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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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