal lung development. We measured 

and compared mRNA levels along with promoter methylation of Igf1 and Igf1r and 

their protein concentrations in lung tissue of 30-day-old mice that had been prenatally 

exposed to cigarette smoke (PSE) or filtered air (control). Body weight at 30 days 

after birth was measured as global indicator of normal development. Female PSE 

mice showed lower mRNA levels of Igf1 and its receptor (Igf1: P = 0.05; Igf1r: P = 

0.03). 

Furthermore, CpG-site-specific methylation changes were detected in Igf1r in a sex-

dependent manner and the body weight of female offspring was reduced after 

prenatal exposure to smoke, while protein concentrations were unaffected. Prenatal 

exposure to smoke induces a CpG-site-specific loss of Igf1r promoter methylation, 

which can be associated with body weight. These findings highlight the sex-

dependent and potentially detrimental effects of in utero smoke exposure on DNA 

methylation and Igf1 and Igf1r mRNA levels. The observations support a role 

for Igf1 and Igf1r in abnormal development. 

Introduction 

Maternal smoking during pregnancy has detrimental effects for offspring, such as 

increased risk of pulmonary diseases like as asthma12,13,18 and chronic obstructive 

pulmonary disease (COPD)28, but the mechanisms remain largely unknown. 

Negative gestational outcomes can be caused by epigenetic alterations of which 

aberrant DNA methylation is commonly analyzed. It primarily refers to 5-

methylcytosine, which occurs when neighboring a guanidine nucleotide (CpG-site). 

Often applied to a gene’s promoter region, this epigenetic mode can alter its 

transcriptional activity. 

Previous human genome-wide studies have linked prenatal smoke exposure (PSE) to 

alterations of DNA methylation patterns in blood samples of newborns and children 

(e.g., refs.7,14,15). Such alterations may play a role in abnormal fetal development and 

increased susceptibility for asthma and COPD. Interestingly, certain DNA 

methylation marks persist in prenatally exposed children30 and alterations in DNA 

methylation due to smoking during pregnancy are still observed later in life. The 

association of maternal smoking and DNA methylation seems to be more profound in 



Igf1r methylation after prenatal smoke exposure 

15 

girls than in boys6, but possible interactions of smoke exposure and the offspring’s 

sex on methylation is rarely investigated. 

The importance of the insulin-like growth factor (IGF) system to lung development, 

particularly Igf1 and its receptor Igf1r, is highlighted in Igf1- or Igf1r-depleted mice 

that show a failure in lung development and diminished growth10,20. IGF-1, which 

exclusively interacts with IGF1R21, was decreased in female but not male fetuses of 

asthmatic mothers who smoked during pregnancy8 and the lower birth weight of 

female but not male neonates correlated with reduced IGF-1 concentrations8. For 

these reasons, we chose Igf1 and Igf1r as target genes for our analyses. 

In lungs of 1-day-old mouse offspring, we previously found reduced mRNA levels of 

developmentally relevant genes after PSE3. Based on these indications, we 

hypothesized that PSE negatively affects Igf1 as well as Igf1r. To test this postulate, 

we determined the effect of PSE on the protein and mRNA levels as well as promoter 

methylation status of Igf1 and Igf1r in lungs of 30-day-old offspring. These data were 

related to each other and the offspring's body weight, a robust indicator of abnormal 

or normal development. 

Material and Methods 

Animals and smoke exposure 

Female Balb/c mice were obtained from Harlan (Horst, The Netherlands) at 8 to 10 

wk of age. The experimental setup was approved by the local committee on animal 

experimentation (DEC4575A) and carried out as described previously4. Offspring (6 

male, 5 female) of 11 smoke-exposed dams together with 6 male and 8 female 

offspring from 15 control dams were randomly selected from each nest, weighed, and 

euthanized 30 days after birth for organ collection. Isolated lungs were immediately 

frozen in liquid nitrogen and stored at −80°C until further use. 

Quantification of IGF1 and IGF1R protein levels in lung 

homogenates 

IGF1 and IGF1R concentrations were measured in homogenized lung tissue [the 2 

smallest right lung lobes, as described4]. For quantitative determination of IGF1 

concentrations, the Quantikine ELISA Mouse/Rat IGF-I Immunoassay (R&D 

Systems, Abingdon, UK) was used following the manufacturer’s instructions. The 

quantification of IGF1R was performed using the Mouse IGF1R/Igf1 receptor ELISA 

kit (Sandwich ELISA) (LifeSpan BioSciences, Seattle, WA) as described by the 

manufacturer. For IGF1 23 out of 25 samples and for IGF1R 19 out of 25 samples 

had sufficient quality for analysis by ELISA. 
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DNA and mRNA extraction 

DNA and mRNA were extracted from whole lung tissue using the AllPrep 

DNA/RNA Mini Kit (Qiagen, Venlo, The Netherlands), according to the 

manufacturer’s protocol. 

mRNA expression analysis 

qRT-PCR for mRNA expression was performed using qPCR MasterMix Plus 

(Eurogentec, Seraing, Belgium) with commercially available primers for target 

genes Igf1 (product no. Mm00439560_m1) and Igf1r (no. Mm00802831_m1) 

(TaqMan Gene Expression Assay; Applied Biosystems, Foster City, CA). Detection 

of amplification reactions was performed using LightCycler 480 System (Roche 

Diagnostics, Mannheim, Germany) with cycling conditions as follows: 50°C for 2 

min, 90°C for 10 min, and 40 cycles of 95°C for 15 s, and 60°C for 1 min. Reactions 

were performed in triplicate for each sample with Hprt (Mm03024075_m1) used for 

normalization. We excluded 1 out of 25 data points for Igf1r and 2 out of 25 

for Igf1 mRNA levels due to large differences between housekeeping and target 

genes. 

Pyrosequencing-based bisulfite PCR analysis 

To assess promoter methylation levels of selected genes, bisulfite sequencing primers 

were designed using PyroMark assay design software (version 2.0; Qiagen). 

Selection of CpG sites was based on manual identification of CpG dinucleotides, 

using ENSEMBL genome web browser (Ensembl 83: Dec 2015) and transcript 

location for the identification of gene promoter regions. The mouse Igf1 

(ENSMUSG00000020053) has eight transcripts. In this study, we focused on 

transcript Igf-005 (ENSMUST00000122386, details in discussion). The analysis of 

mouse Igf1r gene (ENSMUSG00000005533) was done by using transcript 

ENSMUST00000005671. 

Extracted genomic DNA from lung (200 ng) was converted with sodium bisulfite 

(EZ DNA Methylation-Direct, Zymo Research, Irvine, CA) following the 

manufacturer’s instructions. In short, the bisulfite conversion was carried out in the 

dark at 98°C for 10 min and 64°C for 3.5 h followed by desulphonation of the 

converted DNA. Gene amplification was done using HotStarTaq MasterMix Kit 

(Qiagen). Further specification on amplification conditions and primer sequences are 

listed in Table 1. Amplification conditions: 95°C for 15 min, 94°C for 30 s, 59°C for 

30 s, 72°C for 30 s, and 40 cycles in a reaction volume of 25 μl. To assess DNA 

methylation levels of Igf1 and Igf1r promoter methylation, bisulfite sequencing was 

performed on the PyroMarkQ24 (Qiagen) instrument. Relative levels of methylation 

at each CpG site were analyzed with PyroMark Q24 2.0.6 software. 
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Table 1. Bisulfite amplification (F/R) and sequencing (S) primers 

 

Gene 

Targeted 

CpG-site position 

 

Sequences 5’ – 3’ 

Igf1 -1509 - -1430 

Amplicon length [bp] 

209 

F: AGAGGGTTGGAAAGAGTTTAAG 

R: AAACCAAACTTACCTCAATCTCTTAC 

S1: AGGTTTTTATTTATGGGG 

S2: GTATTTTTAAATTTTTTTGAGA 

 

Sequence to analyze: 

S1: 

TAGYGTAAAGAGGTAGTGTAGAGTTTTTAATTGGTTTTTGTTTTTATYGATGTGTT

AGTATTTTTAAATTTTTTTGAGA 

S2: 

GTTYGAGAGAGTAAGAGATTGAGGTAAGT 

 -1357 - -1254 

Amplicon length [bp] 

212 

F: AGAGTAAGAGATTGAGGTAAGTT 

R: TTACCACAAAAAATAAAATTCTAATCTTC 

S1: GGGAAAGTATATTTGGAG 

S2: TTATTGAGAAATAGGTATAAAT 

 

Sequence to analyze: 

S1: 

AGATATTYGTGGAAAGTATGTAGYGTTTAATTTGGGTTTTTGTAATTTTTTTTTATA

ATTTATTTTTTTATTTATTGTTTTTGAAAGATTATTGAGAAATAGGTATAAAT 

S2:  

YGTATTAATAGAAGATTAGAATTTTA 

 -1212 - -1180 

Amplicon length [bp] 

250 

F: TTGGAGAGATATTAGTGGAAAGTATGTAG 

R: AATTATAATATCATTCAAATCCCTCAACT 

S: AGAATTTTATTTTTTGTGGTAAAG 

 

Sequence to analyze: 

GYGAGTTTATATATTATAAATAGTAGAAGTAGTYGGTTTGAATTATGTTGTTAGTT

ATT 

 

Gene 

Targeted 

CpG-site position 

 

Sequences 5’ – 3’ 

Igf1r -272 - -164 

Amplicon length [bp] 

327 

F: GGGGATTTTTTTTAGGAGTTAGATTTTA 

R: ATTTTCCTCCTTCTTCTACATCT 

S1: TTA TTT GGG ACG AAA TTT 

S2: GATAAGGAGGGTGG 

S3: GGAGTYGGGAAGT 

Sequence to analyze: 

S1: 

TTTTTATTTTYGTTTAAAAATAAGAGYGTAGGYGAYGATTTTYGGAAAGYGGYGT

GGATAAGGAGGGTGG 

S2: 

YGYGGGGYGGTTTTTTAGYGTYGGTAGTAGYGGTTTAYGGGGYGGYGGAGTYGG

GAAGT 

S3: 

YGGGGYGYGTYGGGGYGGGTTGTYGGYGTYGTYGGTTTTTATTTGTAAAYGTAGA

GATGTAGAAGAAGGAGGAAA 

 -17 

Amplicon length [bp] 

120 

F: AGTGAGGATTGAGTTGGAGATTT 

R: CCTCCCAAACCAAACTTCATTCCTTTTAT 

S: ATTTTTGAGAAAAGGGAATT 

 

Sequence to analyze: 

TYGTTTTAAATAAAAGGAATGAAGTTT 

Calculations and statistical methods 

Relative gene expression (2−Δct method) as well as mean percent methylation and SE 

were calculated in Microsoft Office Excel 2003. Body weight, mRNA levels, protein 

concentratios and DNA methylation data were tested for normal distribution of 

residuals and, if normally distributed, analyzed using multiple linear regression 

analysis (IBM SPSS version 22 release 22.0.0.1) to determine if the effect of prenatal 

exposure to tobacco smoke interacts with the effect of sex difference. For statistical 

post hoc evaluation of the subgroups, two-tailed Mann-Whitney U-test was used 
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(GraphPad Prism 5.0 Software, San Diegeo, CA). Correlation analysis of target gene 

mRNA levels, percent methylation and body weight at 30 days after birth was done 

using linear regression. P ≤ 0.05 was considered significant. 

Results 

Sex-dependent effect of PSE on body weight at 30 days after birth 

In the control group, female offspring had a significantly (P = 0.04) lower body 

weight when compared with male offspring (female: 14.6 g vs. male: 16.5 g, Fig. 

1A). After PSE, female offspring showed a significant (P = 0.05) reduction in body 

weight compared with controls (PSE: 13.0 g vs. control: 14.6 g). This decrease was 

less pronounced in male offspring (PSE: 14.9 g vs. control: 16.5 g); therefore, the 

sex-specific body weight difference was lost in the male PSE group (P < 0.07). An 

interaction of both parameters, sex and PSE, on the body weight was not seen (linear 

regression). 

 

Figure 1. Body weight [g] comparing control (○) with prenatally smoke exposed (●) 

offspring and correlations of body weight with IGF1 and IGF1R concentrations in whole 

lung tissue. 
A) Prenatally smoke exposed (PSE) and air exposed control mice were euthanized at 30 days after birth. 
Prior to euthanasia, the body weight [g] was assessed (individual values per group and sex, median 

depicted as a horizontal line). B) The body weight [g] of all offspring correlates with IGF1 concentrations 

in whole lung (linear regression). C) A correlation of body weight [g] with IGF1R concentrations in whole 
lung was not found. If not stated otherwise, the comparison of displayed groups was not significant. 

Quantification of IGF1 and IGF1R in lung homogenates 

IGF1. 

Differences of IGF1 concentrations after PSE appeared to be more pronounced in 

female (control: 5,965 pg/ml vs. PSE: 4,885 pg/ml) than in male offspring (control: 

5,990 pg/ml vs. PSE: 5,733 pg/ml) but did not reach statistical significance (data not 

shown). 

With the use of linear regression, the variation in IGF1 concentrations contributed to 

the variation of the offspring’s body weight by 30% (R2 = 0.29, P = 0.01; Fig. 1B). 

This contribution was mostly derived from the PSE offspring (r = 0.86, P = 0.002 vs. 

control: r = 0.25, ns). Here, the effect was more pronounced in female (r = 0.98, P = 
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0.02) than in male (r = 0.80, P < 0.06) offspring (Table 2). Over all, an association of 

IGF1 concentrations in whole lung tissue and the offspring’s body weight, 

independent of the type of exposure, was found for female (r = 0.62, P = 0.04) but 

not for male (r = 0.46, ns) 30-day-old mice (Table 2).  

IGF1R. 

Similar to the findings for IGF1 protein levels, also the difference in the 

concentration of IGF1R in lung homogenate did not reach statistical significance 

when comparing PSE mice to control offspring but was higher in females (control: 

5516 pg/ml vs. PSE: 5807 pg/ml) than in males (control: 4061 pg/ml vs. PSE: 4293 

pg/ml; data not shown). Contrasting the observation for IGF1, the variation in IGF1R 

concentration did not contribute to the variation of the offspring’s body weight 

(linear regression, R2 = 0.09, ns; Fig. 1C). 

Sex-dependent effect of PSE on mRNA concentrations of Igf1 and 

Igf1r 

Igf1. 

PSE reduced mRNA levels of Igf1 in female offspring (P = 0.05; Fig. 2A) but not in 

male offspring. In the control groups, differences of the mRNA levels of male and 

female offspring were not significant (P = 0.1; Fig. 2A). 

 

Figure 2. Igf1 and Igf1r mRNA levels comparing 30d control (○) with prenatally 

smoke exposed (●) offspring. 
A) Igf1 and B) Igf1r mRNA levels were measured in whole lung tissue of 30-day-old prenatally smoke 
exposed and control mice and corrected for housekeeping gene Hprt. A sex-specific reduction of mRNA 

levels was seen in female mice for both genes, whereas male offspring did not show an effect of prenatal 

smoke exposure on mRNA levels. Data are presented per sex and group as individual values with median 

as a horizontal line. If not stated otherwise, the comparison of displayed groups was not significant. 
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Table 2. Correlations between IGF1 protein concentrations, Igf1 mRNA levels, Igf1 

promoter methylation and the offspring’s body weight 

correlation of 

/ with 

IGF1 

protein 

[pg/ml] 

  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1 (2-dCT) 
 r 0.02 -0.02 0.18 -0.22 0.44 0.16 0.08 -0.26 0.95 

  p-value ns ns ns ns ns ns ns ns 0.05 

weight [g] 
 r 0.54 0.46 0.62 0.25 0.86 0.10 0.80 0.33 0.98 

  p-value 0.01 ns 0.04 ns 0.002 ns 0.06 ns 0.02 

Igf1 

promoter 

methylation 

[%] 

CpG-1509 
r -0.29 -0.28 -0.41 -0.79 0.11 -0.79 0.15 -0.93 0.03 

p-value ns ns ns 0.001 ns 0.06 ns 0.002 ns 

CpG-1465 
r -0.06 -0.19 0.26 -0.27 0.15 -0.50 0.20 0.24 0.28 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1430 
r -0.17 -0.33 -0.02 -0.27 -0.09 -0.10 -0.44 -0.60 0.52 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1357 
r -0.09 -0.13 -0.12 -0.54 0.29 -0.79 0.38 -0.38 -0.25 

p-value ns ns ns 0.06 ns 0.06 ns ns ns 

CpG-1341 
r 0.28 0.40 0.06 0.51 0.17 0.46 0.50 0.65 -0.37 

p-value ns ns ns 0.07 ns ns ns ns ns 

CpG-1254 
r -0.29 -0.18 -0.45 -0.42 -0.13 -0.17 -0.19 -0.83 0.05 

p-value ns ns ns ns ns ns ns 0.02 ns 

CpG-1212 
r 0.26 0.49 -0.11 0.64 -0.04 0.83 0.23 0.13 -0.03 

p-value ns ns ns 0.02 ns 0.04 ns ns ns 

CpG-1180 
r 0.33 0.24 0.58 0.28 0.39 0.42 0.10 0.13 0.93 

p-value ns ns 0.08 ns ns ns ns ns 0.07 

correlation of 

/ with 
Igf1 (2-dCT)   

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

weight [g] 
 r -0.17 -0.32 0.01 -0.79 0.00 -0.52 -0.50 -0.76 -0.60 

  p-value ns ns ns 0.002 ns ns ns 0.05 ns 

Igf1 

promoter 

methylation 

[%] 

CpG-1509 
r 0.08 0.22 0.07 -0.14 0.29 -0.10 0.51 0.51 -0.21 

p-value Ns ns ns ns ns ns ns ns ns 

CpG-1465 
r -0.27 -0.33 -0.41 -0.54 0.04 -0.61 -0.24 -0.71 0.43 

p-value ns ns ns 0.07 ns ns ns 0.07 ns 

CpG-1430 
r 0.02 -0.15 0.22 0.14 0.20 -0.81 0.12 0.50 0.32 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1357 
r 0.13 0.19 0.16 0.15 0.16 0.49 0.01 0.13 0.25 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1341 
r -0.03 0.60 -0.21 -0.01 0.29 0.75 0.74 -0.43 -0.05 

p-value ns 0.05 ns ns ns ns 0.09 ns ns 

CpG-1254 
r 0.00 -0.28 0.03 0.20 -0.32 0.03 -0.52 0.15 -0.10 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1212 
r -0.39 -0.42 -0.53 -0.60 -0.40 -0.46 -0.60 -0.85 -0.25 

p-value 0.07 ns 0.07 0.04 ns ns ns 0.02 ns 

CpG-1180 
r 0.02 -0.26 0.02 0.03 0.18 -0.30 -0.20 -0.31 0.71 

p-value ns ns ns ns ns ns ns ns ns 

correlation of 

/ with 
weight [g]   

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1 

promoter 

methylation 

[%] 

CpG-1509 
r -0.16 -0.13 -0.39 0.05 -0.25 0.37 -0.34 -0.44 -0.07 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1465 
r 0.09 0.23 0.00 0.02 -0.17 -0.19 0.15 0.04 -0.23 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1430 
r -0.17 -0.29 -0.32 -0.06 -0.10 0.39 -0.41 -0.59 0.27 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1357 
r -0.02 0.05 -0.14 0.06 -0.05 -0.23 0.41 0.11 -0.62 

p-value ns ns ns ns ns ns ns ns ns 

CpG-1341 
r -0.05 -0.28 0.07 0.32 -0.14 -0.07 0.04 0.77 -0.64 

p-value ns ns ns ns ns ns ns 0.03 ns 

CpG-1254 
r -0.04 0.11 -0.13 -0.01 0.12 0.85 -0.03 -0.34 0.43 

p-value ns ns ns ns ns 0.03 ns ns ns 

CpG-1212 
r 0.26 0.51 0.03 0.44 0.06 0.18 0.43 0.45 0.18 

p-value ns 0.09 ns ns ns ns ns ns ns 

CpG-1180 
r 0.19 0.16 0.38 0.15 0.32 0.89 0.03 -0.07 0.86 

p-value ns ns ns ns ns 0.02 ns ns 0.06 
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Igf1r. 

Figure 2B displays mRNA levels for Igf1r. Again, female mice showed a reduced 

gene expression after PSE (P = 0.03; Fig. 2B), while no effect was detected in male 

offspring. Notably, higher baseline mRNA levels were seen in female offspring but 

did not reach statistical significance (P = 0.07; Fig. 2B). 

With the use of linear regression, no interaction of parameters, sex and PSE, was 

seen for both mRNA levels. However, it revealed a strong positive correlation of 

mRNA levels between both genes (R2 = 0.91, P < 0.001; Fig. 3A). 

Igf1 gene expression and protein concentrations were only seen to correlate in female 

PSE but not in male offspring (linear regression, female: R2 = 0. 90, P = 0.05 vs. 

male: R2 < 0.01, ns) wherefore a correlation in all offspring was not seen (Fig. 3B). 

Igf1r gene expression, on the other hand, correlated with IGF1R protein 

concentrations (linear regression; R2 = 0.35, P = 0.02; Fig. 3C). This effect appears to 

originate from female offspring (r = 0.72, P = 0.05; Table 3), predominantly from 

female control animals (r = 0.93, P = 0.02; Table 3) while in male offspring no 

association was seen (r = 0.10; ns).  

Similarly, the variation in gene expression of Igf1 and Igf1r in control animals 

contributed to their variation in body weight by 62 and 69%, respectively (linear 

regression, Igf1: P = 0.002; Igf1r: P = 0.002; Tables 2 and 3), which was also seen 

for female but not for male offspring (Igf1: female: r = −0.76, P = 0.05 vs. 

male: r = −0.52, ns, Table 2; Igf1r: female: r = −0.86, P = 0.03 vs. male: r = −0.69, 

ns; Table 3). 
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Figure 3. Correlation of Igf1 with 

Igf1r mRNA levels in lungs of 

30-day-old offspring and corre-

lations of Igf1 and Igf1r gene 

expression with protein levels. 
Prenatally smoke exposed (PSE) and air 
exposed control mice were euthanized at 

30 days after birth. Displayed mRNA 

levels of Igf1 and Igf1R were measured 
in whole lung tissue and displayed as 

uncorrected data points. Linear regres-

sion revealed a positive relation of 
mRNA levels between both genes and 

strong interactions of both mRNA levels 

were found sex-dependently for all 
possible groups. B) Based on linear 

regression, no correlation was found for 

Igf1 gene expression and protein levels 
in lung homogenates. C) Igf1r gene 

expression correlated with the amount of 

protein in lung homogenates. This effect 
was also seen for all female offspring 

and was most pronounced in the female 

control group. 

 

 



Igf1r methylation after prenatal smoke exposure 

23 

Table 3. Correlations between IGF1R protein concentrations, Igf1r mRNA levels, Igf1r 

promoter methylation and the offspring’s body weight 

correlation of / 

with 

IGF1R 

protein[pg/ml] 
  

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r (2-dCT) 
 r 0.59 0.10 0.72 0.65 0.66 -0.26 0.55 0.93 1.00 

  p-value 0.02 ns 0.05 0.06 ns ns ns 0.02 Perfect line 

weight [g] 
 r -0.30 0.42 -0.40 -0.49 0.17 0.44 0.56 -0.54 0.64 

  p-value ns ns ns ns ns ns ns ns ns 

Igf1r promoter 

methylation [%] 

CpG-272 
r -0.01 0.26 -0.15 0.02 -0.15 0.59 -0.36 -0.08 -0.09 

p-value ns ns ns ns ns ns ns ns ns 

CpG-255 
r 0.25 0.20 0.29 0.31 0.28 0.24 0.79 0.40 -0.87 

p-value ns ns ns ns ns ns ns ns ns 

CpG-252 
r 0.23 0.27 0.21 0.24 0.71 0.49 0.40 0.29 0.31 

p-value ns ns ns ns 0.07 ns ns ns ns 

CpG-249 
r 0.13 0.37 -0.03 0.06 0.78 0.67 0.27 -0.03 0.85 

p-value ns ns ns ns 0.04 ns ns ns ns 

CpG-246 
r 0.18 0.21 0.19 0.21 0.21 0.49 -0.29 0.26 -0.21 

p-value ns ns ns ns ns ns ns ns ns 

CpG-238 
r -0.02 0.36 -0.32 -0.15 0.55 0.72 0.16 -0.30 -0.99 

p-value ns ns ns ns ns ns ns ns ns 

CpG-233 
r -0.14 0.47 -0.32 -0.19 0.11 0.48 0.82 -0.26 -0.58 

p-value ns ns ns ns ns ns ns ns ns 

CpG-230 
r -0.25 0.05 -0.43 -0.26 -0.20 0.78 -0.81 -0.41 -0.71 

p-value ns ns ns ns ns ns ns ns ns 

CpG-228 
r -0.05 0.37 -0.18 -0.08 0.10 0.86 -0.05 -0.19 0.27 

p-value ns ns ns ns ns 0.06 ns ns ns 

CpG-223 
r -0.02 0.06 -0.02 -0.06 0.17 0.68 -0.93 -0.12 0.83 

p-value ns ns ns ns ns ns 0.07 ns ns 

CpG-215 
r 0.14 0.61 0.02 0.09 0.51 0.39 0.71 0.04 0.64 

p-value ns ns ns ns ns ns ns ns ns 

CpG-209 
r 0.36 0.55 0.35 0.31 0.63 0.39 0.72 0.34 0.77 

p-value ns ns ns ns ns ns ns ns ns 

CpG-206 
r 0.16 0.02 -0.01 0.02 0.61 0.45 -0.78 -0.11 0.74 

p-value ns ns ns ns ns ns ns ns ns 

CpG-201 
r 0.45 -0.02 0.48 0.44 0.66 -0.14 0.11 0.50 0.88 

p-value 0.05 ns ns ns ns ns ns ns ns 

CpG-194 
r 0.49 0.29 0.49 0.35 0.92 0.20 0.86 0.42 0.99 

p-value 0.04 ns ns ns 0.003 ns ns ns ns 

CpG-185 
r 0.21 0.41 0.10 0.16 0.65 0.23 0.70 0.11 0.68 

p-value ns ns ns ns ns ns ns ns ns 

CpG-182 
r 0.07 0.27 -0.09 -0.11 0.35 0.42 0.31 -0.57 0.67 

p-value ns ns ns ns ns ns ns ns ns 

CpG-171 
r 0.51 -0.17 0.58 0.55 0.50 0.19 -0.64 0.62 0.73 

p-value 0.03 ns ns 0.08 ns ns ns ns ns 

CpG-166 
r 0.23 0.30 0.19 0.15 0.41 0.56 0.13 0.08 0.67 

p-value ns ns ns ns ns ns ns ns ns 

CpG-164 
r 0.36 0.05 0.33 0.25 0.61 0.30 -0.17 0.22 0.88 

p-value ns ns ns ns ns ns ns ns ns 

CpG-17 
r 0.21 -0.29 0.43 0.28 -0.04 -0.66 0.10 0.57 0.30 

p-value ns ns ns ns ns ns ns ns ns 

correlation of / 

with 
Igf1r (2-dCT)   

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

weight [g] 
 r -0.02 -0.10 0.23 -0.83 -0.07 -0.69 -0.51 -0.86 0.80 

  p-value ns ns ns 0.002 ns ns ns 0.03 ns 

Igf1r promoter 

methylation [%] 

CpG-272 
r -0.08 -0.13 0.02 -0.64 0.09 -0.76 0.53 -0.36 -0.12 

p-value ns ns ns 0.03 ns ns ns ns ns 

CpG-255 
r -0.13 -0.11 -0.03 -0.54 0.22 -0.62 0.56 -0.15 -0.27 

p-value ns ns ns 0.09 ns ns ns ns ns 

CpG-252 
r -0.17 -0.21 -0.08 -0.66 0.28 -0.80 0.26 -0.34 0.58 

p-value ns ns ns 0.03 ns ns ns ns ns 

CpG-249 
r -0.13 -0.01 -0.13 -0.68 0.43 -0.72 0.41 -0.54 0.83 

p-value ns ns ns 0.02 ns ns ns ns ns 

CpG-246 
r -0.18 -0.17 -0.12 -0.71 0.12 -0.80 0.54 -0.47 -0.22 

p-value ns ns ns 0.01 ns ns ns ns ns 

CpG-238 
r -0.05 0.14 -0.16 -0.49 0.40 -0.22 0.35 -0.64 0.49 

p-value ns ns ns ns ns ns ns ns ns 
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Table 3. continued 

correlation of / 

with 
Igf1r (2-dCT)   

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r promoter 

methylation [%] 

CpG-233 
r -0.13 0.04 -0.02 -0.64 0.22 -0.37 0.11 -0.77 0.65 

p-value ns ns ns 0.03 ns ns ns 0.07 ns 

CpG-230 
r -0.21 -0.07 -0.17 -0.57 0.10 -0.42 0.00 -0.52 0.26 

p-value ns ns ns 0.07 ns ns ns ns ns 

CpG-228 
r -0.12 -0.07 -0.12 -0.50 0.22 -0.67 0.53 -0.47 -0.29 

p-value ns ns ns ns ns ns ns ns ns 

CpG-223 
r -0.08 0.03 -0.02 -0.37 0.12 -0.09 -0.28 -0.49 0.80 

p-value ns ns ns ns ns ns ns ns ns 

CpG-215 
r 0.33 0.37 0.27 0.14 0.21 0.64 0.29 -0.05 0.09 

p-value ns ns ns ns ns ns ns ns ns 

CpG-209 
r 0.10 0.45 -0.07 0.07 0.26 0.16 0.81 0.15 -0.26 

p-value ns ns ns ns ns ns 0.05 ns ns 

CpG-206 
r 0.09 0.25 -0.17 -0.03 0.00 -0.06 0.29 -0.19 -0.31 

p-value ns ns ns ns ns ns ns ns ns 

CpG-201 
r 0.62 0.76 0.52 0.57 0.67 0.72 0.77 0.49 0.45 

p-value 0.003 0.01 ns 0.07 0.03 ns 0.07 ns ns 

CpG-194 
r -0.11 -0.22 -0.23 -0.08 0.18 -0.63 0.31 0.16 0.00 

p-value ns ns ns ns ns ns ns ns ns 

CpG-185 
r 0.22 0.53 0.04 0.24 0.09 0.60 0.44 0.07 -0.19 

p-value ns 0.09 ns ns ns ns ns ns ns 

CpG-182 
r -0.06 0.08 -0.21 -0.08 -0.20 0.24 0.17 -0.89 -0.73 

p-value ns ns ns ns ns ns ns 0.05 ns 

CpG-171 
r 0.10 0.57 -0.16 0.10 -0.04 0.68 0.32 0.09 -0.74 

p-value ns 0.07 ns ns ns ns ns ns ns 

CpG-166 
r 0.01 0.06 0.08 0.04 -0.39 0.46 -0.40 -0.26 -0.90 

p-value ns ns ns ns ns ns ns ns ns 

CpG-164 
r 0.27 0.07 0.22 -0.06 0.08 -0.34 -0.03 -0.23 0.22 

p-value ns ns ns ns ns ns ns ns ns 

CpG-17 
r 0.55 0.65 0.59 0.53 -0.22 0.75 -0.04 0.50 -0.64 

p-value 0.01 0.03 0.07 0.09 ns ns ns ns ns 

correlation of / 

with 
weight [g]   

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r promoter 

methylation [%] 

CpG-272 
r 0.20 0.22 0.17 0.27 -0.57 -0.07 -0.77 0.38 -0.63 

p-value ns ns ns ns 0.07 ns 0.07 ns ns 

CpG-255 
r 0.05 0.17 -0.06 -0.09 -0.58 -0.22 -0.42 -0.19 -0.79 

p-value ns ns ns ns 0.06 ns ns ns ns 

CpG-252 
r 0.14 0.26 0.06 0.04 -0.45 0.11 -0.44 -0.14 -0.03 

p-value ns ns ns ns ns ns ns ns ns 

CpG-249 
r 0.18 0.03 0.32 0.19 -0.28 -0.11 -0.54 0.21 0.43 

p-value ns ns ns ns ns ns ns ns ns 

CpG-246 
r 0.22 0.30 0.06 0.25 -0.57 0.03 -0.65 0.11 -0.52 

p-value ns ns ns ns 0.07 ns ns ns ns 

CpG-238 
r 0.23 0.04 0.47 0.21 -0.19 -0.39 -0.47 0.46 0.38 

p-value ns ns ns ns ns ns ns ns ns 

CpG-233 
r 0.55 0.47 0.47 0.33 0.62 -0.03 0.42 0.12 0.64 

p-value 0.004 ns ns ns 0.04 ns ns ns ns 

CpG-230 
r 0.22 0.04 0.26 0.24 -0.17 -0.19 -0.68 0.18 0.21 

p-value ns ns ns ns ns ns ns ns ns 

CpG-228 
r 0.03 -0.18 0.14 0.43 -0.53 0.51 -0.66 0.49 -0.64 

p-value ns ns ns ns 0.09 ns ns ns ns 

CpG-223 
r 0.36 0.06 0.52 0.54 0.09 0.21 -0.59 0.66 0.48 

p-value 0.08 ns 0.07 0.05 ns ns ns 0.07 ns 

CpG-215 
r 0.14 0.11 0.26 0.00 0.29 -0.29 0.29 0.20 0.02 

p-value ns ns ns ns ns ns ns ns ns 

CpG-209 
r -0.29 -0.01 -0.49 -0.26 -0.39 -0.45 -0.05 -0.40 -0.55 

p-value ns ns ns ns ns ns ns ns ns 

CpG-206 
r -0.30 -0.22 -0.11 -0.11 -0.66 -0.52 -0.89 0.20 -0.40 

p-value ns ns ns ns 0.03 ns 0.02 ns ns 

CpG-201 
r -0.20 -0.37 0.04 -0.38 -0.33 -0.73 -0.73 -0.19 0.61 

p-value ns ns ns ns ns ns ns ns ns 

CpG-194 
r -0.28 0.06 -0.39 -0.02 -0.44 0.59 -0.27 -0.19 -0.25 

p-value ns ns ns ns ns ns ns ns ns 

CpG-185 
r -0.32 -0.14 -0.34 -0.38 -0.45 -0.40 -0.23 -0.35 -0.55 

p-value ns ns ns ns ns ns ns ns ns 
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Table 3. continued 

correlation of / 

with 
weight [g]   

all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

 

CpG-182 
r 0.03 0.03 0.19 -0.01 0.14 0.21 0.35 0.47 0.08 

p-value ns ns ns ns ns ns ns ns ns 

CpG-171 
r -0.39 -0.42 -0.35 -0.39 -0.42 -0.79 -0.76 -0.44 -0.01 

p-value 0.06 ns ns ns ns 0.06 0.08 ns ns 

CpG-166 
r 0.06 -0.02 0.13 -0.03 0.22 -0.53 0.32 0.27 0.03 

p-value ns ns ns ns ns ns ns ns ns 

CpG-164 
r -0.01 0.22 0.14 -0.04 -0.13 0.01 -0.12 0.19 0.20 

p-value ns ns ns ns ns ns ns ns ns 

CpG-17 
r 0.07 -0.10 0.25 -0.19 0.05 -0.68 -0.14 0.03 0.02 

p-value ns ns ns ns ns ns ns ns ns 

Effect of PSE on promoter methylation of Igf1 and Igf1r 

Igf1. 

Figure 4 illustrates the mean percent methylation of each analyzed CpG site in the 

promoter of Igf1. The targeted promoter region of Igf1 did not reveal differences in 

methylation levels in any of the analyzed CpG sites after PSE. Figure 5 provides a 

sex-specific overview of CpG-site-specific data points of Igf1, which does not show 

additional significant findings. 

A linear relationship was found between protein concentrations and methylation 

status of CpG-1509 in all control animals (r = −0.79, P = 0.001). Here, the effect was 

more pronounced in female than in male offspring (female: r = −0. 93, P = 0.002 vs. 

male: r = −0.79, P = 0.06; Table 2). This observation is contrasted by a linear 

relation for all control animals at CpG-1212 (r = 0.64, P = 0.02), which was found in  

 Figure 4. Methylation of each analyzed CpG-site in the Igf1 promoter (mean ± SEM) 

comparing 30d control (○) with prenatally smoke exposed (●) offspring. 

DNA from lungs of 30-day-old offspring who were either prenatally smoke exposed (n = 11) 

or in the control group (n = 14) was assessed for Igf1 promoter methylation status. No 

differences were detected. Data are shown as mean ± SEM. CpG-site annotations are relative 

to ATG start codon. If not stated otherwise, the comparison of displayed groups was not 

significant. 
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Figure 5. Methylation of each analyzed CpG-site in the Igf1 promoter comparing 30d 

control (○) with prenatally smoke exposed (●) offspring. 
DNA of lungs from 30-day-old offspring of PSE and control groups was subjected to bisulfite 

sequencing-based methylation analysis of Igf1 promoter region. Data of the 8 targeted CpG-sites are 

presented per sex and group as individual values with median as a horizontal line. CpG-site annotations 
are relative to ATG start codon. If not stated otherwise, the comparison of displayed groups was not 

significant. 

 

male but not in female offspring (male: r = 0.83, P = 0.04 vs. female: r = 0.13, 

ns; Table 2). For that same CpG site also a linear relation was found for Igf1 mRNA 

concentrations in all control animals (r = −0.60, P = 0.04). This observation was 

again sex dependent, as it was only seen in female but not in male control mice 

(female: r = −0.85, P = 0.02 vs. male: r = −0.46, ns; Table 2). 

Moreover, only for the female PSE group a trend for a linear relationship was found 

between the methylation status at CpG-1180 and protein concentrations 

(r = 0.93, P = 0.07; Table 2) as well as body weight (r = 0.86, P = 0.06; Table 2). 

Igf1r. 

The mean percent methylation of Igf1r's promoter region is depicted in Fig. 6, while 

a sex-specific overview of CpG site-specific data points is provided in Figs. 7 and 8. 

The analysis of Igf1r promoter allowed three observations. 

First, a sex-independent reduction was found for the percent methylation 

of Igf1r CpG-272 (P = 0.04, Fig. 6) together with a trend for lower methylation 

status after PSE at CpG-252 (P = 0.08). Within the entire PSE group, significant 

correlations (linear regression) were seen for mRNA concentrations with percent 

methylation at CpG-201 (r = 0.67), protein concentrations with CpG-249 (r = 0.78) 

and CpG-194 (r = 0.92), as well as body weight with CpG-233 (r = 0.62) and CpG-

206 (r = −0.66; Table 3). 
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Figure 6. Methylation of each analyzed CpG-site in the Igf1r promoter (mean ± SEM) 

comparing 30d control (○) with prenatally smoke exposed (●) offspring. 
Igf1r promoter methylation levels were assessed in lungs of prenatally smoke exposed (PSE) offspring 

(n = 11) and compared to control offspring (n = 14). Data are shown as mean ± SEM. * p < 0.05. CpG-site 

annotations are relative to ATG start codon. If not stated otherwise, the comparison of displayed groups 

was not significant. 

Second, a sex-dependent reduction in methylation levels was found at Igf1r CpG-

233 for male (P = 0.04) and female (P = 0.05) offspring when compared with their 

control groups (Fig. 7A). The methylation status of female PSE offspring at this 

CpG site was significantly lower when compared with male PSE offspring (P = 

0.04). Notably, at Igf1r CpG-206, on the other hand, PSE female offspring showed 

higher CpG site-specific methylation when compared with male PSE mice 

(P = 0.02; Fig. 8). 

Third, within all analyzed offspring, linear regression revealed a correlation of 

promoter methylation and mRNA concentrations at CpG-201 (r = 0.62) and -17 

(r = 0.55). This observation was augmented in the male group (r = 0.76 and r = 0.65, 

respectively; Table 3). Moreover, in all analyzed offspring, protein concentrations 

were seen to correlate with methylation status at CpG-201 (r = 0.45), CpG-194 (r = 

0.49), and CpG-171 (r = 0.51; Table 3) of which the correlation seen for CpG-194 

was enhanced in PSE offspring (r = 0.92). Interestingly, linear regression also 

uncovered that the methylation status at Igf1r CpG-233 contributed to the variation 

of body weight at 30 days after birth by 30% (R2 = 0.30, P = 0.004; Fig. 7B). This 

effect was also seen, sex independently, for the PSE mice (r = 0.62, P = 0.04; Table 

3). 
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Figure 7. Sex-specific methylation status and correlation of Igf1r CpG-233 comparing 

30d control (○) with prenatally smoke exposed (●) offspring. 
A) Prenatal smoke exposure (PSE) induced reduction of Igf1r CpG-233 in male and female offspring. 

Methylation status of Igf1r CpG-233 in female PSE offspring is significantly lower than in male PSE 

offspring. B) The methylation status of Igf1r CpG-233 correlated positively with the offspring’s body 
weight [g] at 30 days after birth. Data are shown as individual values. CpG-site annotations are relative to 

ATG start codon. If not stated otherwise, the comparison of displayed groups was not significant. 

Discussion 

According to the “fetal origins of disease” hypothesis1,2, an adverse fetal 

environment has long lasting consequences for the offspring. In this study, we 

investigated the effect of PSE on mRNA and DNA methylation levels 

of Igf1 and Igf1r as well as their protein concentrations in lungs of 30-day-old mouse 

offspring. Our results support the hypothesis that smoking during pregnancy affects 

mRNA levels of Igf1 and Igf1r in a sex-dependent way. 

Smoking during pregnancy has a negative effect on the birth weight of a newborn. In 

our mouse model, we use the body weight at 30 days after birth as a global indicator 

of abnormal prenatal development. Apart from the in utero smoke exposure, housing 

conditions of all animals were identical. Alterations of the body weight are therefore 

likely to be caused by the experimental variable, here PSE. Both male and female 

offspring showed a reduction of ~10% in body weight at 30 days after birth from 

smoke-exposed mothers compared with their matching control group. Similar 

findings were described in mice following PSE by Larcombe et al.16. 

In humans, PSE has previously been linked to intrauterine growth restriction 

(IUGR), which in turn was shown to increase the risk of developing asthma35. 

Moreover, disrupted prenatal lung development was linked to the development of 

COPD later in life9. Protein concentrations of IGF1 were reduced in cord plasma of 

babies born to mothers who had smoked during pregnancy, which may have 

contributed to fetal IUGR29. This suggests that PSE might have some attenuating 

effects on growth due to reduced IGF1 or a deranged IGF signaling pathway. While 

no significant effect of PSE on IGF1 and IGF1R protein levels was detected, we 

found a strong correlation of IGF1 and the offspring’s body weight, in particular  
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Figure 8. Methylation of each analyzed CpG-site in the Igf1r promoter comparing 30d 

control (○) with prenatally smoke exposed (●) offspring. 
DNA of lungs from 30-day-old offspring of PSE and control groups was subjected to bisulfite 
sequencing-based methylation analysis of Igf1r promoter region. Data of the targeted CpG-sites are 

presented per sex and group as individual values with median as a horizontal line. CpG-site annotations 

are relative to ATG start codon. If not stated otherwise, the comparison of displayed groups was not 

significant. 

in the PSE females. Furthermore, protein levels for IGF1R correlated with Igf1r gene 

expression, which again was found for female offspring exclusively. These data are 

accompanied by the reduced mRNA levels for Igf1 and Igf1r seen in lungs of 30-

day-old offspring after PSE. 

The simultaneous reduction of mRNA levels for both Igf1 and Igf1r after PSE and 

hence their strong positive correlation could be explained by a negative feedback 

loop. This was also proposed by Moreno-Barriuso et al.22, who suggested that IGF1 

could regulate the expression of its own receptor. 
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Given the abrogated lung maturation after Igf1 and/or Igf1r gene deletion10,20, the 

observed reduction of Igf1 and Igf1r gene expression in lungs of 30-day-old mice 

may reflect abnormal lung development, as at this age the alveolar phase is ending. 

Although in these mice neither the actual asthma phenotype nor the allergen 

susceptibility of the 30-day-old offspring was assessed, it is conceivable that a 

repression of important signaling cascades, such as IGF, during developmental 

stages of the lung could have long(er) lasting effects later in life. 

The Igf1 gene contains six exons23 and so far, at least nine different Igf1 isoforms are 

known33. These are generated by utilizing different promoters and splicing variation. 

Transcripts comprising the first exon are referred to as Class1, and those with the 

second exon as Class2 transcripts23. Class2-depleted mice did not show an affected 

viability or phenotypical changes but a compensatory upregulation of Class1 

transcripts33. Consequently, we investigated a possible effect of PSE on P1 promoter 

methylation of the Class1 Igf1 isoform. Our assessment did not reveal any smoke-

induced effects in 30-day-old mouse offspring but associations of body weight, 

mRNA levels and protein concentrations with methylation status were found by 

linear regression. Interestingly, these associations were seen when distinguishing by 

the offspring’s sex and their prenatal exposure. However, the active expression of 

genes requires an orchestration of many (co-)factors of which DNA methylation can 

be one out of several epigenetic modes. The lack of a direct correlation was 

anticipated as the mechanistic link between DNA (de)methylation and gene silencing 

or activation is complex. Other epigenetic modes [i.e., histone modifications, 

chromatin remodeling and RNA-based mechanisms (lncRNAs/miRs)] seem to be 

interlinked, but their chronological order and the exact mechanism(s) that may 

connect these modes still need to be described to their full extent (reviewed in ref.31). 

Female offspring showed a stronger PSE-induced reduction of Igf1 as well 

as Igf1r transcripts when compared with male offspring. The implication of a role for 

sex hormones influencing the expression of Igf1 isoforms has been in discussion for 

a long time and, indeed, Class1 transcripts responded to a higher degree to estrogen 

activation than Class2 transcripts24. Cord plasma/blood concentrations of IGF1 in 

female neonates were seen higher than in males11,36 and a dimorphic expression 

pattern was suggested. Similarly, we found a trend for higher baseline levels 

of Igf1 and Igf1r mRNA levels in females when comparing them with male control 

offspring. Recently, in a COPD mouse model, female mice showed, compared with 

male mice, an increased morphologic remodeling of the small airways after 6 mo of 

cigarette smoke exposure32. These observations suggest either a higher vulnerability 

of female mice to prenatal insults such as cigarette smoke exposure or the 

availability of quicker and/or more efficient compensatory mechanisms to counteract 

any insult either on a prenatal or early postnatal stage in male mice. This is of 
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interest, as also in humans, the prevalence rate for COPD is higher in women than in 

men (3.5 vs. 2.9%)25. 

In contrast to the findings for Igf1, Igf1r promoter methylation was altered after PSE 

at three CpG sites. Even though the baseline methylation levels at CpG-206 of male 

and female control groups were similar, after PSE hypomethylation was seen in male 

and hypermethylation in female offspring, which suggests a possible sex-dependent 

response to PSE. Similarly, Igf1r mRNA concentrations correlated with methylation 

status at two CpG sites (CpG-201 and CpG-17), and in both cases, this association 

originated from male offspring with an additional contribution of the PSE mice. 

Moreover, Igf1r CpG-233 was detected to be hypermethylated after PSE and could 

be linked to the offspring's body weight at 30 days after birth. Interestingly, this can 

only be seen independently of the offspring’s sex but was also found in the group of 

PSE offspring. Lastly, also Igf1r CpG-272 showed sex-dependent hypomethylation. 

Here, PSE caused a loss of correlation to Igf1r mRNA levels but induced a 

correlation to the offspring’s body weight, predominantly in male mice. 

Epigenetic marks, such as DNA methylation, are shown to be affected by PSE and 

can increase the risk of developing asthma in mice and men16,37. The PSE-responsive 

CpG sites of the Igf1r promoter region suggest a role for DNA methylation in the 

expression of Igf1r and its relevance in mediating the IGF system; determining to 

what extent, however, requires further studies. 

The majority of DNA methylation studies links promoter hypermethylation with 

gene silencing and the lack of methylation with gene “activation.” However, several 

recent studies report upon a positive association of DNA methylation status and gene 

expression (i.e. refs.5,19). Other studies find that the link between DNA methylation 

and gene expression depends on where in the gene sequence the methylation 

occurs/is detected (gene body vs. flanking regions, transcription start site, 5′-

untranslated region, etc.). Taking together, these findings suggest that the relation of 

DNA methylation and gene expression may not be as strict as previously described. 

In light of these findings and the complex network of several epigenetic modes, we 

conclude from our observations that differential CpG-site-specific methylation after 

PSE may depend on the offspring’s sex. 

We recognize that we analyzed only one promoter region for the Igf1 gene and it 

could very well be that by doing so we missed other putative methylation sites. One 

limitation of our data is the lack of methylation information on other potentially 

relevant parts of the Igf1r sequence (7 CpG sites, CpG-146 to −104). Future analysis 

of this and other potentially regulatory regions is warranted. Nevertheless, 

methylation changes at CpG-site resolution, as we found for Igfr-233, can be 

functionally important. 

Other studies indicated that “CpG-137” and “CpG-611” of the human Igf1 gene may 

have functional relevance, as they were found to contribute to height and serum 
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IGF1 variation in PBMCs of prepuberty children26. Additionally, the impact 

of Igf1 “CpG-137” methylation on serum IGF1 level variation seems to increase in 

children with idiopathic short stature after treatment with growth hormone27. 

Moreover, one CpG site of the Igf1r gene (cg12562232) was significantly associated 

with differences in birth weight of monozygotic twins 934). 

To our knowledge, this is the first study to demonstrate effects of in utero smoke 

exposure on Igf1r and Igf1 promoter methylation and mRNA levels in mouse lungs. 

These findings emphasize the sex-dependent effects of PSE and indicate a role of the 

IGF system, represented here by Igf1 and Igf1r, in (lung) development in mouse 

offspring. Even though studies could link decreased serum IGF1 levels in the fetal 

circulation with maternal smoking during pregnancy (e.g.,ref.29), a sex-dependent 

distinction is rarely done. Notably, maternal smoking was associated with 

reduced IGF2 methylation in DNA of umbilical cord white blood cells, with a 

stronger effect in newborn girls than boys6. Also, Richmond et al.30 found sex-

specific associations for DNA methylation changes in the offspring’s cord blood, 

when compared with nonsmokers. Of these associations, one CpG site at AHRR 

(cg05575921) was found with a smoke-induced effect larger in girls than in boys, 

whereas at another CpG site at CYP1A1 (cg05549655), the observed effect was 

larger in boys than in girls30. 

In summary, evidence for a sex-specific effect of maternal smoking during 

pregnancy can be found in human studies, but it is limited. Our data indicate that 

sex-differences in maternal smoking effects need more attention and may provide 

important insights into pathogenesis of health effects. Furthermore, the present study 

provides a sex-specific link between PSE, epigenetic modifications, body weight, 

gene expression, and protein levels. This information may be used to identify future 

targets for therapeutic intervention. 
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Introduction 

Negative effects of maternal smoking during pregnancy for the unborn are described 

at length in epidemiological studies (see 1, for a review). They are also shown 

experimentally, using a multitude of in vivo models. Amongst these, we previously 

demonstrated in lungs of one-day-old mouse offspring that gene expression levels of 

forkhead box a2 (FoxA2), β-catenin (Ctnnb1), and fibronectin 1 (Fn1) were reduced 

due to prenatal smoke exposure (PSE)2. These genes can be associated with Wnt 

signaling and have been shown to be relevant for alveolarization as well as lung 

branching3-5. In 30-day-old offspring that were derived from the same experimental 

model, we reported upon aberrant gene promoter methylation and concluded that 

prenatal programming on signaling cascades may play a role at the ending of the 

alveolar phase6. In light of these findings we hypothesized that also the gene 

promoters of FoxA2, Ctnnb1 and Fn1 are differentially methylated in lungs of these 

mice. 

Methods 

The prenatal smoke exposure as well as the lung collection were part of the 

experiment described in ref.2, and a total of 25 30-day-old offspring (6 male and 5 

female of 11 smoke exposed dams; 6 male and 8 female from 15 control dams), 

randomly selected from each nest, were used within this report. For bisulfite 

sequencing based methylation analysis, isolated DNA from whole lung was prepared 

as described in ref.6, the used amplification and sequencing primers are listed in 

Table 1.  

Calculations and statistical methods 

For statistical post hoc evaluation of the subgroups, two-tailed Mann-Whitney U-test 

was used (GraphPad Prism 5.0 Software, San Diegeo, CA). P ≤ 0.05 was considered 

significant. 

Results 

We found that PSE caused sex-dependent prenatal programming at selected CpG-

sites of FoxA2, Ctnnb1, and Fn1 promoters. While general PSE-induced hypo-

methylation was seen at FoxA2 CpG-1640 (p=0.04, not shown), sex-dependnet 

methylation differences were not seen. At FoxA2 CpG-1637, hypomethylation was 

detected in females (p=0.05, Figure 1), but not in males. The methylation status after 

PSE at FoxA2 CpG-1061 was significantly lower in female than in male mice 

(p=0.01, Figure 1). This was also found for FoxA2 CpG-1048, and CpG-1039 (both 

p = 0.04, Figure 1) and lower base line methylation was found in females for FoxA2 

CpG-981 (p=0.03, Figure 1). PSE-induced hypermethylation was found in females  
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Table 1. Sequences of used primers for methylation analysis 
Gene Targeted CpG-site position Sequences 5’-3’ 

Ctnnb1 CpGs-4834 to -4828 F: GTAATTAAATTATTGGGGTTGAGTTGG 

R: ACTAAATAACCCAAACCATATAAAATCT 

S:ATTGTTTTTTATTTTGTTTTAGTG 

 

Sequence to analyze: 

GYGGTGAYGGTTTTTGTATTTAGATTTTATATG 

 CpGs -4653 to -4606 F: GATGTTAGAAGGGAAGATTGTAAGAAA 

R:TCTCTCTCCCCCACCTTAT 

S:AGGGAAGATTGTAAGAAAA 

 

Sequence to analyze: 

TYGGGTAAATTGAGTTTTTAAAGYGTATTGTAATTTTTTATTTTTGAAYGGATTTGT

GAG 

Fn1 CpGs-520 to -453 F: GATTTAGGAAAAGTATTTAGAAGGAG 

R: TTACCCCCCTCATCTCTTAACT 

S: GGAAAAGTATTTAGAAGGAGT 

 

Sequence to analyze: 

S: 

YGTYTCAAACTTTTGGGAGGAGGATTGGGGGTAGGGATGGGAAAYGCTGTAAAGT 

FoxA2 CpGs-1640 to -1595 F: AGGTAGGAGGATTTTAGAGAAG 

R: CAAAACCAAAAAAAACTATCCACATA 

S: ATTTATATTGTTAGTTATTAAGAT 

 

Sequence to analyze: 

S: TYGAGATTAAGGTAAGTTTAGATTTTGGAGTGGAGGGTTTTGTY 

GGYGTTTTTATGTGGATAGT 

 CpGs-1233 to -1183 F: GGGAGGTAGAGATTTGTTTTTGGTATGA 

R: CCCCACCTACTACCCTATT 

S: GTAGAGATTTGTTTTTGGTATGAG 

 

Sequence to analyze: 

GGTTTYGGTGTTTTAAGGTTATTTTTTAGTTAAATTTAAGGTGTTTAAAGTATTTYG

TAA  CpGs-1070 to -981 F: AGGTGGGTAGTTAGAAAGAG 

R: TTTCCTCCCTTTTAATACACATTCCCTATC 

S1: GGTAGTTAGAAAGAGGATTG 

S2: GATTTAATTGTAA 

 

Sequence to analyze: 

S1: 

AGGTAATTGAYGATTAGGGYGGTTAGATTAYGYGAGTTTTAYGYGTTTTTTGAGGT

YGTTT 

S2: YGG GGAGGGGTTT TYGGAGTAGTTGT 

at CtnnB1 CpG-4631 (p=0.02, Figure 1). Their methylation status was significantly 

higher than in male PSE mice (p=0.04, Figure 1). A different response to PSE was 

also seen for Fn1 CpG-520, with female offspring showing lower methylation levels 

than males (p=0.03, Figure 1). The remaining analyzed CpG-sites are shown in 

Supplementary Figure 1. 

Discussion 

To our knowledge, this is the first report describing sex-dependent prenatal 

programming mediated by PSE on the gene promoters of FoxA2, Ctnnb1 and Fn1 in 

lungs of 30-day-old mouse offspring. Concordant with our previously reported 

observations, we can conclude that prenatal smoke exposure causes prenatal 

programming in a variety of gene (promoters) at selected CpG-sites. Moreover, this 
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effect appears to be sex-dependent as it is detected more often in female than in male 

mice. This, in turn, suggests a female bias and higher susceptibility to disease 

development. 

Even though a causal link between aberrant DNA methylation and the outcome of a 

disease cannot be established easily, it is important to realize that a rather indirect 

exposure to cigarette smoke via the mother not only disturbs the naturally 

established methylation pattern but is also persistent and detectable at 30 days after 

birth.  

Figure 1. DNA methylation levels of FoxA2, Ctnnb1 and Fn1 promoters. 
DNA of lung from 30-day-old offspring was subjected to bisulfite sequencing-based methy-lation 

analysis. Data of the targeted CpG-sites are presented per sex and exposure as individual values with 

median as a horizontal line. CpG-site annotations are relative to ATG start codon. If not stated otherwise, 

the comparison of displayed groups was not significant (Mann-Whitney U-test). 
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It is necessary to clarify in future studies, if the observed alterations are organ-and/or 

cell-type specific. Moreover, it would be helpful to evaluate is the PSE-induced 

programming is more prominent at earlier time points, and if the suggested sex-

dependent response to PSE continues to support a female bias. 
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Supporting Information 

Supplementary Figure 1.DNA methylation levels of FoxA2, Ctnnb1 and Fn1 promoters. 

DNA of lung from 30-day-old offspring was subjected to bisulfite sequencing-based methy-lation 

analysis. Data of the targeted CpG-sites are presented per sex and exposure as individual values with 

median as a horizontal line. CpG-site annotations are relative to ATG start codon. If not stated otherwise, 

the comparison of displayed groups was not significant (Mann-Whitney U-test). 
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Introduction 

Cigarette smoke contains a broad range of chemical compounds and a considerable 

number of these are rated as either genotoxic, or with carcinogenic potential. A 

complex network of detoxification mechanisms has evolved to counteract the 

generally negative effects of environmental toxins that enter the organism via for 

instance, inhalation. Until now, many studies have described the adverse effects of 

smoking during pregnancy on the human fetus (reviewed in ref.1) which is supported 

by a large number of in vivo experiments (reviewed in ref.2). However, the 

underlying mechanisms are not yet fully described, but prenatal smoke exposure 

(PSE) was shown to induce aberrant DNA methylation profiles of a variety of 

genes4,5. As aberrant DNA methylation patterns are associated with deregulated gene 

expression, ultimately leading to disturbed signaling pathways, smoke-induced 

prenattal programming is now thought to be one of the missing links to set the stage 

for disease development. In this context, smoking cessation appears to be the best 

course of action in order to protect the unborn's future health, and yet around 10-

27% of mothers-to be continue smoking5. The reason may be the effect of nicotine, 

as it was shown to be the primary active ingredient of cigarette smoke that drives the 

addictive properties of tobacco containing products (reviewed in ref.6). 

The mouse CYP2A5 is a member of the cytochrome P450 (CYP) family and plays a 

prominent role in the metabolism of nicotine. The inhibition of Cyp2a5 

demonstrated that this enzyme is the major nicotine-to-cotinine oxidase in the mouse 

liver7 and caused a reduced elimination rate along with prolonged nicotine-induced 

pharmacological effects8, as nicotine circulated longer in the organism9. This is of 

relevance, since nicotine and cotinine were both shown to cross the placenta of 

smoking pregnant women10,11. Although the oxidation of nicotine to cotinine has 

been reported to be the major metabolic pathway in both mouse and human9, 

compared to the human CYP2A6, the murine Cyp2a5 is a more efficient catalyst of 

nicotine oxidation12. Despite only 86% amino acid sequence similarity and different 

substrate specificity, both cytochromes show similar function and regulation13; 

therefore, they are considered as orthologs. Similar to CYP2A6, Cyp2a5 is primarily 

expressed in the liver, but extrahepatic expression was shown in e.g., human 

bronchial epithelial cells14. In mice, extrahepatic Cyp2a5 was shown mainly in, lung, 

as well as olfactory mucosa15,16. 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 lung17. 
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Since we previously demonstrated aberrant methylation profiles along with 

deregulated gene expression in lungs of PSE mouse offspring at 30 days after birth 

(Chapters 2 and 3), we hypothesized that gene expression and promoter methylation 

of Cyp2a5 are also affected in the same mouse offspring. We further hypothesized 

that these effects may be sex-dependent, with a more pronounced effect in female 

offspring. 

Materials and Methods 

Female Balb/c mice were exposed to either air or cigarette smoke three weeks prior 

to conception until delivery as described earlier18. On day 30 after birth, offspring 

from 11 smoking mothers and 11 non-smoking mothers were randomly selected and 

euthanized for organ collection. Gene expression analysis in whole lung mRNA 

isolates was done via qPCR using qPCR MasterMix Plus (Eurogentec, Seraing, 

Belgium) with commercially available primers for Cyp2a4/5 (product number: 

Mm00487248_m1, TaqMan® Gene Expression Assay, Applied Biosystems, Foster 

City, CA, USA). Detection of amplification reactions was performed using 

LightCycler® 480 System (Roche Diagnostics GmbH, Mannheim, Germany) with 

cycling conditions as follows: 50ᵒC for 2 min, 90ᵒC for 10 min, 40 cycles of 95ᵒC for 

15s and 60ᵒC for 1 min. reactions were performed in triplicate for each sample with 

Gapdh (product number: Mm99999915_m1, TaqMan® Gene Expression Assay, 

Applied Biosystems, Foster City, CA, USA). Extracted genomic DNA from lung 

was converted with sodium bisulfite (EZ DNA methylation Direct™, Zymo 

Research, Irvine, CA) following the manufacturer’s instructions. In short, the 

bisulfite conversion was carried out in the dark at 98ᵒC for 10 minutes and 64ᵒC for 

3.5 hours followed by desulphonation of the converted DNA. Gene amplification 

was done using HotStarTaq® MasterMix Kit Qiagen, Venlo, The Netherlands). 

CpG-sites were identified manually in the 600bp promoter region of the mouse 

Cyp2a5 gene (ENSMUSG00000005547), and assessment of DNA methylation 

levels was performed on the PyroMarkQ24 (Qiagen) instrument. Relative levels of 

methylation at each CpG-site were analyzed with PyroMark Q24 2.0.6 software. 

Amplification and sequencing primers are listed in Table 1. 

Calculations and statistical methods 

Relative gene expression (2−Δct method) was calculated in Microsoft Office Excel 

2003. For statistical post hoc evaluation of the subgroups, two-tailed Mann-

Whitney U-test was used (GraphPad Prism 5.0 Software, San Diegeo, CA). P ≤ 0.05 

was considered significant. 
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Table 1. Sequences of primers used in bisulfite-based methylation analysis 

Gene Targeted CpG-sites Sequence 5'-3' 

Cyp2a5 CpG-614 to -542 For: TTTGTGTTTGTTTTGAGTGTTGGGATTA 

Rev: CCCCATCCACAACCATTCTT 

Seq: GTTGGGATTATAGGTTTATATTA 

Sequence to analyze: 

TTATATTYGATTTTTGGGAGTTTTTTAATGAAGAGGATTTTGAATTTAAGGATGYGAGA

A GTGGAGATTT TAGGGTTATYGG 

 CpG-74 to +45 For: AGTGGATAGTTTGGAGGTGAAAT 

Rev: ACAACTTTCCTAAAAACTTTCTCTACTTC 

Seq1: GGAGGTGAAATAGTTGTATAATTAA 

Seq2: TAGTTATTATTGTTTGTTTATTAT 

Sequence to analyze: 

S1: GATTAAAGTTYGTTTTTTTGTTTTTGGATGTATAAAAGTAAGTTAATT 

S2: 

TTATYGTTATTATGTTGATTTTAGGATTTTTTTTGGTGGTTGTAGTGGTTTTTTTTAGYGT

TTTGGTTTT 

Results 

Cyp2a5 gene expression is reduced in female PSE mice. 

We found that prenatal smoke exposure decreased mRNA levels of Cyp2a5 (p=0.03, 

Figure 1A). This effect appeared to be dependent on the offspring's sex, as reduced 

levels were found in female offspring (p<0.01, Figure 1B) while in males no 

differences were found. 

 
Figure 1. Cyp2a5 mRNA levels in control and PSE offspring at 30 days after birth 
mRNA levels were measured in lung of 30-day-old prenatally smoke exposed and control mice and 

corrected for housekeeping gene Gapdh. A general reduction of Cyp2a5 mRNA levels was seen after 

PSE, that was also found in female mice, whereas male offspring did not show an effect. Data are 

presented per sex and group as individual values with median as a horizontal line. If not stated otherwise, 

the comparison of displayed groups was not significant. *p≤0.05, ** p≤0.01 (Mann-Whitney U-test). 
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Sex-dependent Cyp2a5 promoter methylation unaffected by PSE. 

Despite the lack of a different methylation profile of the Cyp2a5 promoter after PSE, 

we found different base line methylation at Cyp2a5 CpG-589 between male and 

female offspring, with females having higher levels than males (p<0.01, Figure 2). 

Moreover, this sex-difference was also detected after PSE (p=0.02, Figure 2). 

Different methylation levels between male and female offspring were also found 

after PSE at Cyp2a5 CpG-542. Here, females had significantly lower levels than 

males (p=0.04, Figure 2). 

Sex-dependent methylation levels, irrespective of their smoking background, were 

also found at four CpG-sites. While at Cyp2a5 CpG-614 and CpG-542 methylation 

in females was lower than in males (CpG-614: p=0.02; CpG-542 p=0.01, Figure 3), 

methylation at Cyp2a5 CpG-589 and CpG+45 was higher in female than in male 

offspring (CpG-589 p<0.001; CpG+45=0.05; Figure 3). 

 

Discussion 

The inhalation of cigarette smoke equals to an exposure of a large variety of 

chemical compounds that can cause different responses in the organism. With 

nicotine being the most prominent substance in cigarette smoke, we aimed to assess 

PSE-induced prenattal programming of cytochrome P450 2a5 (Cyp2a5), the major 

nicotine-to-cotinine oxidase, in the mouse lung. 

We found reduced Cyp2a5 mRNA levels in lungs from prenatally smoke exposed 

offspring. Moreover, when distinguishing between the offspring's sex, reduced levels 

were seen in female offspring only. Additional promoter methylation analysis 

revealed sex-dependent base line methylation at Cyp2a5 CpG-589 along with 

aberrant methylation levels after PSE at Cyp2a5 CpG-589 and -542, but a smoke-

effect was not detected. Irrespective of the exposure type, sex-dependent methylation 

states were found at three CpG-sites. However, methylation levels at none of the 

analyzed CpG-sites could be related to Cyp2a5 mRNA levels.  

Scientific evidence for sex-dependent Cyp2a5 gene expression or promoter 

methylation in lung is not reported yet and therefore as yet far from clear. 

Nevertheless, the administration of high- and low-dosed pesticides that are used on 

e.g., tobacco plants to male and female mice revealed dose- as well as sex-dependent 

responses20. Within this experiment, low-dosed pesticides caused an induction of 

Cyp2a5 while high-dosed led to a suppression of the enzyme. Moreover, female 

mice died from a high dose treatment, while male mice appeared to tolerate it well. 

The authors concluded that induction and suppression of Cyp2a5 follows a U-shaped 

curve and turning points for both sexes depend, beyond others, on their hormones.  
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Figure 2. Sex-dependent Cyp2a5 promoter methylation 
DNA of lung from 30-day-old offspring of PSE and control groups was subjected to bisulfite 

sequencing-based methylation analysis of Cyp2a5 promoter region. Data of the 5 targeted CpG-sites are 

presented per sex and group as individual values with median as a horizontal line. CpG-site annotations 

are relative to ATG start codon. If not stated otherwise, the comparison of displayed groups was not 

significant.*p≤0.05, ** p≤0.01 (Mann-Whitney U-test). 

 

 Figure 3. Exposure-independent Cyp2a5 methylation at selected CpG-sites 
DNA of lung from 30-day-old offspring of PSE and control groups was subjected to bisulfite 

sequencing-based methylation analysis of Cyp2a5 promoter region. Data of the 5 targeted CpG-sites are 

presented per sex and independent of exposure as individual values with median as a horizontal line. 

CpG-site annotations are relative to ATG start codon. If not stated otherwise, the comparison of displayed 

groups was not significant.*p≤0.05, ** p≤0.01, ***p≤0.001 (Mann-Whitney U-test). 
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Female mice may therefore have a more shallow induction curve, resulting in lesser 

tolerance towards pesticide exposure.Our analysis indicates that PSE affects Cyp2a5 

expression to a higher extent in female than in male mice. Despite high variation 

within both groups, female offspring from control mothers showed approx. 4-times 

higher mRNA levels than their male siblings. The different base line expression of 

Cyp2a5 is most likely due to hormonal inducibility of the enzyme, as also described 

for the human CYP2A621. If the observed difference in expression also results in a 

different amount of protein or higher metabolic rate in female offspring, is subject to 

further analysis. 

The detected reduced Cyp2a5 mRNA levels in prenatally smoke-exposed female 

mice could be due to a nicotine “overdose”, considering the U-shaped expression 

curve described by Sapone and colleagues20. Additional interaction of other 

components in cigarette smoke, e.g., NNK or the induction of other enzymes that 

aide detoxification processes to reduce the likelihood of fetal intoxication could also 

be possible20, as Cyp2a5 was reported to mediate the metabolism of various 

xenobiotics that are  structurally similar to nicotine. Nitrosamines such as NNK, 

another prominent substance in cigarette smoke, or aflatoxin B1 are potential 

substrates22,23. However, a recent study by Poça et al. investigating inter-mouse 

strain differences in the activity and mRNA expression of hepatic Cyp2a5 showed 

that strains presenting much higher constitutive activities of Cyp2a5 did not exhibit 

levels of Cyp2a5 mRNA more elevated than those found in the remaining mouse 

strains24. 

The data presented in this study indicate that the effect of PSE is CpG-site specific. 

Future analysis should include other possible regulatory regions. However, once 

again general sex-differences are shown, but also sex-dependent responses to 

prenatal insults, exemplified here by maternal smoking during pregnancy. Moreover, 

the obtained results suggest that genes relevant in detoxification processes may be 

affected by prenatal (smoke) exposures. They should therefore be considered in 

disease-associated analyses as deregulated detoxification may have another impact 

on the outcome of a disease. 
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Introduction 

We highlighted the programming effect of smoking during pregnancy on selected 

gene promoters throughout this dissertation. Following up on our analysis of Cyp2a5 

promoter methylation in the lung at 30 days after birth (Chapter 4A), we were 

interested in the programming effect of PSE on the Cyp2a5 gene in lung and liver of 

fetuses and three-day-old offspring. The additional experiment was performed in a 

newly setup mouse model that differed from the one described in chapters 2-4A 

regarding mouse strain (C57Bl/6), research cigarette (2R4F) and exposure system 

(whole body). The analysis of Cyp2A5 promoter methylation in lung and liver at 

these time points was of particular interest, as nicotine was shown to cross the 

placenta of smoking pregnant women1,2, and the liver was identified as main organ 

for the Cyp2a5-mediated metabolism of nicotine3-5. 

Materials and Methods 

Animals & smoke exposure 

48 female and 48 male C57BL/6J mice were obtained from Harlan (Horst, The 

Netherlands) at 6 weeks of age, housed under standard conditions with food and 

water provided ad libitum and at a 12 hour light/dark cycle. The experimental setup 

was approved by the local committee on animal experimentation (DEC6589 B & C; 

University of Groningen, Groningen, The Netherlands) and under strict 

governmental and international guidelines on animal experimentation. 

Mainstream cigarette smoke was generated by using Teague10 (Tobacco and Health 

Research Institute of the University of Kentucky, Lexington, KY, USA). Over a 

period of 7 days, randomly selected primiparous female mice were adjusted to 

cigarette smoke by stepwise increasing the number of smoked cigarettes (3R4 

cigarettes; 2.45 mg nicotine/cigarette) from 2 to 5 per smoking session. At 

adjustment day 5 after the end of the second smoking session, all female mice were 

injected with PMSG (1.25 i.u.) to stimulate ovulation and at day 7 with hCG (1.25 

i.u.) to induce ovulation and housed on a 1:1 mating ratio with males overnight. 

Mating was confirmed by the presence of vaginal plug at the following morning. 

 Female mice were exposed to two air or whole body smoking sessions per day, 7 

days per week throughout gestation and housed in groups. After delivery, dams and 

their offspring were no longer exposed to cigarette smoke and housed individually. 

Each 12 male and 12 female fetuses of 5 smoke exposed and 4 control dams were 

collected at embryonic stage 17.5 (E17.5) and dams were euthanized under 

anesthesia. A total of 42 pups randomly selected from 9 smoke exposed (11 male, 8 

female) and 10 control (11 male, 12 female) dams were euthanized at postnatal day 3 

(D3) for collection of lung and liver. The material was immediately frozen in liquid 

nitrogen and stored at -80 °C until further use. 
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Determination the genetic sex of mice 

DNA from the tail of E17.5 and D3 mice was obtained by SDS denaturation, high 

salt extraction and precipitation. The amplification reaction was adopted from 

Lambert et al.6 and performed using two primer sets which are specific for the genes 

Sry (forward: 5'-TGGTCCCGTGGTGAGAGGC-'3, reverse: 5'-TATGTGATGGCAT 

GTGGGTTCC-'3) and IL3 (forward: 5'-GGGACTCCAAGCTTCAATCA-'3, 

reverse: 5'-TGGAGGAGGAAGAAAAGCAA-'3). 

Isolation of DNA  

DNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Cat No. 80204), 

according to the manufacturer's protocol.  

Pyrosequencing-based bisulfite PCR analysis  

For the assessment of promoter methylation levels of Cyp2A5, bisulfite sequencing 

primers were designed using PyroMark assay design software (version 2.0, Qiagen). 

Selection of CpG-sites was based on manual identification of CpG-dinucleotides, 

using ENSEMBL genome web browser (Ensembl 83: Dec 2015) and transcript 

location for the identification of gene promoter regions.  

Extracted genomic DNA from lung and liver was converted with sodium bisulfite 

(EZ DNA methylation Direct™, Zymo Research, Irvine, CA) following the 

manufacturer’s instructions. In short, the bisulfite conversion was carried out in the 

dark at 98ᵒC  for 10 minutes and 64ᵒC for 3.5 hours followed by desulphonation of 

the converted DNA. Gene amplification was done using HotStarTaq® MasterMix 

Kit Qiagen, Venlo, The Netherlands). CpG-sites were identified manually in the 

600bp promoter region of the mouse Cyp2a5 gene (ENSMUSG00000005547), and 

assessment of DNA methylation levels was performed on the PyroMarkQ24 

(Qiagen) instrument. Relative levels of methylation at each CpG-site were analyzed 

with PyroMark Q24 2.0.6 software. DNA from liver and lung of fetuses and 

neonates was isolated and prepared for bisulfite-based methylation analysis as 

described earlier (Chapter 5). The used amplification and sequencing primers are 

listed in table 1 of chapter 4A. 

Calculations and statistical methods 

For statistical post hoc evaluation of the subgroups, two-tailed Mann-Whitney U-test 

was used (GraphPad Prism 5.0 Software, San Diegeo, CA). P ≤ 0.05 was considered 

significant. 
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Results 

Liver 

Prenatal smoke exposure caused hypermethylation in male and female fetal liver at 

Cyp2a5 CpG-614 (male: p=0.0009, female: p=0.001), CpG-589 (male: p=0.0005, 

female: p=0.003), and CpG-542 (male: p=0.001, female: p=0.004; Figure 1). It was 

also seen sex-independently (Cyp2a5 CpG-614, -589, -542 all p<0.0001; not shown), 

as base line methylation levels between male and female fetuses did not differ. PSE-

induced hypermethylation was found in male fetuses at CpG-74 (p=0.01, Figure 1), 

but not in females. Instead, base line methylation levels at this CpG-site were 

different when comparing males and females with higher methylation in females 

than in males (p=0.04; Figure 1). At Cyp2a5 CpGs-7 and +45, sex-independent 

hypermethylation was detected (CpG-7: p=0.02, CpG+45: p=0.01; not shown) that 

appeared to originate from female mice (CpG-7: p=0.04; CpG+45: p=0.05, Figure 

1) as male mice were not affected. 

Sex-dependent hypermethylation was found at Cyp2a5 CpG-614 (p=0.05; Figure 1) 

and CpG-542 (p=0.04; Figure 1) in liver of male neonates, whereas different 

methylation levels in female mice were not found. This is contrasted by 

hypermethylated Cyp2a5 CpG+45 in female mice (p=0.05; Figure 1). PSE-induced 

hypermethylation was detected for both male and female neonatal mice at Cyp2a5 

CpG-74 (male: p=0.01, female: p=0.03; Figure 1). Independent of the neonate’s sex, 

hypermethylation was detected at Cyp2a5 CpG-614 (p=0.006; not shown), CpG-589 

(p=0.02; not shown), CpG-542 (p=0.007; not shown), CpG-74 (p=0.0002; not 

shown) and CpG+45 (p=0.03; not shown). All other analyzed CpG-sites of the 

Cyp2a5 promoter were not found to be influenced by PSE. 

Lung 

PSE caused hypomethylation at Cyp2a5 CpG-74 in fetal lung of female mice 

(p=0.004, Figure 1), while the methylation levels of male siblings remained 

unaffected. This resulted in lower methylation status at Cyp2a5 CpG-74 (p=0.004, 

Figure 1) of female PSE offspring when compared to PSE males. The remaining 

analyzed CpG-sites did not show significant differences in their methylation states. 

Similarly, none of the analyzed CpG-sites in neonatal lung were found to be affected 

by PSE. However, independent of the exposure type, methylation levels at Cyp2a5 

CpG-74 of female neonates were significantly higher than those of their male 

siblings (p=0.02; not shown). 
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Figure 1. Sex-dependent Cyp2a5 promoter methylation in liver and lung of E17.5 and D3 

mice. 
DNA of lung and liver from E17.5 and three-day-old offspring of PSE and control groups was subjected 

to bisulfite sequencing-based methylation analysis of Cyp2a5 promoter region. Data of the 6 targeted 

CpG-sites are presented per sex and exposure as individual values with median as a horizontal line. CpG-

site annotations are relative to ATG start codon. If not stated otherwise, the comparison of shown groups 

was not significant.*p≤0.05, ** p≤0.01, ***p≤0.001 (Mann-Whitney U-test). 
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Comparison of methylation profiles in liver and lung  

When comparing fetal liver and lung, the methylation profile of liver was 

significantly lower than in lung at all analyzed CpG-sites in male and female fetuses, 

regardless of their exposure (p-values: 0.002 - <0.0001; Figure 2). Similarly, also 

the organ-specific methylation patterns in neonates were found to be significantly 

lower in liver than in lung at all analyzed CpG-sites in male and female fetuses, 

regardless of their exposure (p-values: 0.009 - <0.0001; Figure 2), with the 

exceptions of Cyp2a5 CpG-542 that was not significantly different in any of the 

analyzed subgroups, and Cyp2a5 CpG+45 that was found with different base line 

methylation only in female mice (p=0.02; Figure 2). 

Comparison of organ-specific methylation profile per time point 

Within the liver, the Cyp2a5 promoter methylation profile changed significantly 

when comparing fetuses and neonates. In all cases, the methylation levels at three 

days after birth were higher than those at E17.5 (p-values: 0.05 - <0.0001, Figure 2), 

except for Cyp2a5 CpG-74 in female PSE mice, where we only found a trend 

(p=0.07) and Cyp2a5 CpG+45 where methylation levels were not significantly 

different.  

The described observations in fetal and embryonic liver are different when 

comparing fetal and neonatal lung. Here, in most of the analysis cases, methylation 

profiles did not differ. Exempt are methylation states at four CpG-sites. Baseline 

methylation at Cyp2a5 CpG-589 and CpG-7 increased significantly in female 

neonates (CpG-589: p=0.03, CpG-7: p=0.007, Figure 2). Moreover, reduced 

methylation levels were found sex-dependently at CpG-542 in both male subgroups 

(control: p=0.02, PSE p=0.05, Figure 2) whereas male and female PSE-neonates had 

lower methylation levels at CpG-74 (male : p=0.02, female: p=0.04, Figure 2). 

Discussion 

The aim of this study was to evaluate the programming effect of maternal smoking 

during pregnancy on the Cyp2a5 methylation profile in liver and lung of murine 

fetuses and at three days after birth. In analogy to the methylation analysis in 30-day-

old offspring, we detected only moderate PSE-induced programming effects in lung, 

while the impact on the liver methylation profile was more pronounced. The 

majority of differentially affected CpG-sites was found hypermethylated, and, albeit 

a moderate amount of effects was seen sex-independently, a female bias toward 

PSE-induced prenatal programming could still be identified. 

As described by others, a gene’s methylation profile is organ- or tissue-specific, 

likely representing different organ functions7. Similarly, we found distinct Cyp2a5 

methylation profiles in liver and lung. While it was previously concluded that 

epigenetic responses to environmental in utero exposures are tissue-specific8, we 
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Figure 2. Comparison of Cyp2a5 promoter methylation per organ and time point. 
DNA of lung and liver from E17.5 and three-day-old offspring of PSE and control groups was subjected 

to bisulfite sequencing-based methylation analysis of Cyp2a5 promoter region. Data of the 6 targeted 

CpG-sites are presented per sex and exposure as individual values with median as a horizontal line. CpG-

site annotations are relative to ATG start codon. If not stated otherwise, the comparison of shown groups 

was not significant.*p≤0.05, ** p≤0.01, ***p≤0.001 (Mann-Whitney U-test). 
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were able to detect a PSE-induced loss of different methylation levels between liver 

and lung only at one CpG-site in female neonates. Although we determined lost time 

point differences in females at two CpG-sites, as well as induced time point 

differences at two other CpG-sites also in females, those, need to be considered with 

limitations as different cellular compositions of the organs may be a confounding 

factor. 

In conclusion, the Cyp2a5 promoter methylation is predominantly affected by PSE 

in female fetal liver. These effects seem to have a marginal impact on the organ-

specific methylation profile, as those appeared to be more stable and lesser affected 

when comparing liver and lung. However, to what extent the described different 

methylation patterns relate to possibly affected gene expression warrants further 

analyses. 
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Abstract  

The impact of prenatal smoke exposure (PSE) on DNA methylation has been 

demonstrated in blood samples from children of smoking mothers, but evidence for 

sex-dependent smoke-induced effects is limited. As the identified differentially 

methylated genes can be associated with developmental processes, and insulin-like 

growth factors (IGFs) play a critical role in prenatal tissue growth, we hypothesized 

that PSE induces prenatal programming of Igf1r and Igf1. Using a mouse model of 

smoking during pregnancy, we show that PSE alters promoter methylation of Igf1r 

and Igf1 and deregulates their gene expression in lung and liver of fetal (E17.5) and 

neonatal (D3) mouse offspring. By further comparing either females versus males, 

lung versus liver, or fetal versus neonatal time point, our results demonstrate that 

CpG-site specific aberrant methylation patterns sex-dependently vary per organ and 

time point. Moreover, PSE reduces gene expression of Igf1r and Igf1, dependent on 

organ, sex and the offspring's age. Our results indicate that PSE may be a source of 

organ-specific rather than general systemic prenatal programming. This is 

exemplified here by gene promoter methylation and mRNA levels of Igf1r and Igf1 

together with a sex- and organ-specific naturally established correlation of both 

parameters that is affected by prenatal smoke exposure. Moreover, the comparison of 

fetuses with neonates suggests a CpG-site dependent reversibility/persistence of 

PSE-induced differences in methylation patterns. 

 

 

Key words: DNA methylation; epigenetics; prenatal; pyrosequencing; liver; lung; 

mouse  

Running title: Organ- & sex-dependent IGF methylation 

Abbreviations: D3, Time point at three days after birth; E17.5, Time point at 

embryonic stage 17.5; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; IGF, 

Insulin-like growth factor; IGF1R, Insulin-like growth factor1 receptor; PSE, 

Prenatal Smoke Exposure 
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Introduction 

Smoking during pregnancy influences fetal development and may compromise the 

offspring’s health during childhood, but also later in life. These effects were shown 

in epidemiology (reviewed in ref.1) and in vivo experiments2,3 however, the impact of 

prenatal smoke exposure (PSE) on the actual developmental mechanisms and 

signaling pathways are not yet fully understood. Although respiratory effects are the 

primarily investigated consequences in literature, maternal smoking during 

pregnancy has also been causally associated with adverse cardiovascular and 

metabolic outcomes in the offspring (reviewed in ref.4). 

The fetal origins of disease hypothesis5,6 links the impact of environmental factors, 

epigenetic regulation and prenatal development, thus emphasizing the susceptibility 

of rapidly proliferating tissues to prenatal programming. DNA methylation, one 

epigenetic mode of prenatal programming, refers to cytosine bases that are followed 

by guanine residues (CpG-sites). If present in a gene's promoter region, their 

methylation status may influence the regulation of gene expression. 

Modified DNA methylation and PSE were previously linked in infant blood 

samples7,8 of which some methylation marks are persistent and can be detected later 

in life9. Smoking-associated aberrant DNA methylation patterns seem to be greater 

in girls than in boys10, but cumulative effects of smoke exposure and the offspring's 

sex on CpG-site specific methylation is rarely investigated. Nevertheless, we 

previously showed a sex-dependent and CpG-site specific loss of Igf1r promoter 

methylation together with reduced mRNA levels of Igf1r and Igf1 in lungs of 

prenatally smoke exposed mouse offspring at thirty days after birth11. Given that 

parenchymal degeneration of the liver after PSE has been described before12, 

negatively affected hepatic methylation and gene expression appear to be likely and 

a growing body of evidence suggests that cigarette smoke may impact incidence, 

severity and clinical course of chronic liver diseases13. 

 

Insulin-like growth factors (IGFs) play an important role in pre- and postnatal 

development14. The binding of IGF1 activates insulin-like growth factor 1 receptor 

(IGF1R) that is coupled to important intracellular second messenger pathways. In 

vivo knockout studies emphasized the function of Igf1r, as its deletion alone or in 

combination with Igf1 caused severe developmental restrictions with abnormalities 

in lung development and immediate postnatal death15-17. 

Although few studies were attained in serum samples of human neonates (e.g., 

ref.18), the effect of prenatal smoke exposure on the IGFs and their receptors in 

different organs at early developmental stages is very limited. 

We hypothesized that the negative effect of prenatal smoke exposure on DNA 

methylation and mRNA levels of Igf1r and Igf1 at 30 days of age is also detectable at 

earlier stages, and that these alterations are sex- but also organ-specific. To test these 
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hypotheses, lung and liver of prenatally smoke exposed fetal (E17.5) and three-day-

old (D3) offspring were collected for the assessment of promoter methylation 

patterns as well as mRNA levels of Igf1r and Igf1. In a second step, we aimed to 

comparatively investigate the effect of prenatal smoke exposure in female versus 

male offspring, followed by similar but sex-dependent comparisons in lung versus 

liver. We continued this study by comparing the obtained results from fetuses versus 

neonates in order to evaluate if sex- and organ-dependent smoke-induced alterations 

are affected during the first days after birth. These described analyses were followed 

by (linear) correlation analysis to identify possible links between PSE-induced 

aberrant methylation status and mRNA levels. A link between the two assessed 

parameters is considered here as an indicator of biological relevance. 

Results 

PSE leads to sex-dependent hypomethylation at the Igf1r promoter 

in lung but hypermethylation in the liver. 

Lung. 

General hypomethylation was detected in fetal lung at eight CpG-sites (CpG-255: 

p=0.03, CpG-246: p=0.03, CpG-233: p=0.001, CpG-223: p=0.02, CpG-215: p=0.04, 

CpG-209: p=0.04, CpG-206: p=0.004, CpG-201: p=0.05, Supplementary Fig. 1A). 

No significant changes were observed in neonatal lung, when both sexes were 

analyzed together (Supplementary Fig. 1). 

The described hypomethylation in fetal lung originated from female mice, as 

hypomethylation could be retrieved at five CpG-sites (CpG-255: p=0.02, CpG-246: 

p=0.02, CpG-233: p=0.01, CpG-223: p=0.04, CpG-206: p=0.03; Supplementary 

Fig. 2a), whereas it was only two CpG-sites in males (CpG-215: p=0.05, CpG-206: 

p=0.01; Supplementary Fig. 2A). Moreover, hypomethylation was also found in 

female mice at CpG-272 (p=0.04), CpG-252 (p=0.01), CpG-249 (p=0.03), CpG-238 

(p=0.04; Supplementary Fig. 2a). 

In neonatal lung, CpG-246 and CpG-166 were hypomethylated in male offspring 

(p=0.05, p=0.03, respectively; Supplementary Fig. 2B), whereas no differences 

were found for female mice (Supplementary Fig. 2b). Of note, male and female 

neonates showed differences in baseline methylation at CpG-215 (p=0.04), CpG-215 

(p=0.03), and CpG-166 (p=0.03) after PSE. Lung of fetal mice did not show distinct 

baseline methylation but CpG-272 (p=0.02), CpG-252 (p=0.01), and CpG-194 

(p=0.05) were found with a divergent methylation status. 
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Liver. 

Contrasting the observations in fetal lung, the Igf1r methylation status in fetal liver 

was hypermethylated at three CpG-sites after PSE (CpG-215: p=0.05, CpG-206: 

p=0.05, CpG-166: p=0.04; Fig. S1C). In neonatal liver only CpG-17 was detected 

with hypomethylation (p=0.03; Supplementary Fig. 1D). 

Sex-dependent analysis of Igf1r promoter methylation in fetal liver uncovered 

hypermethylation at CpG-194 (p=0.05) and CpG-166 (p=0.04) as well as 

hypomethylation at CpG-17 (p=0.01) in male fetuses (Supplementary Fig. 2C), but 

no effect in females (Supplementary Fig. 2c). 

While no significant effects were seen in male and female neonates (Supplementary 

Fig. 2D,d), aberrant baseline methylation was found for CpG-215 (p=0.02) in 

neonates and CpG-17 (p=0.03) in fetuses. PSE caused a significantly different 

response in male and female fetuses at CpG-252 (p=0.04), and CpG-230 (p=0.03).  

 

Organ-specific Igf1r promoter methylation signature is abolished 

after PSE. 

The described different PSE response in lung and liver of both fetuses and neonates 

prompted us to further compare the methylation status per organ and per time point 

in a sex-dependent way. Fig. 1 depicts these comparisons. 

E17.5 offspring. 

A total of 12 CpG-sites was found with higher base line methylation in lung than in 

liver in the group of male control offspring (CpG-272: p=0.02; CpG-255: p=0.05; 

CpG-246: p=0.03; CpG-230: p=0.03; CpG-215: p=0.003; CpG-209: p=0.04; CpG-

206: p=0.003; CpG-194: p=0.01; CpG-185: p=0.003; CpG-182: p=0.007; CpG-166: 

p=0.002; CpG-164: p=0.03; Fig. 1A). Similarly, five CpG-sites showed different 

baseline methylation in lung and liver of female offspring (CpG-252: p=0.02; CpG-

233: p=0.05; CpG-209: p=0.03; CpG-194: p=0.04; CpG-171: p=0.04; Fig. 1B).  

These findings are contrasted by the analysis of Igf1r promoter methylation in lung 

and liver after prenatal smoke exposure. Here, the described differences in baseline 

methylation were no longer found and organ-specific methylation was not detected 

(Fig. 1a,b).  

D3 offspring . 

Similar to the findings in fetuses, a total of 10 CpG-sites showed higher base line 

methylation in lung than in liver of male control offspring (CpG-252: p=0.01; CpG-

246: p=0.04; CpG-209: p=0.02; CpG-206: p=0.03; CpG-201: p=0.005, CpG-194: 

p=0.02; CpG-185: p=0.02; CpG-182: p=0.009; CpG-171: p=0.005; CpG-166: 
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p=0.007; Fig. 1C). CpG-252 was the only site with significantly higher base line 

methylation in lung of female neonates when compared to their liver (p=0.03; Fig. 

1D). 

Diverging from these observations, PSE induced higher methylation status of seven 

CpG-sites in lung when compared to liver of female neonates (CpG-252: p=0.01; 

CpG-215: p=0.03; CpG-206: p=0.003; CpG-185: p=0.02; CpG-171: p=0.003; CpG-

166: p=0.008; CpG-164: p=0.01; Fig. 1d). Notably, in male neonates only CpG-252 

could still be seen with significantly higher methylation in lung than in liver after 

prenatal smoke exposure (p=0.02; Fig. 1c). 

 

Status quo of natural Igf1r methylation pattern is sex-and organ-

dependently disrupted by PSE. 

Following up on the described differences between lung and liver, we asked if 

baseline methylation in both organs of male and female offspring is constant 

throughout the experimental time frame. Likewise, we investigated if the induced 

alterations at fetal age due to PSE remain until postnatal day three. The results are 

shown in Fig. 2.  

Lung. 

Higher baseline methylation was seen at CpG-233 in both male (p=0.02; Fig. 2A) 

and female (p=0.01; Fig. 2B) fetuses when compared to neonates. Moreover, 

methylation at CpG-164 was significantly increased in female neonates (p=0.04, Fig. 

2B).  

After PSE, higher methylation of five CpG-sites was found in female neonates: 

CpG-215 (p=0.04), CpG-206 (p=0.008), CpG-171 (p=0.04), CpG-166 (p=0.05), and 

CpG-164 (p=0.03; Fig. 2b), but male offspring appeared unaffected. 

Liver. 

While no time point differences were found in male control mice (Fig. 2C), CpG-

233 was found with higher base line methylation in female fetuses when compared 

to three-day-old animals (p=0.05; Fig. 2D). These observations were inverted in PSE 

mice. Here, three CpG-sites were found with higher methylation in male fetuses 

when compared to male neonates (CpG-255: p=0.05; CpG-252: p=0.05; CpG-246: 

p=0.01; Fig. 2c), while no significant differences were detected in female offspring 

(Fig. 2d). 
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Figure 1. 

Sex-dependent 

organ compari-

son of Igf1r pro-

moter methyla-

tion status per 

time point. 

(A-D) CpG-site 
specific comparison 

of Igfr1 promoter 

methylation in fetal 
(A, B; n=12 fetuses 

for each group) and 

neonatal (C, D) 
lung and liver of 

male (A, C; n=11) 

and female (B, D; 
n=12) control off-

spring. 

(a-d) CpG-site spe-
cific comparison of 

Igf1r promoter 

methylation in fetal 
(a, b; n=12 fetuses 

for each group) and 

neonatal (c, d) lung 
and liver of male 

(a, c; n=11) and 

female (b, d; n=8) 
PSE offspring. Data 

information: CpG-

site annotations rel-
ative to ATG start 

codon. Data are 

presented per sex, 
organ and group as 

mean ± SEM. If not 

stated otherwise, 
the comparison of 

displayed groups 

was not significant. 
*P≤0.05, **P≤0.01 

(Mann-Whitney U-

test). 

Open symbol(s) = 
control group, 

closed symbol(s) = 

PSE group. 
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Figure 2.  

Sex-dependent 

time point com-

parison of Igf1r 

promoter meth-

ylation status in 

lungs and liver. 
(A-D) CpG-site 

specific comparison 

of Igf1r promoter 

methylation per time 

point in lung (A, B) 

and liver (C, D) of 
male (A, C) and 

female (B, D) con-

trol offspring (n=12 
for each fetal group; 

neonates: n=11 

male, n=8 female). 
(a-d) CpG-site spe-

cific comparison of 

Igf1 promoter meth-
ylation per time 

point in lung (a, b) 

and liver (c, d) of 
male (a, c) and fe-

male (c, d) PSE 

offspring (n=12 for 
each group; 

neonates: 

n=11 males, n=12 
females). Data 

information: CpG-

site annotations rel-
ative to ATG start 

codon. Data are 

presented per sex, 

organ and group as 

mean ± SEM. If not 

stated otherwise, the 
comparison of dis-

played groups was 

not significant. 
*P≤0.05, **P≤0.01 

(Mann-Whitney U-

test). 

Open symbol(s) = 

control group, 

closed symbol(s) = 

PSE group. 
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PSE leads to hypermethylation of the Igf1 promoter in the liver, but 

not in the lung and imposes a potentially heavier burden on female 

offspring. 

Similar to the data obtained for Igf1r, we also conducted a comparative analysis of 

Igf1 promoter methylation in both organs of male and female offspring.  

While only one CpG-site was detected with hypomethylation after PSE in fetal lung 

(CpG-1341, p=0.02; Supplementary Fig. 3A), and Igf1 promoter methylation in 

neonatal lung appeared to be unaffected (Supplementary Fig. 3B), the PSE effect 

on the Igf1 methylation pattern in the liver is inverted. Here, hypermethylation was 

found at five CpG-sites (CpG-1509: p=0.006, CpG-1465: p=0.04, CpG-1430: 

p=0.008, CpG-1254: p<0.0001, CpG-1212: p=0.04; Supplementary Fig. 3C). 

Similarly, also in neonatal liver five CpG-sites were hypermethylated after PSE 

(CpG-1509: p=0.002, CpG-1430: p=0.01, CpG-1357: p=0.02, CpG-1254: p=0.007, 

CpG-1212: p=0.01; Supplementary Fig. 3D). A PSE-induced hypomethylation in 

fetal lung was found only for female offspring at CpG-1341 (p=0.006) and CpG-

1212 (p=0.01; Supplementary Fig. 3a), while fetal lung of male offspring together 

with all neonatal lung appeared to be unaffected by PSE (Supplementary Fig. 

4A,B,b). 

Hypermethylation in fetal liver was mainly seen for male offspring at five CpG-sites 

(CpG-1509: p=0.02; CpG-1430: p=0.02; CpG-1254: p=0.0004; CpG-1212: p=0.02, 

and CpG-1180: p=0.02; Supplementary Fig. 4C) of which two sites were retrieved 

in female offspring (CpG-1430: p=0.05; CpG-1254: p=0.04; Supplementary Fig. 

4c). Moreover, different baseline methylation was found for CpG-1254 (p=0.04). 

Hypomethylation in neonatal liver was significant in female offspring at CpG-1509 

(p=0.02; Supplementary Fig. 4d). 

Specificity of Igf1 methylation pattern per sex, organ and time point 

is modified after PSE. 

When comparing the baseline methylation levels of lung and liver in male and 

female offspring, organ specific-promoter methylation patterns were found. Within 

these, sex-specific variations were seen: 

At fetal stage, methylation status at CpG-1465 (p=0.03) was significantly different in 

female but not in male offspring (Fig. 3A,B). The remaining significant organ-

specific differences in methylation at CpG-1509, CpG-1357, CpG-1254, CpG-1212, 

and CpG-1180 was detectable for both male and female offspring (all p<0.0001, 

except CpG-1180: female: p=0.001, male p=0.05).  
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At neonatal stage, sex-differences were found for CpG-1456 (p=0.01), CpG-1341 

(p=0.008) and CpG-1180 (p=0.003) in male (Fig. 3C) and CpG-1357 (p=0.03) in 

female offspring (Fig. 3D). The remaining significant organ-specific different 

methylation levels at CpG-1509 (male/female: p=0.001/0.0009), CpG-1430 

(male/female: p=0.01/0.003) and CpG-1254 (male/female: p=<0.0001/0.0006) were 

detectable for both male and female offspring. 

In light of these observations it appears most interesting that PSE disrupts the 

described sex-specific differences of both time points. Different methylation levels 

in fetal female offspring at CpG-1465 and CpG-1254 were lost after PSE. This 

caused a loss of sex-differences at CpG-1465 and an induction at CpG-1254, as in 

male fetuses differences in the methylation status remained after PSE (Fig. 3a,b). 

Notably, the methylation status of CpG-1430 in organ comparison of males and 

females is now significantly different (male/female: p=0.002/0.006) and at CpG-

1180 more pronounced (p=0.002) in male fetuses.  

A different baseline methylation status at CpG-1465 in male neonates was lost after 

PSE but induced at CpG-1357 (p=0.002), which, in both cases, caused a loss of sex-

differences in organ comparison. Similarly, also in female neonates sex-differences 

were lost after PSE-induced aberrant organ-specific methylation at CpG-1341 

(p=0.02) and CpG-1180 (p=0.0007; Fig. 3c,d). The significant organ differences 

found at other CpG-sites remained unaffected by PSE (CpG-1509: male/female: 

p=<0.0001/0.0005, CpG-1430: male/female: p=0.004/<0.0001, CpG-1357: female: 

p=0.02, CpG-1341: male: p=0.01, CpG-1254: male/female: p=0.007/0.0002, CpG-

1180: male: p=0.003). 

Similar to the findings within the organ comparison, also the time point comparison 

revealed a naturally established but sex-dependent change in the epigenetic signature 

of Igf1 promoter methylation. These patterns are disrupted after PSE and Fig. 4 gives 

an overview. 
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Figure 3. 

Sex-dependent or-

gan comparison 

of Igf1 promoter 

methylation sta-

tus per time point. 
(A-D) CpG-site spe-

cific comparison of 
Igf1 promoter meth-

ylation in fetal (A, B; 

n=12 fetuses for each 

group) and neonatal 

(C, D) lung and liver 

of male (A, C; n=11) 
and female (B, D; 

n=12) control off-

spring. (a-d) CpG-site 
specific comparison 

of Igf1 promoter 

methylation in fetal 
(a,b; n=12 fetuses for 

each group) and 

neonatal (c, d) lungs 
and liver of male (a, 

c; n=11) and female 

(b,d; n=8) PSE 
offspring.  

Data information: 

CpG-site annotations 
relative to ATG start 

codon. Data are 

presented per sex, 
organ and group as 

mean ± SEM. If not 

stated otherwise, the 
comparison of dis-

played groups was 
not significant. 

*P≤0.05, **P≤0.01, 

***P≤0.001, 
****P≤0.0001 

(Mann-Whitney U-

test). 

Open symbol(s) = 

control group, closed 

symbol(s) = PSE 

group. 
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Figure 4. Sex-

dependent time 

point comparison 

of Igf1 promoter 

methylation status 

per time point. 
(A-D) CpG-site spe-

cific comparison of 
Igf1 promoter meth-

ylation per time point 

in lung (A, B) and 

liver (C, D) of male 

(A, C) and female (B, 

D) control groups 
(n=12 for each fetal 

group; neonates: n=11 

male, n=8 female). (a-
d) CpG-site specific 

comparison of Igf1 

promoter methylation 
per time point in lung 

(a, b) and liver (c, d) 

of male (a, c) and 
female (c, d) PSE 

groups (n=12 for each 

group; neonates: n=11 
males, n=12 females). 

Data information: 

CpG-site annotations 
relative to ATG start 

codon. Data are 

presented per sex, 
organ and group as 

mean ± SEM. If not 

stated otherwise, the 
comparison of dis-

played groups was not 
significant. 

*P≤0.05, **P≤0.01, 

***P≤0.001, 
****P≤0.0001 (Mann-

Whitney U-test). Open 

symbol(s) = control 
group, 

closed symbol(s) = 

PSE group. 
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Baseline methylation in lung of male offspring shows time point differences at four 

CpG-sites (CpG-1509: p=0.05, CpG-1465: p=0.03, CpG-1430: p=0.01, CpG-1212: 

p=0.05; Fig. 4A), of which only one could be retrieved in female mice (CpG-1465: 

p=0.02; Fig. 4B). PSE caused a loss of time point differences in male mice at CpG-

1509 and CpG-1212, but the remaining two sites were left unaffected (CpG-1465: 

p=0.05, CpG-1430: p=0.03; Fig. 4a). This is contrasted by the induction of time 

point differences in female offspring at CpG-1430 (p=0.0008) and enhanced 

differences in methylation at CpG-1465 (p=0.01; Fig. 4b). 

Different baseline methylation at CpG-1509 (p=0.05), CpG-1465 (p=0.04), and 

CpG-1430 (p=0.004) was found when comparing fetal and neonatal liver from male 

offspring (Fig. 4C). While CpG-1509 (p=0.03) and CpG-1430 (p=0.0002) were also 

found in females, CpG-1465 was not but CpG-1357 (p=0.04; Fig. 4D) instead. In 

contrast to the observations in male lung, PSE induced different methylation at CpG-

1357 (p=0.05) and CpG-1254 (p=0.03; Fig. 4c) in male liver whereas time point 

differences at CpG-1509 in females was lost but induced at CpG-1254 (p=0.02), 

CpG-1212 (p=0.05) and CpG-1180 (p=0.04; Fig. 4d). 

Does the PSE-induced drift of Igf1r and Igf1 promoter methylation 

have any (biological) relevance? 

In addition to the observed drift in promoter methylation patterns of Igf1r and Igf1, 

we also sought to determine a biological relevance of the described changes. DNA 

methylation is only one out of several epigenetic modes that may influence/affect the 

complex process of gene transcription, which also involves several regulatory steps 

itself. We therefore consider the presence (or absence) of correlations between 

promoter methylation and mRNA levels of our target genes as a surrogate of a 

possible link.  

Igf1r. 

Within all analyzed offspring, linear regression revealed a positive relation of Igf1r 

CpG-215 methylation status and Igf1r mRNA levels in fetal lung of control animals 

(r=0.44, p=0.05; Table 1). This correlation was inverted after PSE (r= -0.45, p=0.04; 

Table 1). Moreover, PSE induced correlations at CpG-272 (r= -0.79, p=0.01), CpG-

252 (r= -0.60, p=0.05), and CpG-246 (r= -0.67, p=0.02; Table 1) in lung of male but 

not of female fetuses. 

A sex-independent correlation was found for CpG-228 (r=0.47, p=0.03), CpG-223 

(r=0.46, p=0.04), and CpG-201 (r= -0.43, p=0.05; Table 1) after PSE in neonatal 

lung, whereas a sex-dependent discrimination of subgroups revealed associations at 

CpG-246 (r=0.74, p=0.01) in male control mice and at CpG-252 (r=0.71, p=0.02), 

CpG-246 (r=0.67, p=0.03), CpG-223  (r=0.63, p=0.05), CpG-201 (r= -0.75, p=0.01; 
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Table 1. Correlations between Igf1r mRNA concentrations and Igf1r promoter 

methylation in fetal and neonatal lung. 

correlation of / with Igf1r (2-dCT)   E17.5 lung 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r promoter 

methylation [%] 

CG-272 r -0.07 -0.43 -0.02 -0.02 -0.08 -0.11 -0.79 -0.01 0.29 
p-value ns 0.07 ns ns ns ns 0.01 ns ns 

CG-255 r -0.20 -0.30 -0.23 -0.15 -0.08 -0.23 -0.45 -0.11 0.02 

p-value ns ns ns ns ns ns ns ns ns 

CG-252 r -0.21 -0.39 -0.15 -0.20 -0.07 -0.36 -0.60 -0.07 0.17 

p-value ns 0.08 ns ns ns ns 0.05 ns ns 

CG-249 r -0.09 -0.10 -0.11 -0.04 0.07 0.16 -0.46 -0.10 0.32 

p-value ns ns ns ns ns ns ns ns ns 

CG-246 r -0.13 -0.28 -0.07 -0.10 0.00 -0.08 -0.67 -0.21 0.20 

p-value ns ns ns ns ns ns 0.02 ns ns 

CG-238 r -0.18 -0.11 -0.23 -0.09 -0.20 0.15 -0.38 -0.21 0.03 

p-value ns ns ns ns ns ns ns ns ns 

CG-233 r -0.18 -0.16 -0.19 -0.17 0.09 0.02 -0.23 -0.29 0.38 

p-value ns ns ns ns ns ns ns ns ns 

CG-230 r -0.11 -0.06 -0.14 -0.11 0.04 0.21 -0.44 -0.21 0.30 

p-value ns ns ns ns ns ns ns ns ns 

CG-228 r -0.09 -0.01 -0.11 -0.12 0.12 0.21 -0.19 -0.20 0.41 

p-value ns ns ns ns ns ns ns ns ns 

CG-223 r -0.05 0.39 0.19 -0.18 0.12 -0.19 -0.58 -0.03 0.52 

p-value ns 0.08 ns ns ns ns 0.06 ns ns 

CG-215 r -0.13 -0.32 -0.10 0.44 -0.45 0.06 -0.48 0.58 -0.48 

p-value 0.08 ns ns 0.05 0.04 ns ns 0.06 ns 

CG-209 r -0.09 -0.25 -0.05 -0.09 0.09 -0.33 -0.02 0.03 0.11 

p-value ns ns ns ns ns ns ns 0.03 ns 

CG-206 r -0.12 -0.26 -0.12 -0.10 0.09 -0.14 -0.31 -0.24 0.21 

p-value ns ns ns ns ns ns ns ns ns 

CG-201 r -0.05 -0.18 -0.02 -0.07 0.10 -0.14 -0.12 -0.10 0.21 

p-value ns ns ns ns ns ns ns ns ns 

CG-194 r -0.02 -0.29 0.08 -0.07 0.11 -0.32 -0.21 -0.03 0.25 

p-value ns ns ns ns ns ns ns ns ns 

CG-185 r -0.01 -0.12 -0.05 0.06 0.10 -0.19 0.17 0.09 0.04 

p-value ns ns ns ns ns ns ns ns ns 

CG-182 r -0.09 -0.09 0.15 -0.06 0.25 -0.07 -0.04 -0.33 0.41 

p-value ns ns ns ns ns ns ns ns ns 

CG-171 r -0.16 -0.24 -0.18 -0.24 0.10 -0.23 -0.29 -0.45 0.31 

p-value ns ns ns ns ns ns ns ns ns 

CG-166 r -0.21 -0.32 -0.21 -0.19 -0.03 -0.26 -0.23 -0.22 0.01 

p-value ns ns ns ns ns ns ns ns ns 

CG-164 r -0.05 -0.27 0.01 -0.11 0.07 -0.45 -0.07 0.09 0.10 

p-value ns 0.04 ns ns ns ns ns ns ns 

CG-17 r -0.19 -0.24 -0.20 -0.08 -0.27 -0.04 -036 -0.15 -0.24 

p-value ns ns ns ns ns ns ns ns ns 

correlation of / with Igf1r (2-dCT)   D3 lung 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r promoter 

methylation [%] 

CG-272 r 0.08 0.28 -0.13 -0.23 0.27 -0.05 0.62 -0.51 0.03 
p-value ns ns ns ns ns ns 0.06 ns ns 

CG-255 r 0.08 0.22 -0.22 -0.24 0.28 -0.02 0.41 -0.65 0.20 

p-value ns ns ns ns ns ns ns ns ns 

CG-252 r 0.12 0.30 -0.10 -0.35 0.40 -0.11 0.71 -0.76 0.17 

p-value ns ns ns ns 0.07 ns 0.02 0.05 ns 

CG-249 r 0.02 0.32 -0.30 -0.40 0.32 -0.08 0.67 -0.81 0.02 

p-value ns ns ns ns ns ns 0.03 0.03 ns 

CG-246 r 0.31 0.62 -0.15 0.37 0.20 0.74 0.57 -0.37 -0.07 

p-value 0.06 0.003 ns ns ns 0.01 0.08 ns ns 

CG-238 r -0.08 0.09 -0.23 -0.42 0.17 -0.01 0.25 -0.81 0.13 

p-value ns ns ns ns ns ns ns 0.03 ns 

CG-233 r 0.00 0.03 -0.02 -0.35 0.25 -0.27 0.46 -0.50 0.17 

p-value ns ns ns ns ns ns ns ns ns 

CG-230 r 0.03 0.17 -0.19 -0.31 0.31 -0.11 0.56 -0.80 0.13 

p-value ns ns ns ns ns ns ns 0.03 ns 

CG-228 r 0.17 0.26 0.04 -0.19 0.47 0.07 0.56 -0.88 0.40 

p-value ns ns ns ns 0.03 ns 0.09 0.01 ns 

CG-223 r 0.17 0.31 -0.06 -0.23 0.46 0.04 0.63 -0.79 0.34 

p-value ns ns ns ns 0.04 ns 0.05 0.04 ns 
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Table 1. continued 
correlation of / with Igf1r (2-dCT)   D3 lung 

    all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

 

CG-215 r -0.12 0.05 -0.30 0.01 -0.22 -0.06 0.02 0.02 -0.41 
p-value ns ns ns ns ns ns ns ns ns 

CG-209 r 0.08 0.12 0.05 -0.24 0.24 -0.02 0.12 -0.67 0.31 

p-value ns ns ns ns ns ns ns ns ns 

CG-206 r -0.20 -0.09 -0.39 -0.23 -0.25 -0.15 -0.27 -0.72 -0.28 

p-value ns ns 0.08 ns ns ns ns 0.07 ns 

CG-201 r -0.15 -0.22 -0.06 0.17 -0.43 0.25 -0.75 0.05 -0.20 

p-value ns ns ns ns 0.05 ns 0.01 ns ns 

CG-194 r -0.21 -0.23 -0.19 -0.22 -0.32 -0.07 -0.54 -0.49 -0.11 

p-value ns ns ns ns ns ns ns ns ns 

CG-185 r -0.04 -0.07 -0.01 -0.18 0.00 -0.13 -0.20 -0.34 0.14 

p-value ns ns ns ns ns ns ns ns ns 

CG-182 r -0.21 -0.17 -0.35 -0.13 -0.36 -0.06 -0.55 -0.57 -0.23 

p-value ns ns ns ns ns ns ns ns ns 

CG-171 r -0.02 -0.01 -0.09 -0.06 -0.07 0.10 -0.26 -0.60 0.11 

p-value ns ns ns ns ns ns ns ns ns 

CG-166 r 0.07 0.11 -0.06 -0.13 0.13 -0.05 0.04 -0.53 0.27 

p-value ns ns ns ns ns ns ns ns ns 

CG-164 r -0.21 -0.20 -0.27 -0.24 -0.27 -0.09 -0.54 -0.78 0.07 

p-value ns ns ns ns ns ns ns 0.04 ns 

CG-17 r -0.01 -0.12 0.34 -0.08 -0.20 -0.23 -0.01 0.54 -0.33 

 p-value ns ns ns ns ns ns ns ns ns 

 

Table 1) in male PSE offspring. Taking both male subgroups together, methylation 

at CpG-246 and Igf1r mRNA levels in neonatal lung correlated strongly (r=0.62, 

p=0.003; Table 1). 

These observations are contrasted by the findings in lung of female neonates. Here, 

inverse correlations were seen exclusively in control mice for CpG-252 (r= -0.76, 

p=0.05), CpG-249 (r= -0.81, p=0.03), CpG-238 (r= -0.81, p=0.03), CpG-230 (r= -

0.80, p=0.03), CpG-228 (r= -0.88, p=0.01), CpG-223 (r= -0.79, p=0.04), CpG-164 

(r= -0.78, p=0.04; Table 1) which were disrupted after PSE. The described opposite 

correlations (positive vs. inverse) in males and females may offset each other and 

hence may result in a lack of general correlations.  

In fetal liver, a general but relatively weak correlation was seen for CpG-17 (r=0.31, 

p=0.04; Table 2) that appeared to originate from female offspring (r=0.43, p=0.05; 

Table 2). Moreover, sex-independent correlations were found after PSE at CpG-166 

(r=0.54, p=0.01; Table 2) and CpG-17 (r=0.45, p=0.04; Table 2). A correlation was 

also seen at CpG-201 (r=0.68, p=0.05; Table 2) when comparing female control 

with female PSE mice. This PSE-induced effect was more pronounced in male 

offspring, as nine CpG-sites were found with correlations after PSE (CpG-246 

(r=0.62, p=0.04), CpG-233 (r=0.69, p=0.02), CpG-215 (r=0.72, p=0.01), CpG-209 

(r=0.85, p=0.002), CpG-206 (r=0.76, p=0.01), CpG-185 (r=0.70, p=0.02), CpG-182 

(r=0.74, p=0.01), CpG-166 (r=0.71, p=0.01), CpG-164 (r=0.68, p=0.02); Table 2). 

The only correlation in neonatal liver was detected in female control mice at CpG-

209 (r=0.76, p=0.05; Table 2), but could not be retrieved after PSE. 
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Igf1. 

In fetal lung, one correlation was found at CpG-1212 (r=-0.66, p=0.03; Table 3) in 

female control mice, which was not present after PSE. However, PSE induced 

inverse correlations for CpG-1212 (r= -0.60, p=0.05; Table 3) and CpG-1180 (r= -

0.58, p=0.05; Table 3) in lung of female neonates, while male mice were non-

responsive. Instead, an induction of correlations was found for CpG-1254 (r=0.62, 

p=0.04; Table 3) together with a disturbed correlation after PSE at CpG-1341 

(r=0.69, p=0.03; Table 3). The correlation of methylation at CpG-1341 with Igf1r 

mRNA levels appeared to be sex-dependent, as in male offspring it was positive 

(r=0.52, p=0.01) but inverse for female mice (r= -0.49, p=0.03; Table 3).  
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Table 2. Correlations between Igf1r mRNA concentrations and Igf1r promoter 

methylation in fetal and neonatal liver. 

correlation of / with Igf1r (2-dCT)   E17.5 liver 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r promoter 

methylation [%] 

CG-272 r -0.02 -0.05 0.05 -0.12 0.17 0.03 0.59 0.24 0.07 
p-value ns ns ns ns ns ns ns ns ns 

CG-255 r 0.14 0.11 0.17 0.23 0.22 0.46 0.57 0.16 0.14 

p-value ns ns ns ns ns ns 0.07 ns ns 

CG-252 r 0.12 0.01 0.25 0.27 0.10 0.35 0.49 0.27 0.16 

p-value ns ns ns ns ns ns ns ns ns 

CG-249 r 0.04 0.07 -0.03 0.06 0.11 0.11 0.41 -0.06 0.02 

p-value ns ns ns ns ns ns ns ns ns 

CG-246 r 0.08 0.04 0.12 0.11 0.22 0.18 0.62 0.10 0.08 

p-value ns ns ns ns ns ns 0.04 ns ns 

CG-238 r 0.10 0.05 0.15 0.03 0.27 -0.10 0.43 0.12 0.33 

p-value ns ns ns ns ns ns ns ns ns 

CG-233 r 0.29 0.32 0.24 0.28 0.36 0.27 0.69 0.32 0.09 

p-value 0.06 ns ns ns ns ns 0.02 ns ns 

CG-230 r 0.02 0.05 -0.07 0.02 0.08 0.03 0.48 -0.09 -0.09 

p-value ns ns ns ns ns ns ns ns ns 

CG-228 r -0.16 -0.17 -0.14 -0.20 -

0.06 

-0.16 0.09 -0.13 -0.05 

p-value ns ns ns ns ns ns ns ns ns 

CG-223 r 0.12 0.08 0.18 0.14 0.13 0.25 0.16 0.12 0.54 

p-value ns ns ns ns ns ns ns ns ns 

CG-215 r 0.03 -0.11 0.17 -0.03 0.28 -0.18 0.72 0.26 0.08 

p-value ns ns ns ns ns ns 0.01 ns ns 

CG-209 r -0.09 -0.32 0.27 -0.21 0.35 -0.42 0.85 0.29 0.26 

p-value ns ns ns ns ns ns 0.002 ns ns 

CG-206 r -0.06 -0.08 -0.03 -0.18 0.25 -0.13 0.76 -0.10 -0.04 

p-value ns ns ns ns ns ns 0.01 ns ns 

CG-201 r 0.24 0.32 0.14 0.20 0.22 0.41 0.47 0.08 0.68 

p-value 0.07 ns ns ns ns ns ns ns 0.05 

CG-194 r -0.04 -0.20 0.18 -0.12 0.28 -0.10 0.41 0.06 0.40 

p-value ns ns ns ns ns ns ns ns ns 

CG-185 r -0.06 -0.08 0.00 -0.08 0.15 -0.06 0.70 0.11 -0.41 

p-value ns ns ns ns ns ns 0.02 ns ns 

CG-182 r 0.01 0.06 -0.01 -0.12 0.26 0.04 0.74 -0.05 0.16 

p-value ns ns ns ns ns ns 0.01 ns ns 

CG-171 r -0.04 -0.08 0.02 -0.20 0.37 -0.09 0.38 -0.19 0.47 

p-value ns ns ns ns ns ns ns ns ns 

CG-166 r -0.01 -0.17 0.20 -0.12 0.54 -0.14 0.71 0.07 0.46 

p-value ns ns ns ns 0.01 ns 0.01 ns ns 

CG-164 r -0.06 0.14 -0.17 -0.15 0.19 0.11 0.68 -0.17 -0.14 

p-value ns ns ns ns ns ns 0.02 ns ns 

CG-17 r 0.31 0.17 0.43 0.24 0.45 -0.26 0.20 0.50 0.43 

p-value 0.04 ns 0.05 ns 0.04 ns ns ns ns 

correlation of / with Igf1r (2-dCT)   D3 liver 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1r promoter 

methylation [%] 

CG-272 r 0.06 0.01 0.12 0.18 0.42 -0.20 0.32 0.51 0.58 
p-value ns ns ns ns 0.06 ns ns ns 0.08 

CG-255 r 0.13 0.01 0.30 0.25 0.18 -0.13 0.08 0.61 0.40 

p-value ns ns ns ns ns ns ns ns ns 

CG-252 r 0.07 -0.02 0.20 0.00 0.28 -0.34 0.20 0.39 0.44 

p-value ns ns ns ns ns ns ns ns ns 

CG-249 r -0.01 -0.01 -0.02 0.02 0.24 -0.19 0.23 0.26 0.23 

p-value ns ns ns ns ns ns ns ns ns 

CG-246 r 0.17 0.10 0.26 0.11 0.36 -0.28 0.37 0.50 0.29 

p-value ns ns ns ns ns ns ns ns ns 

CG-238 r 0.08 0.09 0.08 0.25 0.12 -0.13 0.28 0.63 -0.10 

p-value ns ns ns ns ns ns ns ns ns 

CG-233 r -0.13 -0.32 0.12 -0.12 0.02 -0.64 -0.21 0.52 0.22 

p-value ns ns ns ns ns 0.06 0.08 ns ns 

CG-230 r -0.08 -0.07 -0.10 -0.14 0.23 -0.45 0.32 0.35 0.03 

p-value ns ns ns ns ns ns ns ns ns 

CG-228 r -0.21 -0.31 -0.03 -0.23 0.09 -0.59 0.12 0.32 0.14 

p-value ns 0.02 ns 0.04 ns 0.01 ns ns ns 

CG-223 r -0.17 -0.26 -0.13 -0.10 0.10 -0.25 0.02 0.12 0.10 

p-value ns ns ns ns ns ns ns ns ns 
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Table 2. continued 

Igf1r promoter 

methylation [%] 

Igf1r (2-dCT)   D3 liver 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

CG-215 r 0.08 -0.23 0.44 -0.07 0.08 -0.37 -0.06 0.46 0.21 
p-value ns ns 0.08 ns ns ns ns ns ns 

CG-209 r -0.16 -0.32 -0.15 0.05 -

0.12 

-0.38 -0.05 0.76 -0.25 

p-value ns ns ns ns ns ns ns 0.05 ns 

CG-206 r -0.09 -0.15 -0.01 -0.13 -

0.06 

-0.14 0.19 0.48 -0.30 

p-value ns ns ns ns ns ns ns ns ns 

CG-201 r -0.07 -0.11 -0.01 -0.27 0.21 -0.55 0.40 0.18 0.00 

p-value ns ns ns 0.04 ns 0.01 ns ns ns 

CG-194 r -0.21 -0.38 0.08 0.09 -

0.20 

-0.05 -0.22 0.42 -0.13 

p-value ns ns ns ns ns ns ns ns ns 

CG-185 r 0.11 -0.10 0.41 0.08 0.20 -0.26 0.20 0.74 0.23 

p-value ns ns ns ns ns ns ns 0.06 ns 

CG-182 r 0.13 -0.05 0.45 0.28 0.32 0.05 0.20 0.66 0.52 

p-value ns ns 0.07 ns ns ns ns ns ns 

CG-171 r -0.14 -0.28 -0.08 0.12 -

0.17 

-0.12 -0.04 0.50 -0.26 

p-value ns ns ns ns ns ns ns ns ns 

CG-166 r -0.01 -0.07 0.09 0.12 0.02 -0.10 0.11 0.50 -0.12 

p-value ns ns ns ns ns ns ns ns ns 

CG-164 r 0.11 0.11 0.12 0.21 0.19 -0.02 0.30 0.60 -0.05 

p-value ns ns ns ns ns ns ns ns ns 

CG-17 r 0.14 0.17 0.11 -0.14 -

0.05 

0.07 -0.21 -0.30 0.17 

p-value ns ns ns ns ns ns ns ns ns 

 

A general correlation between Igf1 mRNA levels and methylation was seen in fetal 

liver at CpG-1430 (r= -0.35, p=0.02), which was also found in control mice (r= -

0.42, p=0.04) but was disrupted after PSE. Sex-dependent correlations at CpG-1509 

(r= -0.46, p=0.02), CpG-1430 (r= -0.52, p=0.01), and CpG-1254 (r= -0.45, p=0.03) 

were seen in male but not in female mice. Moreover, PSE induced a correlation at 

CpG-1254 (r=0.63, p=0.04; Table 3) in liver of female fetuses. 

Correlations in neonatal liver were found in all offspring for CpG-1430 (r= -0.57, 

p=0.0002), CpG-1254 (r= -0.73, p<0.0001), CpG-1212 (r= -0.52, p=0.001), and 

CpG-1180 (r= -0.54, p=0.001; Table 3). All of these were also detected when 

discriminating between male and female mice. While the correlation for CpG-1254 

was strongest and found within all sub-groups, correlations for CpG-1430 (r= -0.61, 

p=0.01; Table 3) and CpG-1212 (r= -0.49, p=0.05; Table 3) were found sex-

independently in control but not in PSE groups. 

Moderate PSE-effect on Igf1r and Igf1 gene expression. 

Hepatic mRNA levels of Igf1r and Igf1 were sex-dependently affected at fetal stage 

(Igf1r: male: p=0.01, female: p=ns; Supplementary Fig. 5D, Igf1: male: p=0.04, 

female: p=ns; Supplementary Fig. 5M). Here, Igf1r mRNA levels also showed a 

different PSE response (p=0.01; Supplementary Fig. 5D) in male and female 

fetuses and a reduced gene expression at three days after birth (male: p=0.01, 

female: p=0.03; Supplementary Fig. 5E). A general smoke effect was found for 
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Igf1r mRNA in fetal lung (p=0.03; Supplementary Fig. 5I), while no effect was 

seen in neonatal lung. 

In neonatal liver, the Igf1 mRNA levels were decreased in PSE males and females 

(p=0.08 in each group; Supplementary Fig. 5N), which resulted in a general and 

sex-independent reduction (p=0.01; Supplementary Fig. 5R). 

Divergent mRNA expression levels of Igf1r and Igf1 were higher in lung when 

compared to liver (Igf1r: Supplementary Fig. 5G,H; Igf1: Supplementary Fig. 

5P,Q). Noteworthy in this context are the higher mRNA levels of Igf1r and Igf1 in 

fetal and neonatal lung when compared to liver as well as the increase of Igf1 

expression in liver when comparing fetuses and neonates (Supplementary Fig. 5O), 

together with a constant/stable Igf1 expression in lung Supplementary Fig. 5L). 

Igf1r and Igf1 gene expressions correlate in lung and liver of fetuses and 

neonates. 

Expression levels of Igf1r and Igf1 correlated strongly in lung and liver of both 

fetuses and neonates. A summary of the correlation analysis per time point and organ 

can be found in Table 4. The discrimination upon sex and exposure type revealed a 

sex-dependent effect of PSE on the Igf1r-Igf1 relation: While the correlation in lung 

of male (r=0.77, p=0.01) and female (r=0.78, p=0.003) fetuses was disrupted after 

PSE, this was only found in female fetal liver (r=0.78, p=0.003) as well as female 

neonatal lung (r=0.73, p=0.04). Moreover, a lack of correlation in male neonatal lung 

and female neonatal liver was restored after PSE (lung: r=0.84, p=0.001; liver: 

r=0.53, p=0.08). 

 

 

Table 3. Correlations between Igf1 mRNA concentrations and Igf1 promoter 

methylation in fetal and neonatal lung and liver. 
correlation of / 

with 

Igf1 (2-dCT)   E17.5 lung 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1 promoter 

methylation 

[%] 

CG-1509 r 0.03 -0.04 0.07 0.07 -0.03 0.04 -0.09 0.07 0.03 
p-value ns ns ns ns ns ns ns ns ns 

CG-1465 r -0.06 0.17 -0.33 -0.24 0.10 0.05 0.20 -0.25 -0.33 

p-value ns ns ns ns ns ns ns ns ns 

CG-1430 r 0.07 0.01 0.13 0.06 0.07 0.30 -0.13 0.13 0.22 

p-value ns ns ns ns 0.08 ns ns ns ns 

CG-1357 r -0.03 0.17 -0.08 -0.27 0.19 -0.19 0.31 -0.18 0.12 

p-value ns ns ns ns ns ns ns ns ns 

CG-1341 r -0.04 0.05 -0.13 -0.06 -0.01 0.00 0.03 0.04 -0.14 

p-value ns ns ns ns ns ns ns ns ns 

CG-124 r 0.03 0.25 -0.30 -0.25 0.16 0.20 0.28 -0.58 0.02 

p-value ns ns ns ns ns ns ns 0.06 ns 

CG-1212 r -0.01 0.38 -0.34 -0.40 0.32 0.30 0.44 -0.66 0.07 

p-value ns ns ns 0.07 ns ns ns 0.03 ns 

CG-1180 r -0.03 0.21 -0.19 -0.41 0.38 -0.25 0.46 -0.51 0.31 

p-value ns ns ns 0.06 0.09 ns ns ns ns 
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Table 3. continued. 
correlation of / 

with 

Igf1 (2-dCT)   D3 lung 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1 promoter 

methylation 

[%] 

CG-1509 r 0.09 0.01 0.19 0.14 0.21 0.21 0.05 -0.30 0.40 
p-value ns ns ns ns ns ns ns ns ns 

CG-1465 r -0.10 0.21 -0.34 -0.23 -0.07 0.10 0.31 -0.52 -0.31 

p-value ns ns ns ns ns ns ns ns ns 

CG-1430 r 0.14 0.35 -0.09 0.30 0.02 0.36 0.34 0.53 -0.35 

p-value ns ns ns ns ns ns ns ns ns 

CG-1357 r -0.02 0.04 -0.09 -0.06 0.12 0.06 -0.15 -0.19 0.11 

p-value ns ns ns ns ns ns ns ns ns 

CG-1341 r -0.03 0.52 -0.49 0.02 -0.35 0.69 -0.23 -0.69 -0.44 

p-value ns 0.01 0.03 ns ns 0.03 ns 0.06 ns 

CG-1254 r 0.22 0.37 0.12 0.14 0.34 0.27 0.62 0.12 0.23 

p-value ns ns ns ns ns ns 0.04 ns ns 

CG-1212 r -0.16 -0.11 -0.34 0.14 -0.36 0.07 -0.21 0.10 -0.60 

p-value ns ns ns ns ns ns ns ns 0.05 

CG-1180 r -0.06 0.01 -0.14 0.40 -0.41 0.50 -0.32 0.40 -0.58 

p-value ns ns ns ns 0.05 ns ns ns 0.05 

correlation of / 

with 

Igf1 (2-dCT) 
  E17.5 liver 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1 promoter 

methylation 

[%] 

CG-1509 r -0.25 -0.46 -0.02 -0.32 -0.05 -0.28 -0.35 -0.29 0.14 
p-value 0.09 0.02 ns ns ns ns ns ns ns 

CG-1465 r -0.01 -0.14 0.15 0.01 0.04 -0.07 -0.30 0.08 0.16 

p-value ns ns ns ns ns ns ns ns ns 

CG-1430 r -0.35 -0.52 -0.12 -0.42 -0.16 -0.51 -0.49 -0.64 0.24 

p-value 0.02 0.01 ns 0.04 ns 0.09 ns 0.02 ns 

CG-1357 r 0.02 -0.15 0.34 -0.19 0.39 -0.39 0.50 0.29 0.49 

p-value ns ns ns ns 0.06 ns ns ns ns 

CG-1341 r 0.04 -0.09 0.25 -0.20 0.40 -0.29 0.46 0.06 0.45 

p-value ns ns ns ns 0.06 ns ns ns ns 

CG-1254 r -0.17 -0.45 0.15 -0.38 0.28 -0.14 -0.32 -0.44 0.63 

p-value ns 0.03 ns 0.07 ns ns ns ns 0.04 

CG-1212 r -0.17 -0.28 -0.01 -0.25 -0.02 0.00 -0.11 -0.27 0.14 

p-value ns ns ns ns ns ns ns ns ns 

CG-1180 r -0.12 -0.17 -0.05 -0.15 -0.02 0.10 -0.02 -0.29 0.11 

p-value ns ns ns ns ns ns ns ns ns 

correlation of / 

with 

Igf1 (2-dCT) 
  D3 liver 

  all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 

Igf1 promoter 

methylation 

[%] 

CG-1509 r -0.22 0.00 -0.32 0.15 -0.22 0.63 -0.13 -0.31 -0.30 
p-value ns ns ns ns ns 0.07 ns ns ns 

CG-1465 r -0.07 -0.09 -0.03 0.23 -0.10 0.00 0.11 0.37 -0.38 

p-value ns ns ns ns ns ns ns ns ns 

CG-1430 r -0.57 -0.51 -0.61 -0.61 -0.37 -0.52 -0.40 -0.66 -0.11 

p-value 0.0002 0.03 0.01 0.01 ns ns ns 0.07 ns 

CG-1357 r -0.28 -0.13 -0.42 -0.17 -0.16 -0.08 0.01 -0.25 -0.36 

p-value 0.09 ns 0.09 ns ns ns ns ns ns 

CG-1341 r -0.05 0.09 -0.11 -0.01 -0.17 0.34 -0.08 -0.20 -0.26 

p-value ns ns ns ns ns ns ns ns ns 

CG-1254 r -0.73 -0.71 -0.76 -0.71 -0.63 -0.69 -0.61 -0.78 -0.70 

p-value < 

0.0001 

0.001 0.0002 0.001 0.003 0.04 0.06 0.02 0.02 

CG-1212 r -0.52 -0.47 -0.56 -0.49 -0.29 -0.42 -0.30 -0.57 -0.28 

p-value 0.001 0.04 0.02 0.05 ns ns ns ns ns 

CG-1180 r -0.54 -0.54 -0.54 -0.54 -0.41 -0.50 -0.48 -0.60 -0.19 

p-value 0.001 0.02 0.02 0.02 0.07 ns ns ns ns 
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Table 4. Correlations between Igf1r and Igf1 mRNA concentrations in fetal and neonatal 

lung and liver. 

 

correlation of Igf1r with Igf1 

all all all male female 

all male female control PSE control PSE control PSE 

lung 

fetal r 0.58 0.49 0.63 0.76 0.47 0.77 0.45 0.78 0.51 

p-value < 0.0001 0.03 0.001 < 0.0001 0.03 0.01 ns 0.003 ns 

D3 r 0.68 0.65 0.65 0.52 0.74 0.06 0.84 0.73 0.33 

p-value < 0.0001 0.001 0.003 0.03 0.0001 ns 0.001 0.04 ns 

liver 

fetal r 0.78 0.88 0.54 0.89 0.62 0.95 0.79 0.78 0.21 

p-value < 0.0001 < 0.0001 0.01 < 0.0001 0.002 < 0.0001 0.004 0.003 ns 

D3 r 0.68 0.74 0.61 0.63 0.57 0.74 0.66 0.49 0.53 

p-value < 0.0001 0.0001 0.005 0.004 0.01 0.01 0.04 ns 0.08 

 

Discussion 

Global methylation changes due to prenatal smoke exposure (PSE) were described 

and by now validated in human infant blood samples (e.g., ref.7), but an analysis in 

organs such as lung or liver is rarely done. As yet, it was concluded that epigenetic 

responses to environmental in utero exposures are tissue-specific19, and that each 

tissue has a unique epigenetic signature which likely reflects different tissue 

functions20. In the present study, we described organ-specific rather than general 

systemic prenatal programming of Igf1r and Igf1 as a result of PSE, which 

additionally caused sex-dependent and CpG-site-specific aberrant promoter 

methylation patterns. Sexually dimorphic methylation patterns of several gene 

promoters were described in the liver of male and female mice21,22 and sex 

differences in male mice were conserved during aging, while sex differences in 

females were lost23. Moreover, the influence of e.g., nanoparticles or maternal 

dietary content (methyl donor rich vs. poor) on gene promoter methylation in lung of 

mouse offspring was previously demonstrated24,25, but no other studies analyzed the 

effect of PSE on methylation patterns of our target genes in murine lung and liver at 

two time points. The comparison of fetal and neonatal methylation patterns revealed 

differences that highlight the severity of PSE. We can relate the described alterations 

in organ-specific methylation signatures of Igf1r and Igf1 in male and female mice to 

an additional smoking of 20 cigarettes. This may suggest that late-term PSE can still 

induce prenatal programming. This effect was predominantly seen for Igf1r in 

female lung and for Igf1 in female liver. 

We also found organ-specific Igf1r and Igf1 gene expression with higher levels in 

lung than in liver. This indicates their organ-specific production and suggests a local 

regulation. Our findings are in accordance with an earlier described deletion of 

hepatic Igf1 in mice leaving its local production in other tissues unaffected26. When 

comparing fetuses and neonates, we observed an increase of hepatic Igf1 expression 

accompanied with a simultaneous increase of Igf1r. Together with the stable amount 

of Igf1 in lung, this may indicate the onset of a hepatic secretory function, as Igf1 
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gene expression was shown to gradually increase from fetal day 18 onwards27 to 

postnatal age26, thus establishing its role in postnatal development. PSE seems to 

interfere with these observations, considering the reduced Igf1 mRNA levels in 

neonatal lung.  

Additionally, we showed that PSE affects gene expression primarily in male 

offspring. The predominant impact was observed in liver and various in vivo studies 

on organ-specific Igf1 gene expression showed its dependence on steroid hormone 

actions (e.g., ref.28,29). Sexually dimorphic responses to PSE were described in 

human fetal liver and suggest that dependent on the sex, different pathways may be 

affected but may converge in the same disease outcome30,31. Interestingly, sex-

specific methylation patterns were also shown to be affected by testosterone in 

selected organs, which in turn influenced gene expression32. These findings may 

match our observation of higher base line Igf1 gene expression in lung of male 

fetuses for the reasons discussed above. Albeit the moderate effect of PSE on Igf1r 

and Igf1 gene expression, their strong correlations in both organs suggest a mutual 

regulation. Igf1 was shown to mediate its effects by exclusively interacting with 

Igf1r14 which suggests a feedback loop33 in lung and liver at both analyzed time 

points. A high susceptibility to smoke-induced deregulation appears reasonable and 

is suggested by the disturbance of the described correlations due to PSE. 

Until now, no technique is available to evaluate the extent of how changes in mRNA 

levels are related to, influenced or maybe even caused by aberrant methylation of a 

gene’s promoter. Nevertheless, PSE-induced aberrant DNA methylation correlated 

with deranged gene expression along signature pathways34. Within this report, we 

describe disrupted or induced correlations between promoter methylation and mRNA 

levels for both Igf1r and Igf1 which is of interest, as the divergent CpG-site specific 

methylation status due to PSE suggests a contribution to disturbed gene expression. 

The findings in liver, especially three days after birth, match the general association 

of hyper-/hypomethylation and gene silencing/activation. The detected 

hypermethylation mainly in liver of male fetuses, combined with the inverse 

correlations at three CpG-sites in males but not in females could explain the sex-

dependent reduction of Igf1 mRNA levels in male mice. The results obtained for the 

lung can only partially explain the general smoke effect on Igf1r mRNA in fetal 

lung, and the lack of PSE-response in neonatal lung with by a link between mRNA 

levels and promoter methylation. However, it may indicate that organ-specific 

expression of genes may be regulated differently. Our data together with the 

correlation analysis suggest that DNA methylation and gene expression in lung and 

liver of mouse fetuses and neonates may be linked, dependent on the location of the 

CpG-site but also dependent on the offspring's sex.  

In light of these observations, it is important to note that the physical occurrence of 

DNA methylation in the context of gene sequence may play a role in its regulation. 
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The level of gene expression is inversely correlated with DNA methylation in 

promoter regions whereas the methylation in the body of genes can increase 

transcription35. While the described associations between complete (de)methylation 

and a gene 'being switched on or off' account for large differences in methylation 

levels, a new paradigm focuses on small DNA methylation changes. Those are often 

seen to be caused by environmental influences, at limited genomic regions or CpG-

site specific and during period of epigenetic sensitivity (reviewed in ref.36). 

Following this model, these small methylation differences, similar to our findings 

within this manuscript, often reach only 1-5% but are sufficient to disturb the “fine-

tuning” of a gene’s methylation signature and thereby become the hallmark of non-

malignant disorders. These small methylation changes are also found in analyses of 

newborns from smoking mothers37,38 and were described e.g., for allergic asthma in 

adults and children39. 

The organ-specific findings stress the limited significance of analyses in blood-

derived (human) samples regarding the display of the possible smoking associated 

effects in the fetus itself. It appears that those assessments may not necessarily 

represent the actual outcome of PSE in the offspring. Given that a similarly designed 

experimental approach in humans would be unethical, the here described data 

indicate the absolute necessity for fundamental (in vivo) research on functional 

epigenetic links. They further indicate the need of longitudinal studies for a more 

accurate display of developmental and health consequences due to pregnancy 

smoking. Although we evaluated the methylation states of Igf1r and Igf1 gene 

promoters, subsequent analyses should include other putative regulatory regions and 

e.g., equally important changes on the chromatin level as suggested by Bauer et al.40. 

Regarding the magnitude of the described differences, in particular when comparing 

fetuses and neonates, the reader should note that both time points mark an interval of 

a few days. During this time frame both organs are still developing and pass 

tremendous structural changes immediately after birth. Thus, time point differences 

due to a diverse cellular composition (e.g., proportion of cell types, number of cells, 

differentiation status) should be taken into account as they may be a possible 

confounder within this comparison. 

Conclusion 

Taking together, our data show that PSE influences DNA methylation patterns of 

Igfr1 and Igf1 promoter regions in the liver and the lung. It further disturbs, directly 

or indirectly, mRNA levels of these IGF network members in both organs. The 

described effects are at specific time points sex-dependent and are distinct when 

comparing lung and liver. We conclude that the adverse outcomes of prenatal smoke 

exposure are organ-specific, rather than systemic as one might expect (given the 

indirect exposure). Additionally, the impact of PSE on DNA methylation status and 

mRNA levels differs when comparing fetuses and neonates. This suggests varying 
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persistence of PSE-induced alterations. Our study emphasizes the possibility of a 

sex-dependent response to PSE and may serve to identify possible new epigenetic 

targets to further elucidate prenatal programming due to smoking during pregnancy 

and its biological consequence. 

Methods 

Animals & smoke exposure 

48 female and 48 male C57BL/6J mice were obtained from Harlan (Horst, The 

Netherlands) at 6 weeks of age, housed under standard conditions with food and 

water provided ad libitum and at a 12 hour light/dark cycle. The experimental setup 

was approved by the local committee on animal experimentation (DEC6589 B & C; 

University of Groningen, Groningen, The Netherlands) and under strict 

governmental and international guidelines on animal experimentation. 

Mainstream cigarette smoke was generated by using Teague10 (Tobacco and Health 

Research Institute of the University of Kentucky, Lexington, KY, USA). Over a 

period of 7 days, randomly selected primiparous female mice were adjusted to 

cigarette smoke by stepwise increasing the number of smoked cigarettes (3R4 

cigarettes; 2.45 mg nicotine/cigarette) from 2 to 5 per smoking session. At 

adjustment day 5 after the end of the second smoking session, all female mice were 

injected with PMSG (1.25 i.u.) to stimulate ovulation and at day 7 with hCG (1.25 

i.u.) to induce ovulation and housed on a 1:1 mating ratio with males overnight. 

Mating was confirmed by the presence of vaginal plug at the following morning. 

Female mice were exposed to two air or whole body smoking sessions per day, 7 

days per week throughout gestation and housed in groups. After delivery, dams and 

their offspring were no longer exposed to cigarette smoke and housed individually. 

Each 12 male and 12 female fetuses of 5 smoke exposed and 4 control dams were 

collected at embryonic stage 17.5 (E17.5) and dams were euthanized under 

anesthesia. A total of 42 pups randomly selected from 9 smoke exposed (11 male, 8 

female) and 10 control (11 male, 12 female) dams were euthanized at postnatal day 3 

(D3) for collection of lung and liver. The material was immediately frozen in liquid 

nitrogen and stored at -80 °C until further use. 

Determination the genetic sex of mice 

DNA from the tail of E17.5 and D3 mice was obtained by SDS denaturation, high 

salt extraction and precipitation. The amplification reaction was adopted from 

Lambert et al.41 and performed using two primer sets which are specific for the genes 

Sry (forward: 5'-TGGTCCCGTGGTGAGAGGC-'3, reverse: 5'-TATGTGATG 

GCATGTGGGTTCC-'3) and IL3 (forward: 5'-GGGACTCCAAGCTTCAATCA-'3, 

reverse: 5'-TGGAGGAGGAAGAAAA GCAA-'3). 
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Isolation of DNA & mRNA  

DNA and mRNA were isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Cat 

No. 80204), according to the manufacturer's protocol.  

Pyrosequencing-based bisulfite PCR analysis  

For the assessment of promoter methylation levels of Igf1r and Igf1, bisulfite 

sequencing primers were designed using PyroMark assay design software (version 

2.0, Qiagen). Selection of CpG-sites was based on manual identification of CpG-

dinucleotides, using ENSEMBL genome web browser (Ensembl 83: Dec 2015) and 

transcript location for the identification of gene promoter regions. The analysis of 

mouse Igf1r gene (ENSMUSG00000005533) was done by using transcript Igf1r-001 

(ENSMUST00000005671). The mouse Igf1 (ENSMUSG00000020053) has eight 

transcripts. In this study, we focused on transcript Igf-005 (ENSMUST00000122386, 

as previously discussed11. 

Extracted genomic DNA from lung and liver (500 ng) was converted with sodium 

bisulfite (EZ DNA Methylation-Direct™, Zymo Research, Cat No. D5021) 

following the manufacturer’s instructions. In short, the bisulfite conversion was 

carried out in the dark at 98°C for 10 minutes and 64 °C for 3.5 hours followed by 

desulphonation of the converted DNA. Gene amplification was done using 

HotStarTaq® MasterMix Kit (Qiagen, Cat No. 203443). Further specification on 

amplification conditions and primer sequences are listed in Table 5. Amplification 

conditions: 95 °C for 15 min, 94 °C for 30 s, 59 °C for 30 s, 72 °C for 30 s, 40 cycles 

in a reaction volume of 25 μL. To assess DNA methylation levels of Igf1 and Igf1r 

promoter methylation, bisulfite sequencing was performed on the PyroMarkQ24 

(Qiagen) instrument. Relative levels of methylation at each CpG-site were analyzed 

with PyroMark Q24 2.0.6 software. 

mRNA expression analysis 

Quantitative PCR for mRNA levels was performed using TaqMan® Fast Advanced 

Master Mix (Thermo Fisher Scientific, Cat No. 4444964) with commercially 

available primers for target genes Igf1r (Applied Biosystems, Mm00802831_m1) 

and Igf1 (Applied Biosystems, Mm00439560_m1). Detection of amplification 

reactions were performed using Step One Plus RealTime PCR System (Applied 

Biosystems, Foster City, CA, USA) with cycling conditions as follows: 95 °C for 20 

s, 40 cycles of 95 °C for 1 s, 60 °C for 20 s. Reactions were performed in triplicate 

and normalized to housekeeping gene Gapdh (Applied Biosystems, 

Mm99999915_g1). 

In fetal lung, we excluded 3 out of 48 data points for Igf1, and 1 out of 48 for Igf1r; 

in fetal liver, we excluded 1 out of 48 for Igf1, and 3 out of 48 for Igf1r; in neonatal 

lung, we excluded 1 out of 42 data points for Igf1, 2 out of 42 for Igf1r mRNA 



Chapter 5 

84 

levels; in neonatal liver, we excluded 5 out of 42 data points for each Igf1 and Igf1r 

due to large differences between target and housekeeping gene. 

 

Table 5. Bisulfite amplification (F/R) and sequencing (S) primers 

 

Gene 

Targeted 

CpG-site position 

 

Sequences 5’ – 3’ 

Igf1 -1509 to -1430 

 

Amplicon 

length [bp] 

209 

F: AGAGGGTTGGAAAGAGTTTAAG 

R: AAACCAAACTTACCTCAATCTCTTAC 

S1: AGGTTTTTATTTATGGGG 

S2: GTATTTTTAAATTTTTTTGAGA 

 

Sequence to analyze: 

S1: 

TAGYGTAAAGAGGTAGTGTAGAGTTTTTAATTGGTTTTTGTTTTTATYGATGTGTTA

GTATTTTTAAATTTTTTTGAGA 

S2: 

GTTYGAGAGAGTAAGAGATTGAGGTAAGT 

 -1357 tp -1254 

 

Amplicon 

length [bp] 

212 

F: AGAGTAAGAGATTGAGGTAAGTT 

R: TTACCACAAAAAATAAAATTCTAATCTTC 

S1: GGGAAAGTATATTTGGAG 

S2: TTATTGAGAAATAGGTATAAAT 

 

Sequence to analyze: 

S1: 

AGATATTYGTGGAAAGTATGTAGYGTTTAATTTGGGTTTTTGTAATTTTTTTTTATAA

TTTATTTTTTTATTTATTGTTTTTGAAAGATTATTGAGAAATAGGTATAAAT 

S2:  

YGTATTAATAGAAGATTAGAATTTTA 

 -1212 to -1180 

 

Amplicon 

length [bp] 

250 

F: TTGGAGAGATATTAGTGGAAAGTATGTAG 

R: AATTATAATATCATTCAAATCCCTCAACT 

S: AGAATTTTATTTTTTGTGGTAAAG 

 

Sequence to analyze: 

GYGAGTTTATATATTATAAATAGTAGAAGTAGTYGGTTTGAATTATGTTGTTAGTTA

TT 

 

Gene 

Targeted 

CpG-site position 

 

Sequences 5’ – 3’ 

Igf1r -272 to -164 

 

Amplicon 

length [bp] 

327 

F: GGGGATTTTTTTTAGGAGTTAGATTTTA 

R: ATTTTCCTCCTTCTTCTACATCT 

S1: TTA TTT GGG ACG AAA TTT 

S2: GATAAGGAGGGTGG 

S3: GGAGTYGGGAAGT 

Sequence to analyze: 

S1: 

TTTTTATTTTYGTTTAAAAATAAGAGYGTAGGYGAYGATTTTYGGAAAGYGGYGTG

GATAAGGAGGGTGG 

S2: 

YGYGGGGYGGTTTTTTAGYGTYGGTAGTAGYGGTTTAYGGGGYGGYGGAGTYGGG

AAGT 

S3: 

YGGGGYGYGTYGGGGYGGGTTGTYGGYGTYGTYGGTTTTTATTTGTAAAYGTAGAG

ATGTAGAAGAAGGAGGAAA 

 -17 

 

Amplicon 

length [bp] 

120 

F: AGTGAGGATTGAGTTGGAGATTT 

R: CCTCCCAAACCAAACTTCATTCCTTTTAT 

S: ATTTTTGAGAAAAGGGAATT 

 

Sequence to analyze: 

TYGTTTTAAATAAAAGGAATGAAGTTT 
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Calculations and statistical methods 
Relative gene expression (2-ΔCt method) as well as mean percent methylation and 

SEM were calculated in Microsoft® Office Excel 2003. DNA methylation data and 

mRNA levels were tested for normal distribution of residuals (IBM® SPSS® 

version 22 release 22.0.0.1). As only around half of the data set was normally 

distributed and data transformation did not improve, we decided to not analyze upon 

factor interaction of the offspring’s sex and the type of exposure but evaluate all 

analyzed parameters in the subgroups via two-tailed Mann-Whitney U-test. An 

association of both percent methylation and target gene mRNA levels in fetal and 

neonatal lung and liver was assessed using linear regression. P-values ≤ 0.05 were 

considered significant. Since our comparative analysis approach was hypothesis 

driven, and in order to present the reader all results, we did not adjust our 

significance levels for multiple testing, as suggested by ref. (42). 
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Supplementary Information 

Figure S1. Methylation of each analyzed CpG-site in the Igf1r promoter. 
DNA from lung (A, B) and liver (C, D) from E17.5 (A, C) and three-day-old offspring (B, D), that were 
either prenatally smoke exposed (fetuses: n=24, D3: n=19) or in the control group (fetuses: n=24, D3: 

n=23) was assessed for Igf1r promoter methylation status. Data information: CpG-site annotations relative 

to ATG start codon. Data are presented as mean ± SEM;  if not stated otherwise, the comparison of 
displayed groups was not significant.*P≤0.05 (Mann-Whitney U-test). Open symbol(s) = control group, 

closed symbol(s) = PSE group. 
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Figure S2. 

Sex-dependent 

Igf1r promoter 

methylation sta-

tus in lung and 

liver. 
(A/a-B/b) DNA 

from lung of E17.5 
(A/a; n=12 fetuses 

for each group) and 

three-day-old (B/b; 

control: female: n=8, 

male n=11; PSE: 

female n=12, male 
n=11) groups was 

subjected to meth-

ylation analysis of 
Igf1r promoter re-

gion. 

(C/c-D/d) DNA 
from liver of E17.5 

(C/c; n=12 fetuses 

for each group) and 
three-day-old (D/d; 

control: female: n=8, 

male=11; 
PSE: female=12, 

male=11) groups 

was subjected to 
methylation analysis 

of Igf1r promoter 

region. 
Data information: 

CpG-site annota-

tions relative to ATG 
start codon. Data are 

presented per group 
as mean ± SEM; If 

not stated otherwise, 

the comparison of 
displayed groups 

was not signifi-cant. 

*P≤0.05, **P≤0.01 
(Mann-Whitney U-

test). 

Open symbol(s) = 
control group, 

closed symbol(s) = 

PSE group. 
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Figure S3. Methylation 

of each analyzed CpG-

site in the Igf1 pro-

moter. 
(A-D) DNA from lung (A, 
B) and liver (C, D) from 

E17.5 (A, C) and three-

day-old offspring (B, D), 
that were either prenatally 

smoke exposed (fetuses: 

n=24, D3: n=19) or in the 
control group (fetuses: 

n=24, D3: n=23) was 
assessed for Igf1 promoter 

methylation status. Data 

information: CpG-site anno-
tations relative to ATG start 

codon. Data are presented as 

mean ± SEM; if not stated 
otherwise, the comparison 

of displayed groups was not 

significant.*P≤0.05 (Mann-
Whitney U-test). Open 

symbol(s) = control group, 

closed symbol(s) = PSE 

group. 
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Figure S4. 

Sex-dependent 

methylation of 

each analyzed 

CpG-site in the 

Igf1 promoter 

region. 
(A-D) DNA from 

lung (A, B) and liver 
(C, D) from E17.5 (A, 

C; n=12 fetuses for 

each group) and 
three-day-old female 

offspring (b, d) of 

PSE (n=8) and control 
(n=12) groups was 

subjected to methyl-

ation analysis of Igf1 
promoter region. (a-d) 

DNA from lung (a, b) 

and liver (c, d) from 
E17.5 ( a, c; n=12 

fetuses for each 

group) and three-day-

old male offspring (B, 

D) of PSE (n=11) and 
control (n =11) groups 

was subjected to me-

thylation analysis of 
Igf1 promoter region. 

Data information: 

CpG-site annotations 
relative to ATG start 

codon. Data are pre-

sented per sex, organ 
and group as mean ± 

SEM; if not stated 

otherwise, the com-
parison of displayed 

groups was not 

significant.*P≤0.05 
(Mann-Whitney U-

test). 

Open symbol(s) = 
control group, closed 

symbol(s) = PSE 

group. 
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Figure S5. Igf1r and Igf1 mRNA levels: organ- and time point comparison, sex-

dependent and general smoke effect. 
(A-I) Sex-dependent mRNA levels of Igf1r in lung (A&B, time point comparison in C) and liver (D&E, 

time point comparison in F), together with organ comparison (of fetuses in G and neonates in H) and 
general smoke effect (I). (J-R) sex-dependent mRNA levels of Igf1 in lung (J&K, time point comparison 

in L) and liver (M&N, time point comparison in O), together with organ comparison (of fetuses in P and 

neonates in Q) and general smoke effect (R). Data information: Data are presented per sex, organ and 
subgroup as individual values with medians horizontal line. If not stated otherwise, the comparison of 

displayed groups was not significant. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001 (Mann-Whitney U-

test). Open symbol(s) = control group, closed symbol(s) = PSE group. 
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Abstract 

Maternal smoking affects neonatal blood cell methylation signatures, but little is 

known about its effect on corresponding organ-specific DNA methylation profiles. 

In our previous experiment, differences in Igf1 DNA methylation profiles were 

found in comparisons of neonatal mouse lung and liver from air and prenatal smoke 

exposure (PSE). We hypothesized that organ-specific methylation is driven by 

changes in distinct cell types. Hence, Igf1 methylation patterns were here assessed 

across multiple tissues by using laser capture micro-dissection to collect epithelium 

of neonatal bronchus, trachea and esophagus. This was followed by comparisons to 

whole lung and liver. In support of our hypothesis, both organ- and cell type-specific 

Igf1 methylation profiles are described. Moreover, these profiles converge to each 

other the closer the analyzed CpG-sites are located to the transcription start site of 

Igf1. Additionally, strong correlations between hepatic Igf1 CpG-1254 methylation, 

gene expression and the offspring’s body weight are reported. 

 

Key words: DNA methylation; epigenetics; prenatal; pyrosequencing; laser micro-

dissection; mouse 

Running title: Organ- and cell type-specific Igf1 methylation 

Abbreviations: GAPDH, Glyceraldehyde 3-Phosphate Dehydrogenase; LCM, Laser 

Capture Micro-dissection; IGF1, Insulin-like growth factor1; PSE, Prenatal Smoke 

Exposure 
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Introduction 

Prenatal exposure to cigarette smoke or to specific smoke components affects normal 

lung development1. DNA methylation is an important epigenetic adjustment playing 

a critical role in development. So far, organ-specific DNA methylation patterns were 

found in different cell types such as cord blood mononuclear cells, buccal epithelium 

and placental tissue from newborns2, or by comparing methylation in placenta, fetal 

liver and fetal kidney3. However, these analyses are thus far the only to also report 

gene- and tissue-specific methylation alterations in response to prenatal smoke2 or 

bisphenol A exposure3.  

We previously assessed promoter methylation patterns and gene expression of 

insulin-like growth factor 1 (Igf1) in lung and liver from prenatally smoke exposed 

(PSE) offspring at three days after birth (Manuscript submitted). The context for 

these investigations includes observations that Igf1-depleted mice show a failure in 

lung development along with diminished growth4. Furthermore, decreased IGF1 cord 

plasma levels were found in infants from mothers who smoked during pregnancy 

which was associated with reduced birthweight5. In our previous study we described 

a hypermethylated Igf1 promoter profile in the liver, which was strongly and 

inversely correlated with its gene expression. In contrast, the lung appeared to be 

unaffected. By comparing Igf1 methylation profiles of lung and liver in control 

animals, we found them to be significantly distinct. Moreover, organ-specific 

methylation profiles were altered by prenatal smoke exposure. Igf1 gene expression 

was also found to be organ-specific and reduced by PSE.  

Following these observations, we hypothesized that Igf1 promoter methylation 

profiles may not only be organ-specific, but rather may be dependent on their 

cellular composition. Therefore, we here aimed to assessed Igf1 methylation patterns 

across multiple tissues and cell types. We collected epithelium of bronchus, trachea 

and esophagus and compared their Igf1 methylation profiles to each other and to 

those previously obtained from whole lung and liver. Additionally, we hypothesized 

that the previously found link between the hepatic Igf1 methylation profile and its 

gene expression can be associated to the offspring’s body weight. This could indicate 

a physiological consequence for PSE-induced aberrant DNA methylation. 
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Results 

DNA methylation profile of Igf1 is organ-and cell-type specific. 

Figure 1 and Table 1 present a detailed comparison of all analyzed CpG-sites of the 

Igf1 promoter in the different organs. Altogether, we describe organ- and cell-type 

specific methylation states for the eight analyzed CpG-sites in in the laser capture 

micro-dissected (LCM) epithelium versus whole lung and liver. 

First, we assessed Igf1 methylation levels in air exposed neonates (further referred to 

as baseline methylation). No differences in methylation levels were found in the 

bronchial, tracheal and esophageal epithelium based on the neonate’s sex or smoke 

exposure (not shown). The analyses were therefore continued with male and female 

offspring combined. 

When comparing LCM-collected epithelium, baseline methylation levels from 

bronchus and trachea were similar for the majority of analyzed CpG-sites. This was 

contrasted by methylation in esophagus, as it was significantly distinct at three CpG-

sites from both, bronchus and trachea. Baseline methylation in esophagus was 

different at two additional CpG-sites when compared to tracheal epithelium only. 

Second, we compared methylation levels in the epithelia from prenatally smoke 

exposed offspring. 

The methylation levels from bronchus and trachea were significantly distinct at four 

CpG-sites. Those from esophagus differed from bronchus and trachea at the 

remaining four CpG-sites. Additionally, PSE induced methylation differences 

between bronchial and esophageal epithelium at two CpG-sites, and enhanced the 

detected baseline differences between trachea and esophagus. 

Having established differences between the LCM-collected epithelia, we next asked 

how these methylation profiles differ from that in whole lung. 

We found that baseline methylation of all three epithelia was significantly lower than 

in whole lung at three CpG-sites. Moreover, baseline methylation of bronchus and 

trachea were significantly different at two CpG-sites, while esophageal methylation 

was similar to those obtained for whole lung. These observations were also made in 

PSE-offspring. The only exception was one CpG-site where esophageal methylation 

was significantly lower from that in whole lung. The methylation states for tracheal 

or bronchial epithelium did not differ. 
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Figure 9. Comparison of neonatal Igf1 promoter methylation in whole lung, epithelium 

of bronchus, trachea, esophagus, and liver. 
CpG-site specific, and exposure-dependent comparison of methylation levels across different organs and 
cell types obtained from three-day-old mouse offspring. Data information: CpG-site annotations are 

relative to the ATG start codon. Data are presented per organ and group but irrespective of the neonatal 

sex as individual data points with median as horizontal line. If not stated otherwise, the comparison of 
displayed groups was not significant. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001 (One-way 

ANOVA with Bonferroni corrected). Open symbol(s) = control group, closed symbol(s) = PSE group.  
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Table 1. Organ-specific comparison of Igf1 promoter methylation. 
For a comparison of CpG-site methylation levels within the different organs of control or PSE neonates (irrespective 
of neonatal sex), one-way ANOVA was applied and data were corrected for multiple testing in post hoc analyses 

(Bonferroni). 

CpG-1509 control 
epithel of     

 CpG-1509 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea ns //       

esophagus <0.0001 <0.0001 //     

 

esophagus <0.0001 <0.0001 //     

  lung <0.0001 <0.0001 ns //   

 

  lung <0.0001 <0.0001 ns //   

  liver <0.0001 <0.0001 0.0001 0.002 // 

 

  liver <0.0001 <0.0001 0.05 0.0002 // 

   

  

 

  

         

CpG-1465 control 
epithel of     

 CpG-1465 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea <0.0001 //       

esophagus ns ns //     

 

esophagus 0.0001 ns //     

  lung <0.0001 <0.0001 <0.0001 //   

 

  lung <0.0001 <0.0001 <0.0001 //   

  liver <0.0001 <0.0001 <0.0001 ns // 

 

  liver <0.0001 <0.0001 <0.0001 ns // 

               

CpG-1430 control 
epithel of     

 CpG-1430 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea 0.03 //       

esophagus ns ns //     

 

esophagus <0.0001 ns //     

  lung <0.0001 <0.0001 <0.0001 //   

 

  lung <0.0001 <0.0001 <0.0001 //   

  liver <0.0001 <0.0001 <0.0001 <0.0001 // 

 

  liver <0.0001 <0.0001 <0.0001 <0.0001 // 

               

CpG-1357 control 
epithel of     

 CpG-1357 PSE 
epithel of     

bronchus trachea esophagus lung liver 
 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea ns //       

esophagus ns ns //     

 

esophagus 0.02 0.002 //     

  lung 0.0005 <0.0001 0.001 //   

 

  lung <0.0001 0.0002 <0.0001 //   

  liver <0.0001 <0.0001 <0.0001 ns // 
 

  liver <0.0001 <0.0001 <0.0001 ns // 

               

CpG-1341 control 
epithel of     

 CpG-1341 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //         

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea 0.02 //       

esophagus ns 0.05 //     
 

esophagus ns <0.0001 //     

  lung 0.01 ns <0.0001 //   

 

  lung <0.0001 ns <0.0001 //   

  liver ns ns ns ns // 

 

  liver 0.0005 ns <0.0001 ns // 

               

CpG-1254 control 
epithel of     

 CpG-1254 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   
 

    
 

epithel of  

bronchus //   
 

    

trachea ns //       

 

trachea ns //       

esophagus 0.009 0.0002 //     

 

esophagus <0.0001 <0.0001 //     

  lung ns ns 0.01 //   

 

  lung ns 0.04 0.0002 //   

  liver ns 0.01 ns ns // 

 

  liver ns 0.0005 0.01 ns // 
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Table 1. continued. 

CpG-1212 control 
epithel of     

 CpG-1212 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea ns //       

esophagus <0.0001 <0.0001 //     

 

esophagus <0.0001 <0.0001 //     

  lung 0.02 0.0005 ns //   

 

  lung ns ns 0.0005 //   

  liver 0.004 0.0001 ns ns // 

 

  liver ns 0.03 0.002 ns // 

               

CpG-1180 control 
epithel of     

 CpG-1180 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea 0.009 //       

 

trachea <0.0001 //       

esophagus ns 0.03 //     

 

esophagus ns 0.004 //     

  lung ns 0.02 ns //   

 

  lung ns ns ns //   

  liver 0.05 ns ns ns // 

 

  liver <0.0001 ns <0.0001 0.0005 // 

 

Following the comparison to whole lung, we investigated if the methylation in 

LCM-collected epithelia would be similarly distinct from methylation states in the 

liver. Indeed, baseline methylation of the epithelia were significantly lower than 

those in liver. This was found for the four CpG-sites farthest away from the 

transcription start site, with the exception of higher methylation at one CpG-site in 

esophageal epithelium. These differences were also found for PSE-offspring. 

After finding similar results when relating the Igf1 methylation in epithelia to whole 

lung and liver, we lastly asked if methylation states in both organs is different. A 

comparison of baseline methylation in whole lung and liver revealed significant 

differences at two CpG-sites, that were also found after PSE. This observation was 

accompanied by an PSE-induced significant difference at the CpG-site closest to the 

transcription start site. 

Altogether, organ- and epithelial cell-type specific methylation differences were 

most pronounced at the four CpG-sites farthest away from the Igf1 transcription start 

site.  

The baseline methylation of this area reached approximately 20% in bronchial and 

tracheal epithelium, while that of whole lung and liver ranged at ~50%. The 

methylation states in esophageal epithelium may be considered as an exception, 

because methylation states ranged at ~30%. For the remaining CpG-sites, baseline 

methylation states converged to 30%, whereas those in esophagus dropped to ~15%. 

Prenatal smoke exposure modified these methylation states by 1-6 % in the analyzed 

organs and cell types. 
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PSE-induced reduction of body weight in neonates correlates with 

both hepatic Igf1 mRNA levels and Igf1 promoter methylation. 

For our second hypothesis that hepatic Igf1 promoter methylation, its gene 

expression and the offspring’s body weight can be linked, we analyzed both body 

weight and Igf1 mRNA levels. Our most prominent findings are presented in Figure 

2. Table 2 provides r- and p-values of all correlations between Igf1 promoter 

methylation, Igf1 mRNA levels and the neonatal body weight. 

Overall, reduced body weight was found in prenatally smoke exposed neonates 

(p=0.007; Figure 2), a finding that was driven by changes in male offspring (median 

control: 1.38 g vs. median PSE: 1.16 g; p=0.007, not shown). In contrast, female 

PSE mice did not show significant differences in body weight when compared to 

their controls (median control: 1.24 g vs. median PSE: 1.14 g; p=ns, not 

shown).

 
Figure 2. Neonatal body weight and correlations of body weight, hepatic Igf1 mRNA 

levels and Igf CpG-1254 methylation status. 
Comparison of neonatal (three days after birth) body weight according to their exposure type, but 

irrespective of the neonatal sex. Body weight was significantly (p=0.007, Mann-Whitney U-test) reduced 

after PSE. Data are presented per exposure group as individual data points with median as horizontal line. 
Correlation analyses (linear regression) of body weight and hepatic Igf1 mRNA levels, body weight and 

hepatic methylation status of Igf1 CpG-1254, and hepatic Igf1 mRNA and CpG-1254. Data information: 

CpG-site annotations are relative to the ATG start codon. Data are presented as individual data points. 
Open symbol(s) = control group, closed symbol(s) = PSE group.  
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Hepatic Igf1 mRNA levels were also reduced by PSE (p=0.01, not shown) but 

similar for male and female offspring (p=ns for all sub-groups; not shown). 

When linking neonatal body weight with hepatic Igf1 mRNA levels, a strong 

positive correlation of body weight and Igf1 mRNA levels was found for all 

analyzed neonates, regardless of their sex or exposure (all all, r= 0.80, p<0.0001, 

Figure 2 and Table 2). In addition, neonatal body weight was associated with Igf1 

promoter methylation. 

Within the entire group of pups, the correlation of neonatal body weight and CpG-

site specific Igf1 promoter methylation levels was strongest for Igf1 CpG-1254 (all 

all, r= -0.60, p<0.0001, Figure 2 and Table 2). This was also seen when 

distinguishing between the offspring's sex or their exposure, and was most 

pronounced for male offspring (all male: r= -0.60, p=0.004, Table 2). 

Finally, we tested if Igf1 gene expression in the liver also links to the previously 

obtained promoter methylation. Here, the hepatic Igf1 mRNA levels correlated 

strongest with the methylation levels again at Igf1 CpG-1254 (all all, r= -0.73, 

p<0.0001, Figure 2 and Table 2). This was also found when separating male and 

female, or control and PSE-offspring. 

Table 2. Correlation of hepatic Igf1 mRNA, promoter methylation and neonatal body 

weight. 

correlation of body weight  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with Igf1 mRNA in liver 

  

 

r 0.80 0.75 0.83 0.82 0.51 0.87 0.45 0.85 0.74 

  
 

p-value 

< 

0.0001 

 

0.0002 

< 

0.0001 

< 

0.0001 

 

0.02 

 

0.002 

 

ns 

 

0.008 

 

0.01 

correlation of body weight  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with liver Igf1 % methylation 

  

CG-1509 

r -0.25 -0.15 -0.25 0.11 -0.20 0.56 -0.23 -0.22 -0.18 

  p-value ns ns ns ns ns 0.07 ns ns ns 

  

CG-1465 

r -0.30 -0.44 -0.12 0.21 -0.50 -0.21 -0.49 0.72 -0.49 

  p-value 0.06 0.04 ns ns 0.02 ns ns 0.04 ns 

  

CG-1430 

r -0.42 -0.50 -0.31 -0.37 -0.29 -0.58 -0.35 -0.24 -0.23 

  p-value 0.01 0.02 ns ns ns 0.06 ns ns ns 

  

CG-1357 

r -0.44 -0.47 -0.36 -0.22 -0.45 -0.27 -0.47 -0.09 -0.46 

  p-value 0.004 0.03 ns ns 0.03 ns ns ns ns 

  

CG-1341 

r -0.04 -0.05 0.05 0.00 -0.01 0.16 0.01 0.08 -0.01 

  p-value ns ns ns ns ns ns ns ns ns 
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Table 2. continued. 

correlation of body weight  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with liver Igf1 % methylation 

  

CG-1254 

r -0.60 -0.60 -0.60 -0.51 -0.53 0.56 -0.40 -0.46 -0.65 

  p-value 
< 

0.0001 
0.004 0.01 0.02 0.01 0.07 ns ns 0.02 

  

CG-1212 

r -0.20 -0.10 -0.27 -0.15 0.01 0.06 0.38 -0.20 -0.22 

  p-value ns ns ns ns ns ns ns ns ns 

  

CG-1180 

r -0.33 -0.15 -0.40 -0.35 -0.15 0.18 0.21 -0.39 -0.33 

  p-value 0.03 ns 0.08 ns ns ns ns ns ns 

correlation of Igf1 mRNA in 

liver all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with liver Igf1 % methylation 

  

CG-1509 

r -0.22 0.00 -0.32 0.15 -0.22 0.63 -0.13 -0.31 -0.30 

  p-value ns ns ns ns ns 0.07 ns ns ns 

  

CG-1465 

r -0.07 -0.09 -0.03 0.23 -0.10 0.00 0.11 0.37 -0.38 

  p-value ns ns ns ns ns ns ns ns ns 

  

CG-1430 

r -0.57 -0.51 -0.61 -0.61 -0.37 -0.52 -0.40 -0.66 -0.11 

  p-value 0.0002 0.03 0.008 0.009 ns ns ns 0.07 ns 

  

CG-1357 

r -0.28 -0.13 -0.42 -0.17 -0.16 -0.08 0.01 -0.25 -0.36 

  p-value 0.090 ns 0.09 ns ns ns ns ns ns 

  

CG-1341 

r -0.05 0.09 -0.11 -0.01 -0.17 0.34 -0.08 -0.20 -0.26 

  p-value ns ns ns ns ns ns ns ns ns 

  

CG-1254 

r -0.73 -0.71 -0.76 -0.71 -0.63 -0.69 -0.61 -0.78 -0.70 

  p-value 
< 

0.0001 
0.0007 0.0002 0.001 0.003 0.04 0.06 0.02 0.02 

  

CG-1212 

r -0.52 -0.47 -0.56 -0.49 -0.29 -0.42 -0.30 -0.57 -0.28 

  p-value 0.001 0.04 0.02 0.05 ns ns ns ns ns 

  

CG-1180 

r -0.54 -0.54 -0.54 -0.54 -0.41 -0.50 -0.48 -0.60 -0.19 

  p-value 0.0006 0.02 0.02 0.02 0.07 ns ns ns ns 
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Discussion 

Smoking during pregnancy may affect the fetus as well as the future child by 

inducing prenatal programming that, in turn, can contribute to the increased risk of 

disease development later in life6-9. 

In our previous study, organ-specific methylation patterns of Igf1 were shown to be 

disturbed by prenatal smoke exposure, with variations based on the CpG-site and the 

offspring's sex (Manuscript submitted). In this study, we hypothesized that these 

organ-specific methylation profiles are based on specific changes in distinct cell 

types. Hence, Igf1 methylation patterns were evaluated in bronchial, tracheal, and 

esophageal epithelium isolated by laser micro- dissection, followed by a comparison 

to our previously obtained organ-specific methylation profiles. Additionally, we 

asked if Igf1 methylation patterns are affected by prenatal smoke exposure. Finally, 

hepatic Igf1 gene expression and DNA methylation were linked with body weight. 

In this study we showed Igf1 methylation differences across different epithelial cell 

types and organs, which were affected by prenatal smoke exposure. Differences in 

methylation were most pronounced at the four CpG-sites farthest away from the Igf1 

transcription start site. Of interest is that the organ-specific methylation profiles of 

both organs and epithelial cell types converge to each other the closer the analyzed 

CpG-sites are located to the transcription start site of Igf1. This effect was seen when 

comparing the methylation in epithelium of bronchus and trachea to that in whole 

lung and liver. The physical occurrence of DNA methylation in the context of gene 

sequence may play a role in its regulation. The observed convergence may imply 

either a possible functional role of that particular gene sequence, or that the analyzed 

area may be in close proximity to a regulatory region10. It further implies that the 

specific regulation of expression may not exclusively be limited to the transcription 

start site. However, proving a direct link requires a different experimental setting. 

This study demonstrates again that PSE disturbs the physiologically established 

methylation profiles which can be seen for instance at three out of eight analyzed 

CpG-sites when comparing epithelium of bronchus and trachea.  

A considerable amount of studies exists that addresses a variety of smoke-induced 

epigenetic consequences for the adult respiratory system in vitro and in vivo11-21. 

Nevertheless, little information is available on the effect of prenatal smoke exposure 

on the young/early-aged airway epithelium. So far, organ-specific DNA methylation 

patterns in newborns were only described for aryl-hydrocarbon receptor repressor, 

comparing cord blood mononuclear cells, buccal epithelium and placental tissue2. 

Although choosing a selected target-gene approach, this study is the only to apply a 

precise dissection technique to provide information on a cell type-specific smoke-

induced prenatal programming consequence in mice at three days after birth. 
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With respect to IGF1, maternal smoking during pregnancy was shown to reduce 

IGF1 cord plasma levels in human neonates5,22. Despite the few studies that were 

done in plasma, evidence for the effect of prenatal smoke exposure on IGF1 at early 

developmental stages is still very limited. In mice, intranasal application of cigarette 

smoke solution resulted in reduced amounts of Igf1 mRNA and protein in the 

olfactory epithelium, impairing olfactory regeneration23. Moreover, Igf1 depleted 

mice were found with 40% reduced body weight when compared to wild type4. 

Some discordance between our findings and others using micro-dissected epithelium 

merit discussion even though DNA methylation was not assessed. In a study on 

prenatal smoke exposure in mice, lung epithelium and mesenchyme were analyzed, 

that were, similar to our approach, collected by laser capture micro-dissection. While 

deregulated gene expression was found in mesenchyme, the dissected epithelium 

appeared to be less or not affected24. Earlier, a tissue-specific effect of nicotine on rat 

lung was described, but the effect could also not be detected in LCM-dissected 

airway epithelium25. These differences may reflect variation in protocols, animal 

model, or data for sites other than Igf1. The described observations leave us to 

speculate that the distinct methylation differences between whole lung and epithelia 

of bronchus as well as trachea are driven by the other cell types that can be found in 

the lung. In this context, cell types such as smooth muscle, fibroblasts, endothelium, 

or alveolar epithelium could be plausible candidates. 

Baseline methylation levels between the epithelium of bronchus and trachea were 

distinct only at one CpG-site, but increased to three after PSE. This finding contrasts 

with the previously described lack of PSE-induced methylation differences in whole 

lung. One explanation is that important cell-specific changes can be masked by the 

many other cell types in the lung without this methylation change. Indeed, a one-

time exposure of mice to cigarette smoke that was followed by comparison of 

primary fibroblasts from large airways (trachea), medium size airways (major 

bronchi) and parenchyma revealed, that the strongest effect was detected in 

parenchymal fibroblasts26. Additional information on how PSE affects the 

pulmonary methylome may be obtained by studying a larger set of separate cell 

types of different localization, or distinguishing (at a minimum) between 

parenchyma, connective tissue and blood vessels.  

Next, we hypothesized that neonatal body weight can be associated to a previously 

found link between the hepatic Igf1 methylation profile and its gene expression. An 

association of these two parameters to the body weight could indicate a 

physiological consequence for PSE-induced aberrant DNA methylation. Following 

our second hypothesis, linear regression models were used to describe associations 

between PSE-reduced neonatal body weight, hepatic Igf1 gene expression and the 
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methylation status at Igf1 CpG-1254. We speculate that the methylation status of 

Igf1 (especially CpG-1254) has a regulatory role on gene expression which in turn 

may affect the offspring’s body weight. 

Conclusion 

In concordance with our previous findings, the observations within this report 

suggest organ- and cell type-dependent PSE-induced prenatal programming of the 

Igf1 promoter. The majority of differences was found when comparing bronchial and 

tracheal epithelium to that of esophagus. We speculate that the limited difference 

between both epithelia could be explained by their common derivation with a 

similar/related composition of ciliated and mucin-producing cells. This is opposed 

by the squamous epithelium seen in the esophagus. However, the distinct differences 

when comparing to whole lung and to liver warrant a more detailed and cell type-

specific analysis. This may be particularly relevant for an analysis in the liver 

because of its role in IGF1 synthesis.  

Our findings emphasize organ- and cell type-specific basal methylation signatures. 

These are of importance in future investigations that target prenatal programming 

consequences by life style factors such as maternal smoking. 

Material and Methods 

Animals & smoke exposure 

C57BL/6J mice were obtained from Harlan (Horst, The Netherlands) at 6 weeks of 

age, housed under standard conditions with food and water provided ad libitum and 

at a 12 hour light/dark cycle. The experiments were approved by the local committee 

on animal experimentation (DEC6589 B & C; University of Groningen, Groningen, 

The Netherlands) and under strict governmental and international guidelines on 

animal experimentation. 

Mainstream cigarette smoke was generated by using the Teague10 apparatus 

(Tobacco and Health Research Institute of the University of Kentucky, Lexington, 

KY, USA). Over a period of 7 days, randomly selected primiparous female mice 

were adjusted to cigarette smoke by stepwise increasing the number of smoked 

cigarettes (3R4 cigarettes; 2.45 mg nicotine/cigarette) from 2 to 5 per smoking 

session. Primiparous mice were used to ensure that all mice received the same smoke 

exposure. “Reusing” of a mouse in this experiment would have resulted in a longer 

smoke exposure of the dam. This bears potential for maternal adaptations that may 

have an effect on the embryo/fetus. At adjustment day 5 after the end of the second 

smoking session, all female mice were injected with PMSG (1.25 i.u.) to stimulate 

ovulation and at day 7 with hCG (1.25 i.u.) to induce ovulation and housed on a 1:1 
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mating ratio with males overnight. Mating was confirmed by the presence of vaginal 

plug at the following morning. 

Female mice were exposed to two air or whole body smoking sessions per day, 7 

days per week throughout gestation and housed in groups. After delivery, dams and 

their offspring were no longer exposed to cigarette smoke and housed individually. 

A total of 42 pups randomly selected from 9 smoke exposed (11 male, 8 female) and 

10 control (11 male, 12 female) dams were euthanized at postnatal day 3 for 

collection of lung and liver. The material was immediately frozen in liquid nitrogen 

and stored at -80°C until further use. 

Determination the genetic sex of mice 

DNA from the tail of the pups was obtained by SDS denaturation, high salt 

extraction and precipitation. The amplification reaction was adopted from Lambert et 

al.27 and performed using two primer sets which are specific for the genes Sry 

(forward: 5'-TGGTCCCGTGGTGAGAGGC-'3, reverse: 5'-TATGTGATGGCAT 

GTGGGTTCC-'3) and IL3 (forward: 5'-GGGACTCCAAGTTCAATCA-'3, reverse: 

5'-TGGAGGAGGAAGAAAAGCAA-'3). 

Laser Capture Micro-dissection 

Frozen lung sections were prepared at 8mm thickness and quickly counterstained  

with hematoxylin and eosin immediately before specimen collection via laser 

capture micro-dissection (LCM). Cell type enrichment was done using Laser 

Microdissection System LMD6500 (Leica Microsystems, Amsterdam, The 

Netherlands) by manual identification of airway epithelial cell lining, and when 

present, trachea and esophagus were also collected. Once identified, areas were 

selected at 20x magnification and captured into adhesive caps (Carl Zeiss GmbH, 

Jena, Germany). Tissue dissects were immediately stored at -80°C until further use. 

DNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Venlo, The 

Netherlands), according to the manufacturer's protocol.  

mRNA expression analysis 

Quantitative PCR for mRNA levels was performed using TaqMan® Fast Advanced 

Master Mix (Thermo Fisher Scientific, Cat No. 4444964) with commercially 

available primers for target gene Igf1 (Applied Biosystems, Mm00439560_m1). 

Detection of amplification reactions were performed using Step One Plus RealTime 

PCR System (Applied Biosystems, Foster City, CA, USA) with cycling conditions 

as follows: 95 °C for 20 s, 40 cycles of 95 °C for 1 s, 60 °C for 20 s. Reactions were 

performed in triplicate and normalized to housekeeping gene Gapdh (Applied 

Biosystems, Mm99999915_g1). We excluded 5 out of 42 data points for Igf1 due to 

large differences between target and housekeeping gene. 
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Bisulfite sequencing analysis 

For the assessment of promoter methylation levels of Igf1, bisulfite sequencing 

primers were designed using PyroMark assay design software (version 2.0, Qiagen). 

Selection of CpG-sites was based on manual identification of CpG dinucleotides, 

using ENSEMBL genome web browser (Ensembl 83: Dec 2015) and transcript 

location for the identification of gene promoter regions. The mouse Igf1 

(ENSMUSG00000020053) has eight transcripts. In this study, we focused on 

transcript Igf-005 (ENSMUST00000122386, as previously discussed28. 

Extracted genomic DNA from whole lung, liver and epithelium of bronchus, trachea 

and esophagus were converted with sodium bisulfite (EZ DNA Methylation-

Direct™, Zymo Research, Irvine, CA) following the manufacturer’s instructions. In 

short, the bisulfite conversion was carried out in the dark at 98°C for 10 minutes and 

64°C for 3.5 hours followed by desulphonation of the converted DNA. Gene 

amplification was done using HotStarTaq® MasterMix Kit (Qiagen, Venlo, The 

Netherlands). Further specification on amplification conditions and primer sequences 

are listed in Table 3. Amplification conditions: 95°C for 15 min, 94°C for 30 s, 

59°C for 30 s, 72°C for 30 s, 40 cycles in a reaction volume of 25 μL. To assess 

DNA methylation levels of Igf1 promoter methylation, bisulfite sequencing was 

performed on the PyroMarkQ24 (Qiagen) instrument. Relative levels of methylation 

at each CpG-site were analyzed with PyroMark Q24 2.0.6 software. 

Table 3. Bisulfite amplification (F/R) and sequencing (S) primers 
 

Gene 

Targeted 

CpG-site position 

 

Sequences 5’ – 3’ 

Igf1 -1509 to -1430 

 

Amplicon 

length [bp] 

209 

F: AGAGGGTTGGAAAGAGTTTAAG 

R: AAACCAAACTTACCTCAATCTCTTAC 

S1: AGGTTTTTATTTATGGGG 

S2: GTATTTTTAAATTTTTTTGAGA 

 

Sequence to analyze: 

S1: 

TAGYGTAAAGAGGTAGTGTAGAGTTTTTAATTGGTTTTTGTTTTTATYGATGTGTT

AGTATTTTTAAATTTTTTTGAGA 

S2: 

GTTYGAGAGAGTAAGAGATTGAGGTAAGT 

 -1357 to -1254 

 

Amplicon 

length [bp] 

212 

F: AGAGTAAGAGATTGAGGTAAGTT 

R: TTACCACAAAAAATAAAATTCTAATCTTC 

S1: GGGAAAGTATATTTGGAG 

S2: TTATTGAGAAATAGGTATAAAT 

 

Sequence to analyze: 

S1: 

AGATATTYGTGGAAAGTATGTAGYGTTTAATTTGGGTTTTTGTAATTTTTTTTTATA

ATTTATTTTTTTATTTATTGTTTTTGAAAGATTATTGAGAAATAGGTATAAAT 

S2:  

YGTATTAATAGAAGATTAGAATTTTA 

 -1212 to -1180 

 

Amplicon 

length [bp] 

250 

F: TTGGAGAGATATTAGTGGAAAGTATGTAG 

R: AATTATAATATCATTCAAATCCCTCAACT 

S: AGAATTTTATTTTTTGTGGTAAAG 

 

Sequence to analyze: 

GYGAGTTTATATATTATAAATAGTAGAAGTAGTYGGTTTGAATTATGTTGTTAGTT

ATT 
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Calculations and statistical methods 

Relative gene expression (2-ΔCt method) was calculated in Microsoft® Office 

Excel. DNA methylation data and mRNA levels were tested for normal 

distribution of residuals (IBM® SPSS® version 22 release 22.0.0.1). As not 

all of the obtained data was normally distributed and data transformation did 

not improve, we decided to evaluate all analyzed parameters per subgroups 

via two-tailed Mann-Whitney U-test. P-values ≤ 0.05 were considered 

significant. The organ comparison of Igf1 promoter methylation levels was 

done by one-way ANOVA and data were corrected for multiple testing 

(Bonferroni, IBM® SPSS® version 22 release 22.0.0.1) An association of 

body weight, percent methylation, and Igf1 mRNA levels in neonatal liver 

was assessed using linear regression.  
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Abstract 

Evidence is now emerging that early life environment can have lifelong effects on 

metabolic, cardiovascular, and pulmonary function in offspring, a concept also 

known as fetal or developmental programming. In mammals, developmental 

programming is thought to occur mainly via epigenetic mechanisms, which include 

DNA methylation, histone modifications, and expression of non-coding RNAs. The 

effects of developmental programming can be induced by the intrauterine 

environment, leading to intergenerational epigenetic effects from one generation to 

the next. Transgenerational epigenetic inheritance may be considered when 

developmental programming is transmitted across generations that were not exposed 

to the initial environment which triggered the change. So far, inter- and 

transgenerational programming has been mainly described for cardiovascular and 

metabolic disease risk. In this review, we discuss available evidence that epigenetic 

inheritance also occurs in respiratory diseases, using asthma and chronic obstructive 

pulmonary disease (COPD) as examples. While multiple epidemiological as well as 

animal studies demonstrate effects of ‘toxic’ intrauterine exposure on various 

asthma-related phenotypes in the offspring, only few studies link epigenetic marks to 

the observed phenotypes. As epigenetic marks may distinguish individuals most at 

risk of later disease at early age, it will enable early intervention strategies to reduce 

such risks. To achieve this goal further, well designed experimental and human 

studies are needed. 
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Introduction 

Asthma and chronic obstructive pulmonary disease (COPD) are chronic lung 

diseases, both thought to result from a complex interplay of genetic factors and 

environmental exposures. These gene-environment interactions, in general, are now 

known to be mediated by epigenetic mechanisms such as histone modifications1, 

DNA methylation2 and hydroxyl methylation3, chromatin remodeling4, and 

expression of non-coding RNAs5. Epigenetic events are uniquely susceptible to 

endogenous and exogenous factors and most commonly take place during the 

prenatal period as the epigenome plays a vital role in embryonic development and 

tissue differentiation6,7. Epigenetic changes are different from genetic changes as 

they do not involve alterations of the DNA sequence and hence are, in principle, 

reversible8. As they were found to be inheritable, epigenetic events can be long 
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lasting and passed on to the next generation. This is not limited to the first generation 

of the progeny but can involve the grandchildren and even further generations9. 

Mechanisms on epigenetic inheritance have been extensively reviewed recently10-14 

and will be discussed only briefly in this review. 

Definition of inter- and transgenerational inheritance 

In this review, we describe evidence from epidemiological and experimental studies 

for asthma and COPD which suggest that epigenetic inheritance does occur. 

However, epigenetic marks can only be retained and transmitted from one generation 

to the next when reprogramming of the germ line fails to remove epigenetic 

signatures that are required during development. The effects of developmental 

programming can be induced by the intrauterine environment (cigarette smoke, 

nutrition, and stress) which not only affect the fetus (F1) but also the germ line of the 

fetus (F2), leading to so-called intergenerational epigenetic effects. When 

developmental programming is transmitted across generations beyond F3, it is 

considered to be transgenerational and cannot be explained by direct environmental 

exposure anymore. Only a few studies provide evidence for transgenerational 

epigenetic inheritance, which was mainly transmitted down the paternal line9. 

Epigenetics in asthma 

Asthma is a common chronic inflammatory disorder of the airways, of which the 

prevalence has increased dramatically during the last two to three decades. Asthma is 

characterized by recurring episodes of airflow obstruction, intermittent chest 

symptoms such as wheezing, coughing, and shortness of breath, as well as bronchial 

hyperresponsiveness (BHR) 15,16. In the developed world, approximately 50% of 

asthma patients suffer from the allergic phenotype of disease17 in which type 2 

helper T cell (Th2) activation is dominant, resulting in an increased level of Th2 

cytokines, such as interleukin (IL)-4, IL-5, and IL-13, a decreased level of Th1 

cytokines, such as interferon-gamma (IFN-γ), and an impaired function of regulatory 

T cells (Tregs). 

Genetic sequence variations are associated with risk for asthma18-23 but are per 

se unable to explain the escalating incidence of chronic inflammatory disorders 

during the past decades. Over time, it became evident that DNA variation can be 

associated with modified responses to environmental challenges22. However, genetic 

variants can also affect epigenetic signatures through differential DNA methylation 

of CPG sites23-24. Interestingly, a three-way interaction of genetic variations, DNA 

methylation and environmental exposure was first demonstrated by Salam et al.25, 

who showed that exposure to particulate matter and methylation levels of the NOS2 

promoter haplotypes jointly influenced levels of exhaled nitric oxide. Thus, 



Chapter 7 

116 

epigenetic mechanisms in interaction with genetic variants might confer further 

flexibility towards environmental exposures. 

Nonetheless, it remains an open question why environmental exposures interact with 

gene variations and thereby possibly bear potential to modify disease risks during 

critical developmental windows only. As outlined in the introduction, it has been 

hypothesized that environmental influences during vulnerable developmental periods 

may lead to lasting changes of the epigenome resulting in altered functionality of the 

lung and/or the immune system. So far, the majority of human studies have looked at 

associations of epigenetic modifications - for technical reasons mainly DNA 

methylation - with respiratory disease. 

For example, genome-wide DNA methylation was analyzed in isolated peripheral 

monocytes from adult patients with eosinophilic, paucigranulocytic, or neutrophilic 

asthma versus healthy controls. While nine genes (TBX5, RBP1, NRG1, KCNQ4, 

PYY2, FAM19A4, SYNM, ME1, AK5) were hypermethylated and common to all 

asthma phenotypes, single in silico constructed networks were characteristic for the 

different asthma phenotypes26. 

In addition, using candidate gene approaches, a number of genes related to asthma 

and involved in oxidative stress, immunity, and lipid metabolism were investigated. 

In an analysis of 12 genes implicated in oxidative stress pathways, higher 

methylation of protocadherin-20 (PCDH-20) was observed in sputa from adult 

smokers with asthma compared to non-asthmatic subjects with a similar smoking 

history and without COPD27. Methylated paired box 5 protein transcription factor 

(PAX-5a), although not being associated with asthma risk, interacted synergistically 

with PCDH-20. In another study, adrenergic-receptor beta-2 (ADRB2) 5′-UTR 

methylation was analyzed in whole blood from 60 children with mild asthma and 

122 children with severe asthma. Here, higher methylation was positively related to 

severity of asthma, in a dose-dependent manner28. In addition, children with severe 

asthma and exposure to higher levels of indoor NO2 correlated positively with 

ADBR2 methylation, indicating the latter may directly or indirectly modify the 

effect of NO2on asthma severity. This observation was recently challenged by 

Gaffin et al.29 who reported an inverse relation between average CpG methylation of 

ADBR2 with asthma severity in peripheral blood or saliva from 177 elementary 

school children with physician-diagnosed asthma, enrolled in the School Inner-City 

Asthma Study. The participants of both studies were of comparable age and similar 

diagnostic criteria for asthma were applied; however, as also emphasized by the 

authors, different regions of the ADRB2 gene were analyzed. This highlights the 

necessity to ensure that altered methylation affects gene expression and function and 

is not an epiphenomenon. 
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In this line, differential methylation of FOXP3 and IFNγ promoter regions was 

demonstrated in isolated peripheral regulatory and effector T cells from 21 

monozygotic twin pairs discordant for asthma (age range 9 to 76 years). Higher 

methylation of both genes was associated with reduced mRNA and protein levels 

and was further associated with reduced suppressor function and T cell proliferation. 

Interestingly, FOXP3 levels were lowest in asthmatic twins who were additionally 

exposed to passive smoking. Moreover, increased methylation of FOXP3 was 

confirmed in purified bronchoalveolar lavage fluid (BALF) Tregs obtained from a 

subset of twins30. This indicates that relevant epigenetic changes of immune cells 

may also be seen in the periphery which would facilitate investigations in humans. 

On the other hand, Stefanowiscz et al. emphasized the importance of addressing 

epigenetic changes in relevant target tissues31 while DNA methylation of STAT5A 

and CRIP1 in airway epithelial cells distinguished asthmatic children from non-

asthmatic atopics and healthy controls, these differences were not observed in 

PBMC. Similarly, cell-specific DNA methylation at the A disintegrin and 

metalloprotease 33 (ADAM33) gene promoter, which has been implicated in severe 

asthma, differed considerably between epithelial cells and fibroblasts and resulted in 

altered gene regulation32. 

In peripheral B cells, the promoter region of prostaglandin D2 (PGD2) - an 

arachidonic acid-derived metabolite supporting Th2 cell differentiation and 

eosinophilia - was found to be hypomethylated from children with physician-

diagnosed asthma compared to healthy controls24. Of note, the authors showed that 

hypomethylation was a) related to DNA variants and b) confirmed that this resulted 

in higher PGD2 expression levels supporting the functional relevance of these 

epigenetic changes. 

Studies on epigenetics in asthma may have been hampered, as over the years, 

different clinical subgroups have been described. Hierarchical cluster analysis has 

demonstrated that there are at least five phenotypes which segregate according to age 

of onset, atopy, pulmonary function, requirement for medications, and a number of 

other factors33. However, in most published studies, rigorous phenotyping of patients 

is lacking. 

Epigenetics in COPD 

COPD is a life-threatening lung disease, mainly caused by cigarette smoking 

although other inhaled noxious particles and gases may contribute34. This leads to 

chronic airway inflammation, airway remodeling, and emphysema of the lung 

parenchyma. These lung pathologies lead to obstruction of lung airflow that 

interferes with normal breathing and is not fully reversible upon treatment35. Also for 

COPD, the evidence of epigenetic changes is emerging. Epigenetic modifications in 
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bronchial epithelium and sputum have been linked to health status in patients with 

COPD36,37 and cigarette smoking38,39. In addition, epigenetic regulation was found to 

be critically important in chronic remodeling40, as well as in small airway pathology. 

In small airway epithelial cells (SAE) of nine ex-smoking patients with COPD, 

hundreds of genes were found predominately hypermethylated relative to SAE of ex-

smoking individuals without COPD, which was associated with lower lung 

function41. Furthermore, as reviewed in42, the expression of the different epigenetic 

patterns in various muscles of patients with COPD was found to explain skeletal 

muscle dysfunction, a possible systemic manifestation of this lung disease, 

especially in advanced stages of COPD. 

Additionally, an epigenome-wide analysis in peripheral blood cells demonstrated a 

large number of differentially methylated genes, including the aryl hydrocarbon 

receptor repressor (AHRR)43, which was confirmed together with F2RL3 later in an 

independent study44. Of note, differential methylation of the AHRR was also found 

in cord blood from children after prenatal smoke exposure45 (see below) and was 

shown to persist until early infancy46, demonstrating that there is at least in some 

instances a prolonged epigenetic memory of environmental insults. 

Temporal changes of DNA methylation 

Although the examples above illustrate that epigenetic changes occur in asthma and 

COPD, they bear the risk of reverse causation as epigenetic modifications are 

inducible and may represent a response to the pathology rather than being its root. 

Therefore, temporal changes of epigenetic marks as well as the timing of exposure 

and outcome need to be investigated during the life course. Temporal persistence of 

epigenetic DNA modifications were observed in adults after extended periods of 

smoking cessation in adults, which may explain the prolonged health risks after 

cigarette smoking. Thus, differential methylation of F2RL3 and GPR15 was shown 

to be significantly associated not only with current smoking but also with time since 

quitting smoking, in a dose-response relationship47. Similarly, Tsaprouni et 

al. reported reduced peripheral blood DNA-methylation which was only partially 

reversible after smoking cessation48. In addition, pet keeping and tobacco smoke 

exposure was shown to limit increase in CD14 methylation from 2 to 10 years of age 

in 157 children from the prospective Environment and Childhood Asthma birth 

cohort, partly explaining the diverging CD14 allele associations with allergic 

diseases detected in different environments49. 

With regard to asthma, genome-wide DNA methylation of CpG sites was recently 

assessed in peripheral blood leukocytes from 245 female participants of the Isle of 

Wight cohort at the age of 18 years50. In a subset of 16 and 18 women with and 

without asthma, DNA methylation was assessed in samples collected at 10 years of 
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age. Focussing on genes of the Th2 pathway (IL4, IL4R, IL13, GATA3, STAT6), 

the authors demonstrated that the odds of asthma tended to decrease at the age of 

10 years with increasing GATA3 methylation. This effect disappeared by age 18. 

Depending on the IL-4R genotype, methylation of two CpG sites was associated 

with higher risk of asthma in 18 year olds. These CpGs had no effect at the age of 

10 years. Increasing methylation of one of the CpGs over time was related to a 

reduced risk of developing asthma in the first 10 years of life and increased the 

probability for 10-year-old asthmatics to have lost the disease by the age of 18. Thus, 

the study shows not only an interaction between IL-4R gene variants and DNA 

methylation in relation to asthma but also an effect of temporal change of DNA 

methylation on asthma transition between ages 10 and 18. 

Prenatal exposures and epigenetic changes related to asthma or 

COPD risk 

Numerous prenatal exposures such as maternal asthma or atopy, maternal nutrition 

or obesity during pregnancy, maternal gestational stress, and pollutants have been 

brought into context with respiratory disease. Among these, maternal 

smoking during pregnancy is one of the most important risk factors for impaired lung 

function development and asthma risk51-53. Since childhood asthma was shown to 

increase the risk for adult airflow obstruction by 20-fold54, prenatal smoke exposure 

is also a potential risk factor for COPD. 

Maternal smoking has been linked with genome-wide higher methylation of 

peripheral blood. In 92 adult women from a birth cohort dating back to 1959 (New 

York participants of the ‘National Collaborative Perinatal Project’) methylation of 

repetitive elements (LINE1-M1, Sat2-M1, Alu-M2), which are markers of global 

methylation in the identical blood samples, showed an inverse association between 

prenatal smoke exposure and Sat2 methylation55. In addition, an inverse dose-

response relationship was observed between cord blood cotinine levels and global 

cord blood DNA hypomethylation in 30 newborns56. 

Breton et al. observed lower DNA methylation levels of the short interspersed 

nucleotide element AluYb8 in buccal cells from 348 prenatally exposed kindergarten 

and elementary school children57. Hypomethylation of LINE-1 was only seen in 

prenatally exposed children who were glutathione S-transferase (GST) M1 null, 

while methylation was higher in those with GSTM1. Thus, variants in detoxification 

genes may modulate the effects of prenatal exposure via differential epigenetic 

marks. 

In candidate gene approaches, significant, albeit small differences in methylation of 

Neuropeptide S Receptor 1 (NPSR1) were observed in whole blood samples from 
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adults with severe asthma and children with physician-diagnosed allergic asthma of a 

Swedish Birth cohort (BAMSE). In children, the NPSR1 methylation status was 

influenced by prenatal smoke exposure58. Prenatal smoke exposure throughout 

pregnancy was further associated with higher DNA methylation of the paternally 

expressed insulin-like growth factor 2 (IGF2) in cord blood when compared to 

samples from infants born to mothers who quit smoking in early pregnancy. There 

was a clear gender difference as methylation levels differed most significantly in 

male offspring59. 

Within the Isle of Wight birth cohort, Patil et al. analyzed the interaction of six CpG 

sites in the IL-13 promoter with two functional gene variants of IL-13 in 245 female 

participants at the age of 18 years. The authors demonstrated a) an interaction of one 

functional IL-13 gene variant, rs20541, and maternal smoking during pregnancy 

with DNA methylation at one CpG site and b) that the interaction of this CpG site 

with another functional SNP affected airflow limitation and airway reactivity2. The 

authors propose a two-stage model where exposures first interact with so called 

methylation quantitative trait loci, that is, gene variants affecting susceptibility to 

DNA methylation, thereby modifying gene regulation. The response to subsequent 

environmental challenges potentially interacting with other gene variants within the 

same gene in a second stage would then be affected by the presence or absence of 

the epigenetic modification established during the first stage. 

In an epigenome-wide association study (EWAS), lower cord blood DNA 

methylation of cytochrome P450 aryl-hydrocarbon-hydroxylase (CYP1A1) gene and 

hypermethylation of most investigated CpG sites of the aryl hydrocarbon receptor 

repressor gene (AHRR) were demonstrated in 1,062 prenatally smoke-exposed 

children of the Norwegian Mother and Child Cohort Study (MoBa)45. Both 

molecules play an important role in metabolizing xenobiotics and were also modified 

in adult smokers60. Thus, prenatal tobacco smoke exposure may predispose to altered 

responses towards xenobiotics in later life via lasting epigenetic modifications which 

could affect the risk for pulmonary disease. In contrast to the findings in cord blood, 

the identical CYP1A1 CpG sites were hypomethylated in placentae of smoking 

women with higher CYP1A1 mRNA expression61. Further changes of global DNA 

methylation in placental tissue from smoking mothers have been reported62,63. 

Another recent large EWAS identified and partly newly confirmed 185 CpG sites 

with altered methylation among FRMD4A, ATP9A, GALNT2, and MEG3, in whole 

blood of infants of smokers within 889 newborns from the Norway Facial Clefts 

Study. 

These genes are implicated in processes related to nicotine dependence, smoking 

cessation, and placental and embryonic development64. In addition to blood sample 

analyses, recently, an EWAS was performed in 85 fetal lung and the corresponding 
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placental tissue samples of which 41 were smoke exposed, using the Illumina 

HumanMethylation450 BeadChip array. Analyses of DNA methylation was 

conducted to evaluate the variation associated with nicotine exposure. The most 

significant differentially methylated CpG sites in the fetal lung analysis mapped to 

the PKP3, ANKRD33B, CNTD2, and DPP10 genes. In the placental methylome, 

however, the most significant CpG sites mapped to the GTF2H2C and GTF2H2D 

genes and 101 unique CpG sites were concordant between lung and placental tissue 

analyses. Gene Set Enrichment Analysis demonstrated enrichment of specific 

disorders, such as asthma and immune disorders, suggesting a role for DNA 

methylation variation in the fetal origins of chronic diseases65. 

Besides maternal smoking, prenatal exposure to airborne pollutants has been 

suggested as risk factor for asthma. High prenatal exposure to polycyclic aromatic 

hydrocarbons (PAH) has been reported to be associated with higher methylation of 

an enzyme involved in fatty acid metabolism termed acyl-CoA synthetase long-chain 

family member 3 (ACSL3) in cord blood DNA and matched fetal placental tissues66. 

The relation of ACSL3 function with asthma is not known. In a subsequent study, 

the authors reported hypermethylation of the IFNγ promoter in cord blood DNA in 

association with maternal PAH exposure67. Higher levels of prenatal 

dichlorodiphenyldichloroethylene, a metabolite from the pesticide DDT, were 

associated with DNA hypomethylation at age 4 years of a CpG site in the 

arachidonate 12-lipoxygenase (ALOX12) gene and associated with persistent 

wheezing in 6-year-old children from two independent Spanish cohorts. ALOX12 

DNA methylation was further associated with genetic polymorphisms68. 

Intrauterine exposure to a farming environment has further been associated with 

decreased risk for asthma and allergies. The CD14 promoter region was differently 

methylated in placentae from women living on a farm compared to non-farming 

women69. 

In a birth cohort, cord blood Treg cell counts were increased with maternal farming 

exposures during pregnancy and associated with higher FOXP3 expression70. 

FOXP3 hypomethylation was increased with maternal consumption of farm milk. 

More recently, the Protection against allergy: study in rural environments 

(PASTURE) study was used to investigate methylation patterns of ten asthma 

candidate genes in cord blood and at age 4.5 years. ORMDL1 and STAT6 were 

hypomethylated in cord blood DNA from farmers’ offspring, while regions in 

RAD50 and IL-13 were hypermethylated71. An association with asthma was only 

seen in non-farming offspring for hypermethylated cord blood ORMDL3 and 

STAT6. Irrespective of the exposure or disease status, methylation of several asthma 

and allergy-related genes changed over time (IL-4, IL-13, ORMDL3, RAD50), 
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indicating their involvement in developmental processes, while Treg-related genes 

(FOXP3, RUNX3) remained unchanged. 

Exposures beyond the mother: what about fathers and ancestors? 

Studies based on historical records of a small population in North Sweden 

(Överkalix) reported that the mortality rate of men is linked to food supply of the 

father’s father in mid-childhood, while the mortality rate of women was exclusively 

related to food supply of their father’s mother72. Data from the Avon Longitudinal 

Study of Parents and Children (ALSPAC) indicate an association of grandmaternal 

smoking with increased birth weight, birth length, and BMI in grandsons of non-

smoking mothers but not in granddaughters. The same group of authors reported an 

association of paternal prepubertal smoking with greater BMI of their sons73. 

To date, there is very limited evidence for an exclusive establishment of risk for 

respiratory disease via the mother. Li et al. reported in 2005 that a grandchild’s 

asthma risk is increased if the grandmother smoked cigarettes during her pregnancy, 

even if the mother did not smoke74. So far, this issue has been investigated again in 

the ALSPAC where such an association was seen for the paternal, but not the 

maternal, grandmother75. Interestingly, this relation was stronger for granddaughter 

than for grandson’s asthma risk indicating again gender-specific effects. Epigenetic 

alterations were not investigated in these studies. Also in the Norwegian Mother and 

Child Cohort Study, grandmother’s smoking when pregnant with the mother was not 

associated with cord blood DNA methylation in the grandchild at loci associated 

with maternal smoking during pregnancy76. This however, does not exclude the 

possibility that the grandmother’s smoking is associated with DNA methylation in 

the grandchild in other areas of the genome. 

Experimental intergenerational epigenetics 

Animal models facilitate to investigate epigenetic inheritance across generations. So 

far, a number of prenatal exposure scenarios including maternal exposure to 

allergens77, tobacco78, nicotine79,80, pollutants81, bacteria or bacterial compounds82, 

fungi83, and maternal stress84 have been investigated in intergenerational animal 

models for asthma risk (Table 1). Several studies report reduced lung function78,84-87 

and/or altered lung structure78,87-89. In addition, expression of genes with known or so 

far unknown relationship to asthma was investigated90,91. However, there is currently 

a paucity of studies aiming to investigate underlying epigenetic mechanisms80,92. 

Although several models included exposures during the preconceptional period77,93-

97, very few addressed effects on asthma risk during this period only93,98. 

Up to date, several intergenerational animal models exist which address fetal 

exposure to maternal passive smoking85. A study by Rouse et al. reported that in 
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utero exposure to environmental tobacco smoke (ETS) did not alter the respiratory 

structure or function in offspring at the age of 10 weeks91. However, after ovalbumin 

(OVA) sensitization and challenge at the age of 10 weeks, lung function was 

impaired in both male and female offspring. Microarray analysis, only performed in 

lungs from female offspring, revealed a number of downregulated genes. Those are 

related to asthma and immune responses and include CCL8, CCL11, CCL24, IL4, 

IL6, IL10, IL13, IL1β, TNFą, and others. In a similar second hit scenario, dams were 

exposed to ETS from 2 weeks prior to conception until weaning of the pups. Airway 

reactivity was moderately increased in exposed offspring at baseline but increased 

dramatically together with Th2 cytokines and IgE after repeated 

intratracheal Aspergillus (A.) fumigatus instillation as compared to non-exposed 

controls. BHR, but not allergic sensitization, was mediated by increased expression 

of M1, M2, and M3 muscarinic receptors and the phosphodiesterase-4D5 isozyme as 

shown in inhibitor experiments99. 

Upregulation of Th2 cytokines and molecules along the Th2 pathway was further 

confirmed in another set of experiments with prolonged postnatal ETS exposure 

followed by repeated intratracheal A. fumigatus challenges. In contrast, goblet cell 

metaplasia and the expression of mucus-related genes were downregulated. The 

authors propose that prenatal ETS may alter the ability of mucociliary clearance87. In 

another study, prenatal ETS exposure followed by postnatal re-exposure was 

associated with impaired lung function, elevated pro-inflammatory cytokines in 

BALF and with morphological changes of the lungs. Here, the mRNA levels of 

metalloproteases ADAMST9 and MMP3 were upregulated, suggesting a profibrotic 

milieu with predisposition for obstructive pulmonary disease100. 

In an animal model for active smoking, similar to the human situation, active 

smoking during second and third trimester of pregnancy negatively affected birth 

weight and lung volume in murine offspring101. In addition, Singh et al. showed, in 

animals prenatally exposed to active maternal smoke exposure, BHR development 

following postnatal exposure to a single intratracheal injection of A. 

fumigatus extract in early adulthood. Interestingly, the increased BHR was not 

associated with more leukocyte migration or mucus production in the lung but was 

causally related to lower lung cyclic adenosine monophosphate levels, modulated by 

increased phosphodiesterase-4 enzymatic activity in the lung86. However, increased 

BHR was related to airway inflammation or mucus production in a different (ETS) 

model for maternal smoke exposure, investigated by the same research group87.  
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In children, Haley et al.102 investigated the effect of intrauterine smoke exposure on 

the expression of runt-related transcription factors (RUNX)1-3 which have critical 

roles in immune system development and function. In addition, genetic variations in 

RUNX1 were associated with BHR in asthmatic children and this association was 

hypothesized to be modified by intrauterine smoke exposure. Indeed, 17 out of 100 

RUNX1 single-nucleotide polymorphisms (SNPs) were significantly associated with 

methacholine responsiveness, and the association with one of the SNPs was 

significantly modified by a history of intrauterine smoke exposure. Quantitative PCR 

analysis of immature human lung tissue suggested an increased expression of RUNX 

at the pseudoglandular stage of lung development after intrauterine smoke exposure. 

The intrauterine smoke effect on RUNX expression was further investigated in a 

mouse model. In this model, intrauterine smoke exposure additionally altered RUNX 

expression in lung tissue samples at postnatal days (P)3 and P5, in the alveolar stage 

of lung development. In an additional mouse study from this group, abnormal 

alveolarization, induced by intrauterine smoke exposure, was further associated with 

altered retinoic acid pathway element expression in the offspring103. Disrupted 

RUNX expression and retinoic acid signaling could therefore partly explain the 

consistent identification of maternal smoking as a risk factor for pediatric asthma. 

Data from our own lab also indicate an effect of maternal smoking on gene 

transcription and lung development. Blacquiére et al. demonstrated that active 

smoking from 3 weeks prior to conception until birth resulted in lower expression of 

encoding forkhead box a2 (FOXA2), frizzled receptor 7 (FZD-7), epidermal growth 

factor (EGF), β-catenin (CTNNB1), fibronectin (FN1), and platelet-derived growth 

factor receptor alpha (PDGFRą) in neonatal offspring90. These genes are members 

of, or related to, the Wnt/β-catenin pathway, which plays an important role in lung 

branching morphogenesis104. In addition, in adult non-smoking F1 progeny from 

these smoking mothers, increased deposition of collagen III and smooth muscle layer 

thickening around the airways was found78. These characteristics of lung remodeling 

are typical for obstructive lung diseases such as asthma and COPD. The observed 

lung remodeling was associated with an increase in methacholine responsiveness, 

which is a risk factor for accelerated lung function decline in the general population 

and development of COPD. Since these striking differences were observed 

in adult mice that were not exposed to cigarette smoke after birth, it suggests that 

persistent smoke-induced epigenetic changes occurred in embryonic lungs during 

pregnancy. 



Inter- and transgenerational epigenetic inheritance: evidence in asthma and COPD? 

125 

Table 1. Overview of experimental in utero exposure models 

Studies investigating effects up to F2: (ref.80,83,109). Studies investigating effects up to F3: (ref.9,145). 

Studies using rhesus monkeys: (ref.126) (all other studies mentioned use rodents). Not all studies relate to a 

lung phenotype. *Studies with F1 animals exposed via mothers milk and used for further breeding. OVA, 

ovalbumin; HDM, house dust mite extract; BPA, bisphenol A; TDI, toluol-2,4-diisocyanat; DNCB, 

dinitrochlorobenzene; DEP, diesel exhaust particles; ROFA, residual oil fly ash; UPM, urban particulate 

matter; FA, formaldehyde; PT, pertussis toxin; BLG, beta-lactoglobulin; LPS, lipopolysaccharide; FBZ, 

fenbendazol. 

Exposure type Preconceptional exposure Prenatal exposure Postnatal challenge 

Sidestream tobacco 

smoking 

(SS; ‘passive smoking’) 

SS (ref.87,99) 
SS 

(ref.85,87,89,91,99,100,126-133) 

SS 

(ref.85,87,89,91,99,100,126-133), 

OVA (ref.91,130) 

Mainstream tobacco 

smoking 

(MS; ‘active smoking’) 

MS 

(ref.78,86,90,102,103,134,135) 

MS 

(ref.78,86,90,101-103,134,135) 

SS (ref.86,134), 

A. fumigates (ref.86), 

HDM (ref.78), 

MS (ref.103,135) 

Active and passive 

tobacco smoking 
 MS + SS vs. SS (ref.136)  

Surrogate for tobacco 

smoking 

Nicotine (ref.137), 

nicotine (F1*) (ref.9,80) 

Nicotine (ref.79,138-142), 

nicotine (F1) (ref.9,80) 

Nicotine (ref.79), 

nicotine (F1*) (ref.9,80) 

Pollutants 
BPA (ref.143), 

TDI or DNCB (ref.144) 

BPA (ref.143,145,146), 

DEP (ref.147-149), 

DEP, TiO2, or carbon black 

(ref.150), 

ROFA (ref.151), 

ozone (ref.152), 

UPM (ref.153), 

FA (ref.154) 

OVA (ref.143,144,147,150,152-

154), 

low- or high-fat diet 

(ref.148), 

ozone (ref.149) 

Allergens 

OVA 

(ref.77,93,96,97,105,155-157), 

peanut (ref.92) 

OVA (ref.77,96,155,158-160), 

OVA + Al(OH)3 OVA + PT, or 

OVA + CpG (ref.161) 

OVA (ref.77,93,96,105,156-160), 

OVA or Casein (ref.155), 

OVA or BLG (ref.97), 

OVA + Al(OH)3 (ref.161), 

peanut (ref.92) 

Bacteria and bacterial 

compounds 
LPS (ref.82) 

LPS (ref.82,162,163), 

LPS + iNOS inhibitor (ref.164), 

A. lwoffii F78 (ref.165,166), 

L. rhamnosus (ref.167) 

OVA (ref.82,163-167), 

LPS or OVA (ref.162) 

Fungi 
A. fumigates (ref.83,108), 

M. anisopliae (ref.168) 

A. fumigates (ref.83), 

DEP + A. fumigates (ref.169), 

M. anisopliae (ref.168) 

A. fumigates (ref.83,108), 

M. anisopliae (ref.168) 

Nutrition, stress, and other 

factors 

Methyl donor supplement (ref.109), 

vitamin D3-deficient diet (ref.170) 

Noise (ref.169), 

methyl donor supplement (ref.109), 

vitamin A-deficient diet (ref.171), 

vitamin D3-deficient diet (ref.170), 

vitamin D-deficient diet (ref.172), 

FBZ (ref.173) 

OVA (ref.109,169), 

vitamin D3-deficient diet 

(ref.170), 

vitamin D-deficient diet 

FBZ (ref.172) and OVA 

(ref.173) 

Numerous studies investigated the effect of maternal sensitization and/or asthma 

phenotype in the offspring96,105-107. In some instances, combinations of allergen and 

pollutants were used108. Fedulov et al. demonstrated in 2011 that adoptive transfer of 

dendritic cells (DCs) from allergen-naive neonates from asthmatic mothers into 3-

day-old mice from non-asthmatic mothers conferred increased allergen 

responsiveness resulting in heightened BHR and allergic inflammation. While the 
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phenotype of ‘asthma-susceptible’ DCs was largely unaltered, DCs showed 

enhanced allergen-presentation activity in vitro and a global increase in DNA 

methylation. The ‘asthma-transferring’ ability seemed to be restricted to DCs, as 

other investigated immune cell types did not show this ability93. In a model of 

maternal peanut food allergy, offspring exhibited higher peanut-specific IgE and 

histamine levels with more severe anaphylaxis after suboptimal oral peanut 

challenge compared to prenatally non-exposed offspring92. Pyrosequencing revealed 

hypomethylated IL-4 CpG sites in splenocytes and DNA methylation levels 

correlated inversely with IgE levels. 

Experimental transgenerational epigenetics 

Evidence for transgenerational transmission of asthma risk beyond the F1 generation 

was demonstrated by Hollingsworth et al. who were the first to describe the effect of 

dietary methyl donors on the risk for allergic airway disease via epigenetic 

mechanisms109. In this work, methyl supplementation of pregnant and weaning dams 

increased the severity of allergic airway disease in the offspring but not in the 

mothers. There was a less prominent effect on airway eosinophilic inflammation and 

IgE-level in the F2 generation, and this effect was transmitted paternally. The 

modified risk was associated with altered DNA methylation of several genes 

including RUNX3, in phenotypic extremes of the F1 progeny. As mentioned earlier, 

RUNX3 is known to regulate T cell development and to downregulate airway 

eosinophilia. Nonetheless, work in mice indicates that the risk of allergic airway 

disease can a) be modified through epigenetic mechanisms and b) during vulnerable 

developmental periods only. Preconceptional exposure to intranasal A. fumigates, in 

early vs late pregnancy, resulted in lower IgE in grand-offspring who were re-

exposed in young adulthood83. BALF eosinophils were increased or decreased 

depending on the timing of allergen exposure during pregnancy of the grandmothers. 

Pyrosequencing of lung DNA showed hypomethylated IL-4 CpG sites after early A. 

fumigatus exposure, whereas IFNγ was hypomethylated independent of the timing of 

exposure. The results from the epigenetic studies do not accord very well with the 

data on airway eosinophilia. However, the work demonstrates again that maternal 

exposures can affect the second generation and that the effects may depend from the 

timing of exposure during pregnancy. 

Truly transgenerational transmission of the asthma phenotype to F3 offspring was 

shown in a rat model of perinatal nicotine exposure9. The F3 generation corresponds 

to the great-grandchildren and is thus the first generation to be totally unexposed to 

the original agent. In this model, exposure of F0 dams resulted in abnormal 

pulmonary function, as well as altered expression of the remodeling marker 

fibronectin in F3. Interestingly, this transgenerational effect was sex-specific 
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occurring exclusively in males. In the F2 generation, global DNA methylation was 

increased in the testes, but decreased in the ovaries, and was not changed in the 

lungs. H3 acetylation was increased in the lungs and testes, and H4 acetylation 

decreased in the lungs while it increased in the testes and ovaries, suggesting that 

epigenetic information predisposing to asthma may be transmitted through the germ 

line in this model. However, it remains unclear whether the transgenerational effect 

is being carried through the male or female germ line. 

Potential mechanisms leading to transgenerational inheritance 

Reprogramming of the epigenome 

A major barrier to transgenerational inheritance is developmental reprogramming. 

During this process, DNA methylation, histone variants and their modifications, as 

well as small RNAs are all reset. This is required to remove epigenetic signatures 

acquired during development or imposed by the environment. It enables the zygote 

to acquire the totipotent state needed for the differentiation into all cell types. In 

mice, there are at least two rounds of genome-wide DNA methylation 

reprogramming. The first occurs just after fertilization, in the zygote and early 

cleavage stages, to erase gametic (sperm and oocyte) epigenomic marks. The next 

major reprogramming process occurs in the cells that will form the germ line of the 

developing embryo to achieve an epigenetic state distinct from somatic cells. In each 

reprogramming window, a specific set of mechanisms regulates erasure and re-

establishment of DNA methylation13,14. Still, there is strong evidence for persisting 

transmission of the DNA methylation through the gametes to the next generation at a 

small number of loci in the mouse110. In a study investigating DNA methylation 

during early development of the mouse embryonic lineage in vivo, analysis of around 

1,000 CpG islands (CGIs) within ovulated eggs showed that 15% are methylated111. 

The level of methylation was higher (25%) in sperm but the proportion of individual 

CpG sites methylated in CGIs in sperm was lower. By the blastocyst stage many of 

these methylated CGIs show some loss of methylation but not to the very low levels 

predicted by the accepted model for epigenetic reprogramming112. These were non-

imprinted, non-repetitive genes (retrotransposons). 

Parental imprinting 

Parental imprinting, also known as genomic imprinting, is the process by which 

genes are expressed on only one of the two parental inherited chromosomes (either 

from the mother or father). During gamete formation, following germ line 

reprogramming where the paternal and maternal somatic programs are erased, 

parent-specific imprints are laid down in the germ line by epigenetic 

mechanisms11,113. Imprinting is displayed in only a few hundred genes in the human 
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genome, of which most of them are located in clusters that are regulated through the 

use of insulators or long non-coding RNAs. However, as the imprint or memory lasts 

one generation, parental imprinting is not considered to be an example of 

transgenerational inheritance10. 

Chromatin proteins and epigenetic inheritance 

During mammalian spermatogenesis, chromatin in differentiating germ cells is 

extensively remodeled, with the majority of nucleosomes being removed and 

ultimately exchanged by highly basic proteins named protamines. The remaining 

nucleosomes, unlike protamines that are exclusively re-replaced by maternal 

nucleosomes in the zygotes, may potentially direct certain processes of development 

and are thus a potential source for epigenetic inheritance through the paternal germ 

line114. Therefore, the genomic loci associated with retained nucleosomes in sperm 

are of great interest and have been investigated by several groups115-118. This has 

recently led to some debate on the genome-wide localization of these nucleosomes 

and their modification and/or variant states119. Two independent studies provided 

evidence that in mammalian sperm, nucleosomes are retained predominantly within 

distal gene poor regions and are depleted significantly in promoters of genes for 

developmental regulators117,118. However, these observations contradict a previous 

report that the retained nucleosomes in human sperm are significantly enriched at 

loci of developmental importance, including imprinted gene clusters, microRNA 

clusters, and HOX gene clusters116. More precise knowledge of the genome-wide 

distribution of the nucleosomes retained in mammalian spermatozoa is important to 

clarify their functional significance. 

MicroRNAs and epigenetic inheritance 

Non-protein coding RNAs (ncRNAs) are RNA sequences that regulate 

transcriptional and/or translational processes. Of the species of ncRNAs, the four 

best-characterized forms are microRNAs (miRNAs), small interfering RNAs 

(siRNAs), Piwi-interacting RNAs (piRNAs), and long non-coding RNAs (long 

ncRNAs)120. miRNAs are a distinct class of ncRNAs and differ from other species of 

ncRNAs in both how they are formed as well as their particular mechanism of 

action. miRNAs are processed from precursor transcripts which fold back on 

themselves, forming hairpin structures121. In general, miRNAs bind to mRNAs of 

protein-coding genes and direct post-transcriptional repression. Expression of 

miRNAs is controlled by DNA methylation of promoter-associated CpG sites of 

miRNA genes, as well as post-translational histone modifications122. 

Human spermatozoa are known to contain a large range of RNA molecules, 

including over 100 miRNAs5,120,123,124. Interestingly, in the spermatozoa of smokers, 

a total of 28 known human miRNAs were significantly differentially expressed 
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compared with non-smokers. Ten out of the twenty-eight miRNAs had validated 

targets. These altered miRNAs predominantly mediated pathways vital for healthy 

sperm and normal embryo development, particularly cell death and apoptosis. Of 

interest is that in addition, 25 components of the epigenetic machinery (different 

modulators of DNA methylation and histone modification, such as DNMT3A, 

DNMT3B, and several HDACs) were shown to be targets of the altered miRNAs5. 

This means that these miRNAs could act as potential epi-miRNAs by mediating 

changes in DNA methylation and/or histone modification. In this way, miRNAs 

could affect phenotypes in future progeny. Also in oocytes (mouse), different classes 

of ncRNAs have been described125. 

Conclusions 

Although a number of human studies have reported an association of prenatal smoke 

exposures with epigenetic changes in relation to asthma and COPD, there is very few 

human data available regarding the effect of grandparental exposures on disease risk 

in grandchildren and even less with information on epigenetic events. In addition, all 

available epidemiological studies address intergenerational rather than true 

transgenerational propagation of risk for respiratory disease. Although the few data 

from experimental animal models show evidence for transgenerational inheritance, 

also for early nutritional environmental exposures, further investigations in these 

models are clearly needed to unravel the underlying mechanisms. Moreover, large, 

well-characterized cohort studies would be needed to explore whether 

transgenerational inheritance indeed also occurs in humans. It will be important to 

investigate epigenetic signatures over time in birth cohorts and, where possible, 

across generations and to validate them in independent cohorts. Other important 

knowledge gaps that need to be addressed in the future are the need to understand the 

functional consequences of differentially methylated genes: even though some 

studies can associate subtle changes with phenotype, these may still represent an 

epiphenomenon. On the other hand, small changes could be important when multiple 

genes along a given pathway are affected. Also, epigenetic regulation is likely to 

differ in men and women, but this gender-specific difference has received little 

attention so far. In this respect, animal models can facilitate inter- and 

transgenerational research and may allow preclinical testing of interventions 

preventing deviation of epigenetic signatures to interrupt propagation of disease 

risks. 
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ADAM33 Adisintegrin and metalloprotease 33 

ADRB2 adrenergic-receptor beta-2 
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Al(OH)3 aluminum hydroxide 

ALOX12 arachidonate 12-lipoxygenase 

BALF bronchoalveolar lavage fluid 

BHR bronchial hyperresponsiveness 

BLG beta-lactoglobulin 

BPA bisphenol A 

COPD chronic obstructive pulmonary disease 

CYP1A1 cytochrome P450 aryl-hydrocarbon-hydroxylase 

DEP diesel exhaust particles 

DNCB dinitrochlorobenzene 

EWAS epigenome-wide association study 

FA Formaldehyde 

FBZ Fenbendazol 

GST glutathione S-transferase 

HDM house dust mite extract 

IFN Interferon 

IGF2 insulin-like growth factor 2 

IL-4 interleukin 4 

miRNA microRNA 

MoBa Norwegian Mother and Child Cohort Study 

MS mainstream smoke 

ncRNA non-protein coding RNA 

NPSR1 neuropeptide S receptor 1 

OVA ovalbumin 

PAX-5 abox 5 protein transcription factor 

PGD2 prostaglandin D2 

piRNA Piwi-interacting RNA 

PT pertussis toxin 
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ROFA residual oil fly ash 

RUNX runt-related transcription factors 

siRNA small interfering RNAs 

SNP single-nucleotide polymorphisms 

SS sidestream smoke 

TDI toluol-2,4-diisocyanat 

Th2 type 2 helper T cell 

TiO2 titanium dioxide 

Treg regulatory T cell 

UPM urban particulate matter 
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Summary 

The scope of this thesis was to investigate the programming effects of prenatal 

smoke exposure (PSE). Throughout this thesis, offspring from two different mouse 

models of maternal smoking during pregnancy were used and DNA methylation was 

assessed in lung and liver, as well as bronchial, tracheal and esophageal epithelium. 

In combination with the assessment of gene expression, we tried to establish a causal 

link between aberrant promoter methylation and deregulated mRNA levels. Chapter 

2 shows that PSE-induced changes to promoter methylation patterns are detectable in 

lungs at thirty days after birth. Moreover, it suggests that the observed effects are 

sex-specific, stressing the increased susceptibility of females. Chapter 3 reveals that 

the in chapter 2 described programming effects are gene-specific and that, again, its 

extent is more pronounced in female than in male mice. Moreover, the effect of PSE 

on DNA methylation and gene expression of Cyp2a5 that is relevant for xenobiotic 

metabolism are discussed in Chapter 4A. It shows in accordance with the analyses 

above, that PSE can alter the sex-dependent methylation profile of a gene and shows 

once more reduced gene expression in female mice. Chapter 4B extends the 

assessment of chapter 4A, demonstrating in a second mouse model distinct 

methylation profiles of Cyp2a5 in lung and liver, but also organ-specific effects of 

PSE. Chapter 5 elaborates on organ-specific promoter methylation patterns in fetal 

and three-day-old mouse offspring, investigating Igf1 and Igf1r. The naturally 

established methylation profiles are affected by PSE, dependent on the CpG-site, and 

the offspring's sex. The comparison of fetal and neonatal data suggests that even 

late-term gestation is affected by cigarette smoke, but it also indicates that the 

cellular composition of organs or rapid proliferation of a specific cell type may 

influence the analysis' outcome. Chapter 6 follows up on this observation and 

illustrates differentially methylated gene profiles in bronchial, tracheal and 

esophageal epithelium. Chapter 7 provides a review of inter- and transgenerational 

effects of smoking during pregnancy. 

General discussion 

(Re)programming 

The fetal but also the early postnatal development mark early critical life stages of 

high vulnerability as e.g., the xenobiotic detoxification as well as the respiratory or 

immune system are still in the process of development1,2. Consequently, 

environmental insults, such as smoking during pregnancy bear potential to influence 

those stages, hence affecting the offspring's (future) health3. 
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In recent years, the concept of (epi)genomic alterations, especially aberrant DNA 

methylation, as a possibly relevant link between the in utero/early life environment 

and risk for disease development later in life received a lot of attention. Indeed, 

global and site-specific aberrant DNA methylation were found in prenatally smoke 

exposed children4-7 and the persistence of CpG-site specific differences in DNA 

methylation states was comparaed at birth, seven years, and 17 years of age8. 

By using two different mouse models on smoking during pregnancy, we showed 

throughout this dissertation, that PSE induces alterations to promoter methylation 

profiles. The described changes are CpG-site specific, and vary when comparing 

both male and female offspring (Chapters 2-6), different organs (Chapter 4B & 5) or 

tissue dissects of specific cellular compartments (Chapter 6), or different time points 

(Chapter 4B & 5). Moreover, we show that modeling pregnancy smoking by both, 

whole-body or nose-only exposure, leads to disturbances on the fetal site. 

While the described associations between complete (de)methylation and a gene 

'being switched on or off' account for large differences in methylation levels, a new 

paradigm focuses on small DNA methylation changes. Those are often seen to be 

caused by environmental influences, at limited genomic regions or CpG-site specific 

and during period of epigenetic sensitivity (reviewed in ref.9). Following this model, 

these small methylation differences, similar to our findings within Chapters 2-6, 

often are only 1-5% but are sufficient to disturb the “fine-tuning” of a gene’s 

methylation signature and thereby become the hallmark of non-malignant disorders. 

These small methylation changes are also found in analyses of newborns from 

smoking mothers6,10 and were described e.g., for allergic asthma in adults and 

children11. Although differences in DNA methylation was first thought to alter 

transcriptional activity that, in turn, correlates with disease, it becomes more and 

more clear that also other epigenetic factors may be involved. Altered histone marks, 

deregulated microRNA expression patterns, or chromatin reorganization may all 

play a role in prenatal programming, and were shown to be affected by (prenatal) 

smoke exposure12-14.  

Sex differences 

Sex-specific effects of PSE were shown for e.g., fetal growth15,16 or hepatic gene 

expression17,18. The latter observation matches the earlier report upon smoke 

exposure-mediated increase of DNA methyltransferase expression in liver. This 

effect seemed more pronounced in female than in male liver, but did not reach 

statistical significance19. Moreover, also prenatal short- and long-term exposure to 

fine particulate matter induced sex-dependent gene expression20.  



Chapter 8 

144 

As indicated throughout this dissertation, the effect of smoking during pregnancy on 

gene promoter methylation differs when comparing male and female mice (Chapters 

2 - 6). Within the study that was conducted by Murphy and colleagues6, the DNA 

methylation status in umbilical cord blood was assessed and compared between 

infants from smokers and non-smokers. They found hypermethylation at the IGF2 

locus in the smoke-exposed group and that this effect was most pronounced in male 

offspring6. More recently, a postnatal pathway was described in liver that caused 

demethylation. It occurred exclusively in males, as demethylation appeared to be 

mediated by the secretion of testosterone and was found to take place at tissue-

specific enhancer sequences that in turn affected “transcriptional regulation of 

nearby genes” 21. Different base line expression levels of DNA methyltransferases 

were found when comparing human male and female fetal liver. These sex-

differences were lost after prenatal smoke exposure22. Similarly, also IGF2 gene 

expression was sex-dependent and only in male fetuses a reduced expression due to 

PSE was reported. Additional methylation analysis showed different base line 

methylation that was also affected by PSE, dependent on the analyzed region and the 

offspring's sex22. 

Organ differences 

We highlighted organ-specific gene promoter methylation profiles that are disturbed 

by PSE in chapter 4B and 5. As discussed there, genome-wide association studies in 

human blood samples are becoming increasingly common, as blood samples are the 

easiest obtainable tissue but also as an experimental setting such as we applied for 

our study would simply be not feasible in human context. However, we indicated 

that the cellular composition of both lung and liver may be a confounding factor, 

especially when comparing fetal and neonatal methylation profiles. It was 

demonstrated by Jaffe and colleagues that indeed cell composition of peripheral 

blood tissue accounts for a considerable confounder that explains a huge variability 

in DNA methylation data23. Furthermore, gestational exposure to air pollution was 

shown to influence the subpopulation of cord blood lymphocytes24. These 

observations together with our findings stress the limited significance of these 

genome-wide association studies, if those aim to display smoking-associated 

disturbances in the fetus itself. They also emphasize the importance of accurate DNA 

methylation analysis, as all organs and dissected tissues are of heterogeneous nature, 

containing different cell lineages at different differentiation or maturity stages. 

One possible way to assess DNA methylation in tissues of multiple cell compounds 

is the application of cell isolation techniques, as for instance laser capture micro-

dissection (LCM). 

We implemented this LCM technique, as presented in chapter 6, in the cell-type 

enriched DNA methylation analysis of bronchial, tracheal and esophageal 
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epithelium, and found that, in contrast to our expectations, the DNA methylation 

profile of the Igf1 gene between bronchial and tracheal epithelium were mostly not 

distinguishable. The Igf1 methylation pattern established in esophagus on the other 

hand differed widely from both bronchial as well as tracheal epithelium. The results 

imply, that within an organ, as it generally consists of a heterogeneous collection of 

different cell types, a cell-type specific methylation pattern may be masked. 

By now, DNA methylation can be assessed at single-cell resolution via genome-wide 

bisulfite sequencing (sc-BS-seq)25 or reduced representation approaches (scRRBS-

seq)26-28, that are interesting, although challenging, options to pursue in future 

research.  

Igf2 & IgfBP3 

As described within the previous paragraphs, IGF2 methylation profiles as well as 

gene expression were investigated within several studies (e.g., ref.22,29). In human 

fetal liver, higher base line Igf2 expression levels were found for boys when 

compared to girls and PSE induced a reduction in male expression levels, while 

those in females remained unaffected22. In the same experiment, IGF2 DNA 

methylation was assessed at loci that are considered as relevant for IGF2 gene 

expression. Lower base line methylation was found for males at two loci, of which 

one was hypermethylated after PSE. For the other analyzed area, CpG-sites were 

found to be hypomethylated in female liver after PSE22.  

As part of our IGF network analysis in fetal and neonatal liver and lung, we also 

assessed Igf2 gene expression in control and PSE offspring. Interestingly, we did not 

find sex-dependent base line gene expression in liver at both time points. Instead we 

found a PSE-induced reduction of Igf2 gene expression in lungs of male fetuses 

(p=0.04, Figure 1), while females appeared to be unaffected. In neonatal lung, no 

sex-differences or smoke effects were detected when comparing the obtained gene 

expression data per organ and per time point. Interestingly, Igf2 gene expression was 

higher in liver than in lung at both time points (E17.5: male control: p=0.0003, male 

PSE: p=0.0001, female control: p=0.0009, female PSE: p=0.0002; D3: male control: 

p<0.0001, male PSE: p=0.0001, female control: p=0.0002, female PSE: p<0.0001; 

3rd row, Figure 1). Within the liver, neonatal Igf2 gene expression increased for all 

subgroups when compared to that in fetuses (male control: p<0.0001, male PSE: 

p<0.0001, female control: p=0.001, female PSE: p=0.001); whicht is contrasted by 

the expression levels in lung where neonatal gene expression is lower than in fetuses 

in male but not in female offspring (male control: p=0.0003, male PSE: p=0.0015; 

females: p=ns; 3rd column, Figure 1).  
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Figure 1. Sex-dependent comparison of Igf2 mRNA levels in lung and liver of control and 

PSE offspring. 
Data are presented per sex, organ, time point and subgroup as individual values with medians as 
horizontal line. If not stated otherwise, the comparison of displayed groups was not significant. *p≤0.05, 

**p≤0.01, ***p≤0.001, ****p<0.0001 (Man-Whitney U-test). Open symbol(s)=control group, closed 

symbol(s)=PSE group. 

We evaluated gene expression levels for Igfbp3, the most abundant binding protein 

for both Igf1 and Igf2. While Igfbp3 is prominently evaluated in the carcinoma 

context30, it hardly receives attention outside the cancer field. In an animal study in 

ferrets, IGFBP3 serum levels were shown to be reduced after smoke exposure31. We 

found sex-dependent base line expression in fetal liver (p=0.03, Figure 2). However, 

no smoke effect was detected and the remaining analysis in neonatal liver as well as 

lung at both time points did not reveal significant differences. Similar to the Igf2 

analysis, we also compared the Igfbp3 expression levels per organ and time point. 

When comparing the gene expression of both organs, Igfbp3 of lung was higher than 

in liver from male PSE fetuses (p=0.02; 3rd row, Figure 2) and female control 

neonates (p=0.007; 3rd row, Figure 2). Time point comparison revealed that neonatal 

Igfbp3 gene expression in both liver and lung was higher than in fetuses and not 

affected by PSE (E17.5: male control: p=0.0001, male PSE: p<0.0001, female 

control: p=0.0003, female PSE: p=0.0002; D3: male control: 0.003, male PSE: 

0.006, female control: 0.0002, female PSE: 0.0005; 3rd column, Figure 2). 
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Figure 2. Sex-dependent comparison of Igfbp3 mRNA levels in lung and liver of control 

and PSE offspring 
Data are presented per sex, organ, time point and subgroup as individual values with medians as 

horizontal line. If not stated otherwise, the comparison of displayed groups was not significant. *p≤0.05, 
**p≤0.01, ***p≤0.001, ****p<0.0001 (Man-Whitney U-test). Open symbol(s)=control group, closed 

symbol(s)=PSE group. 

Xenobiotic Metabolism, Cyp2a5 

The metabolism of xenobiotics, nicotine in particular, was addressed in chapters 4A 

and 4B. We demonstrated that a PSE-induced effect on Cyp2a5 promoter 

methylation is only marginal in lung of fetuses, three- and thirty-day old offspring. 

An additional analysis of Cyp2a5 mRNA levels showed distinct sex-differences in 

lung at 30 days after birth, as PSE reduced mRNA levels in female, but not in male 

mice. Moreover, female baseline steady-state mRNA levels were not different from 

those of male mice, likely due to high inner-group variation. Sexually dimorphic 

Cyp2a5 expression was reported in liver, with female mice showing higher levels 

than males (female/male ratio: 3.2; 32), but this information is lacking for mouse 

lung. However, in light of these findings, our observation that Cyp2a5 promoter 

methylation is predominantly affected by PSE in fetal liver allow the speculation that 

the detected hypermethylation could result in reduced steady-state mRNA levels, as 

seen in the lung at thirty days after birth. If so, (permanently) reduced Cyp2a5 

expression levels would result in prolonged circulation of nicotine in female mice, 

extended nicotine-induced pharmacological effects, and ultimately minimized 

addictive potential of nicotine.  
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This is contrasted by studies demonstrating that prenatally smoke exposed children 

were more likely to smoke themselves33-35 and that those showed increased addiction 

with more symptoms of withdrawal than children whose mothers did not smoke 

during pregnancy36. Interestingly, a “slow CYP2A6-metabolizing phenotype”was 

described for humans and an assessment of their smoking habits showed that slow 

metabolizer smokers for instance start smoking later37, smoke fewer cigarettes per 

day38,39, smoke for a shorter duration38 and are ~2 times more likely to quit 

smoking37. These observations can be associated with several allelic variants, of 

which CYP2A6*9 appears to be the most common40. Minematsu et al. compared 

CYP2A6 genotypes in current or ex-smokers who also had COPD41. Except from 

lower life-long cigarette consumption and lower number of cigarettes per day in 

smokers with a genetic polymorphism of CYP2A6, Minematsu and co-workers 

found a protective effect of the gene mutation against pulmonary emphysema41. In a 

later study they concluded that three functional polymorphisms affected daily 

cigarette consumption, and the previously mentioned CYP2A6* 9 was one of them41. 

The analysis described in chapter 4 B demonstrates that the Cyp2a5 methylation 

profile in liver is significantly distinct from that detected in the lung at fetal stage but 

also at three days after birth. This study shows as well that, when comparing both 

time points, the promoter methylation pattern changes significantly in the liver, and 

appers to be more stable in the lung. Furthermore, PSE-induced hypermethylation 

was most prominent in fetal liver, but the majority of PSE-induced hypermethylation 

was, despite a general increase in % methylation, only seen for selected CpG-sites at 

three days after birth. While the liver has multiple functions in mammals postnatally, 

the role for fetal liver is temporally limited to hematopoiesis42. In agreement with the 

report of Mäenpää et al. that when observing very low expression levels of P450 

subfamilies 1A, 2A and 2B in fetal mouse liver43 it is tempting to speculate on the 

neonatal increase of Cyp2a5 methylation, and how the PSE-induced 

hypermethylation may affect gene expression and enzyme function. 

Future Perspectives 

Within this dissertation we set out to describe the programming effects of prenatal 

smoke exposure (PSE) on selected genes that were shown to play a significant role 

in developmental or detoxification mechanisms. Although we found some interesting 

PSE-induced alterations, some smoke effects were surprisingly less pronounced as 

expected. While we analyzed methylation profiles in gene promoters, subsequent 

analysis should include other putative regulatory regions, for instance enhancers44 or 

equally important changes on the chromatin level (as suggested in ref. 45). Given that 

several (alternative) mechanisms are involved in the regulation of transcriptional 

activity (e.g., histone modifications or microRNA), future studies on the 
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programming effect of PSE in the context of fetal and early postnatal development 

should also consider evaluating several of these parameters. Furthermore, time 

course analyses or studies that aim to compare methylation profiles in several organs 

or at different time points should consider the variability of cell composition per 

organ and that specific cell types may have a different methylation status. This also 

needs to be addressed when analyzing blood-derived samples.  

The data presented within this dissertation are a start in studying smoke effects 

during pregnancy, but there are much more questions to be answered. One of these is 

the investigation of a possible trans- and inter-generational smoke effect. As 

reviewed in chapter 7, increasing evidence suggest that PSE-induced changes are 

trans-generationally transmitted. Recently, prenatal exposure to environmental 

particles was shown to increase asthma susceptibility in F1 offspring, that persisted 

into F2 and F3 generations, although with lesser magnitude46. Within this study, also 

aberrant DNA methylation profiles were found in dendritic cells of all generations 

that did not link to known allergy genes or pathways, but suggested a link to 

chromatin modifications.  

An inter-generational consequence of prenatal smoke exposure was demonstrated in 

F1 and F2 generation mice that were shown with allergic asthma and 

bronchopulmonary dysplasia. Here, the described phenotype was linked to 

deregulated expression of microRNAs that are associated with, beyond others, HIF-

1α-regulated immune pathways13. 

Another aspect of maternally transmitted environmental exposures during pregnancy 

is the synergism of several (independent) challenges, and how these may affect not 

just the lung but other organs in the fetus. One study addressed this question and 

applied maternal allergen challenge together with prenatal smoke exposure to 

evaluate the effect on hepatic inflammation and fibrosis in the adult F1 generation. 

The authors found that the allergen challenge had a greater effect on hepatic gene 

expression than PSE, but both exposures together enhanced the effect. Moreover, 

these observations were sex-dependently found for male offspring, while females 

appeared to be protected47. 

While the model of prenatal smoke exposure mimics active smoking, the question on 

possible effects of paternal smoking on the fetus remains unanswered.  A 

Vietnamese birth cohort study linked hospitalization due to lower respiratory tract 

infection with paternal smoking in the presence of children48, but other evidence for 

an effect on e.g., DNA methylation is missing. 

Finally, it would also be interesting to clarify, if and how prenatal programming may 

be affected by smoking cessation or how methylation profiles in our model would 

differ if a prenatal smoke exposure would take place exclusively during the 1st , 2nd 
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or 3rd trimester. As indicated in chapter 5, variations in PSE-responses of fetuses and 

neonates can be linked with an additional smoking of 10 cigarettes and methylation 

states in human cord blood cells of key CpG-sites were associated with the number 

of smoked cigarettes, together with the duration of smoking during pregnancy 

(number of trimester)8. 

In conclusion, the data described within this dissertation indicate that maternal 

smoking during pregnancy affects DNA methylation profiles that can be linked to 

gene expression, protein levels and the offspring’s body weight. As the demonstrated 

consequences of PSE are CpG-site specific, those identified loci may inspire for 

multi-organ and/or cell-type specific epigenome research. 
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Dutch summary/Nederlandse Samenvatting 

Helaas rookt 10% van de zwangere vrouwen ondanks sterke aanwijzingen dat het 

roken van de moeder tijdens de zwangerschap de groei en de ontwikkeling van het 

ongeboren kind, de foetus, beïnvloedt. De acute negatieve effecten van roken tijdens 

de zwangerschap variëren van het krijgen van een miskraam tot een slechtere 

ontwikkeling en werking van de organen van het ongeboren kind , zoals de longen 

en de lever. Kinderen van rokende moeders hebben een slechtere longfunctie en 

hebben daarmee een hoger risico op de ontwikkeling van infecties in de long, 

benauwdheid en astma. Daarnaast is roken tijdens de zwangerschap een risicofactor 

voor de ontwikkeling van de chronisch rook-gerelateerde ziekte COPD later in het 

leven. Dit suggereert dat de kiem van het ontstaan van COPD op de volwassen 

leeftijd al gelegd wordt tijdens de ontwikkeling in de baarmoeder. De mechanismen 

hierachter zijn nog niet volledig begrepen, maar bevolkingsonderzoek heeft laten 

zien dat roken tijdens de zwangerschap effect heeft op het DNA van het pasgeboren 

kind. Het blijkt dat regio’s in het DNA die genen harder of juist zachter laten 

werken, de zogeheten promotorregio’s, verstoord zijn in kinderen van rokende 

moeders. Epigenetische mechanismen zoals veranderingen in DNA methylering 

zouden hieraan ten grondslag kunnen liggen. Dit kan als gevolg hebben dat er meer 

of minder van een bepaald eiwit gemaakt wordt in kinderen van rokende moeders, 

een effect dat ook onderliggend kan zijn aan de verstoorde orgaan ontwikkeling van 

het ongeboren kind. 

Doel van het onderzoek 

Het doel van het onderzoek beschreven in dit proefschrift was tweeledig. Enerzijds 

werd in kaart gebracht welke effecten roken tijdens de zwangerschap had op DNA 

methylering van verschillende genen betrokken bij de longontwikkeling, en 

anderzijds werd het effect onderzocht op DNA methylering van een gen dat in de 

lever belangrijk is voor het onschadelijk maken van giftige stoffen zoals die 

voorkomen in sigaretten rook.  

Roken tijdens de zwangerschap en DNA methylering 

Bevolkingsonderzoek laat zien dat kinderen van moeders die roken tijdens de 

zwangerschap een verhoogd risico hebben op het krijgen van luchtweg infecties, 

benauwdheid en astma. Daarnaast is gebleken dat de longfunctie van jonge kinderen 

van rokende moeders slechter is in vergelijking met kinderen van moeders die niet 

rookten tijdens de zwangerschap en dat deze achterstand aanwezig blijft gedurende 

de rest van het leven. Recent hebben we in een muizenmodel aangetoond dat genen 

die betrokken zijn bij de longontwikkeling, verlaagd tot expressie komen in de pups 
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van rokende moeders. Dit zijn grotendeels dezelfde genen die belangrijk zijn bij 

herstel van longweefsel later in het leven. Vroege blootstelling, dus vóór de 

geboorte, heeft hiermee potentiële gevolgen op lange termijn die van invloed kunnen 

zijn voor de ontwikkeling van een longziekte op de volwassen leeftijd. Wanneer 

personen met een rokende moeder zelf ook gaan roken dan wordt het risico op 

COPD verder verhoogd.  

In het onderzoek beschreven in dit proefschrift waren we geïnteresseerd in de 

effecten van prenatale rookblootstelling op de DNA methylering van verschillende 

genen die betrokken zijn bij de longontwikkeling. In hoofdstuk 1, worden de 

belangrijkste onderwerpen van dit proefschrift geïntroduceerd. We beschrijven de 

algemene aspecten van de epigenetica en de effecten van roken tijdens de 

zwangerschap op DNA methylering in de kinderen. Daarnaast worden de foetale 

ontwikkeling van de long en de lever geïntroduceerd alsmede de rol van het IGF 

systeem hierin. Als laatste introduceren we het gen Cyp2A5 dat belangrijk is voor de 

afbraak van de nicotine, aanwezig in sigarettenrook. In hoofdstuk 2 laten we zien 

dat rook blootstelling van muizen tijdens de zwangerschap effect heeft op de DNA 

methylerings patronen van IGF en de IGF receptor in de longen van 4-weken oude 

nakomelingen.  Interessant genoeg is de mate van DNA methylering sterk 

gecorreleerd met eiwitconcentraties in, met name de nakomelingen van rook 

blootgestelde moeders. Bovendien zijn de waargenomen effecten sekse specifiek en 

is de gevoeligheid voor rook vooral aanwezig in de vrouwtjes. Hoofdstuk 3 

bevestigt dat de rook effecten zeer gen specifiek zijn (dit keer onderzocht voor de 

genen Foxa2, β-catenine en Fibronectine) en dat de omvang ervan inderdaad meer 

uitgesproken is bij de vrouwelijke dan bij mannelijke nakomelingen. In hoofdstuk 4 

waren we geïnteresseerd in het effect van roken tijdens de zwangerschap op DNA-

methylering en genexpressie van het enzym cytochroom p450 2a5 (Cyp2a5) dat 

belangrijk is bij het ontgiften van sigaretten rook. Hier vonden we in twee 

verschillende muismodellen, geslachtsafhankelijke effecten en een verlaagde 

genexpressie in de vrouwelijke nakomelingen. 

In hoofdstuk 4B borduren we verder op de Cyp2a5 resultaten uit hoofdstuk 4A, 

waarbij we nu duidelijk verschillende rook-geïnduceerde methyleringsprofielen 

beschrijven in de long in vergelijking met de lever, die ook nog eens verschillend 

zijn afhankelijk van welk tijdspunt (embryonaal versus dag 3 neonaten) onderzocht 

wordt. Uit deze resultaten blijkt dat de effecten van roken tijdens de zwangerschap 

op DNA methylering van het Cyp2a5 gen het grootst is in de foetale lever. Dit is 

interessant, en verdere  studies  moeten dit bevestigen voor genexpressie en eiwit, 

maar dit zou kunnen betekenen dat nakomelingen van rokende moeders slechter in 

staat zijn tot het ontgiften van schadelijke stoffen (oa nicotine) in sigaretten rook. 

Een hierdoor verhoogde aanwezigheid van giftige stoffen zou een schadelijk effect 

kunnen hebben op de ontwikkeling van de andere organen en mogelijk zelfs een 
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risico kunnen zijn voor ontwikkeling van ziekte later in het leven. Daarnaast kan een 

chronische verhoogde aanwezigheid van nicotine leiden tot een verhoogde 

gevoeligheid voor nicotine verslaving. Met behulp van het tweede muismodel 

werden vervolgens in hoofdstuk 5 de prenatale rookeffecten vergeleken tussen 2 

organen (long en lever) en 2 geboorte tijdspunten (embryonaal en 3 dagen oud), in 

mannelijke en vrouwelijke nakomelingen. Dit leverde DNA methylerings patronen 

voor Igf1 en Igf1r op die specifiek waren voor het orgaan, het tijdspunt en het 

geslacht. De vergelijking van de (late) foetale en de neonatale data suggereert dat 

sigarettenrook de DNA methylering en gen expressie zelfs tijdens het laatste termijn 

van de zwangerschap beïnvloed. Daarnaast laten onze analyses zien dat de 

verschillende cellulaire samenstelling van organen de uitkomst van de analyse kan 

beïnvloeden. Om te bestuderen of het effect van roken inderdaad anders is in het ene 

celtype dan in het andere, zijn we in hoofdstuk 6 DNA methylering van Igf1 gaan 

onderzoeken in bronchiaal epitheel, trachea epitheel, oesophagus epitheel, in 

vergelijking met DNA dat geïsoleerd was uit de hele long en de hele lever. Dit leidde 

tot de observatie dat met name epitheelcellen van de oesophagus een ander 

methylerings patroon had dan epitheel van de bronchus en de trachea, en dat het 

patroon in de long en de lever zowiezo heel anders was. Hieruit blijkt dus dat het 

weldegelijk uitmaakt in welk celtype een bepaald effect onderzocht wordt en dit zal 

naar alle waarschijnlijkheid ook nog verschillend zijn voor ieder gen, duur van 

blootstelling en type van blootstelling . Hoofdstuk 7 geeft een overzicht van inter- 

en transgeneratieve effecten van roken tijdens de zwangerschap in verband met de 

longziekten astma en COPD en in hoofdstuk 8 worden de resultaten bediscussieerd 

in een algemene discussie.  
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