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Chapter 4A: 

Prenatal smoke exposure reduces Cyp2a5 mRNA in female mouse 

offspring but not its promoter methylation. 
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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. 



Cyp2a5 expression in female mice reduced by prenatal smoking 

45 

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. 

 



Chapter 4A 

46 

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. 

References 

1. Holbrook BD (2016) The effects of nicotine on human fetal development. Birth Defects Res C 
Embryo Today 108:181-92.  

2. Al-Gubory KH (2014) Environmental pollutants and lifestyle factors induce oxidative stress 

and poor prenatal development. Reprod Biomed Online 29:17-31. 
3. Joubert BR, Håberg SE, Nilsen RM, Wang X, Vollset SE, Murphy SK, Huang Z, Hoyo C, 

Midttun Ø, Cupul-Uicab LA, Ueland PM, Wu MC, Nystad W, Bell DA, Peddada SD, London 

SJ (2012) 450K epigenome-wide scan identifies differential DNA methylation in newborns 
related to maternal smoking during pregnancy. Environ Health Perspect 120(10):1425-31. 



Chapter 4A 

50 

4. Breton CV, Siegmund KD, Joubert BR, Wang X, Qui W, Carey V, Nystad W, Håberg SE, 
Ober C, Nicolae D, Barnes KC, Martinez F, Liu A, Lemanske R, Strunk R, Weiss S, London 

S, Gilliland F, Raby B; Asthma BRIDGE consortium (2014) Prenatal tobacco smoke exposure 

is associated with childhood DNA CpG methylation. PLoS One 9:e99716. 
5. European Medicines Agency (2008) Guideline on the Development of Medicinal Products for 

the Treatment of Smoking. London, United Kingdom: European Medicines Agency. 

6. West R (2009) Tobacco smoking: Health impact, prevalence, correlates and interventions. 
Psychology & Health 32: 1018-1036. 

7. Zhou X, Zhuo X, Xie F, Kluetzman K, Shu YZ, Humphreys WG, Ding X (2010) Role of 

CYP2A5 in the clearance of nicotine and cotinine: insights from studies on a Cyp2a5-null 
mouse model. J Pharmacol Exp Ther 332:578-87. 

8. Li L, Jia K, Zhou X, McCallum SE, Hough LB, Ding X (2013)  Impact of nicotine metabolism 

on nicotine's pharmacological effects and behavioral responses: insights from a 

Cyp2a(4/5)bgs-null mouse. J Pharmacol Exp Ther. 347:746-54.  

9. Raunio H, Pokela N, Puhakainen K, Rahnasto M, Mauriala T, Auriola S, Juvonen RO (2008) 
Nicotine metabolism and urinary elimination in mouse: in vitro and in vivo. Xenobiotica 

38:34-47. 

10. Bardy AH, Seppälä T, Lillsunde P, Kataja JM, Koskela P, Pikkarainen J, Hiilesmaa VK (1993) 
Objectively measured tobacco exposure during pregnancy: neonatal effects and relation to 

maternal smoking. Br J Obstet Gynaecol 100:721-6. 

11. Perera FP, Jedrychowski W, Rauh V, Whyatt RM (1999) Nicotine metabolism and urinary 
elimination in mouse: in vitro and in vivo. Molecular epidemiologic research on the effects of 

environmental pollutants on the fetus. Environ Health Perspect 107: 451–460. 

12. Murphy SE, Raulinaitis V, Brown KM (2005) Nicotine 5'-oxidation and methyl oxidation by 
P450 2A enzymes. Drug Metab Dispos 33:1166-73. 

13. Abu-Bakar A, Hakkola J, Juvonen R, Rahnasto-Rilla M, Raunio H, Lang MA (2013) Function 

and regulation of the Cyp2a5/CYP2A6 genes in response to toxic insults in the liver. Curr 
Drug Metab 14:137-50. 

14. Crawford EL, Weaver DA, DeMuth JP, Jackson CM, Khuder SA, Frampton MW, Utell MJ, 

Thilly WG, Willey JC (1998) Measurement of cytochrome P450 2A6 and 2E1 gene expression 
in primary human bronchial epithelial cells. Carcinogenesis 19:1867-71. 

15. Su T, Sheng JJ, Lipinskas TW, Ding X (1996) Expression of CYP2A genes in rodent and 

human nasal mucosa. Drug Metab Dispos 24:884-90. 
16. Su T, He W, Gu J, Lipinskas TW, Ding X (1998) Differential xenobiotic induction of CYP2A5 

in mouse liver, kidney, lung, and olfactory mucosa. Drug Metab Dispos 26:822-4. 

17. Piras E, Franzén A, Fernández EL, Bergström U, Raffalli-Mathieu F, Lang M, Brittebo EB 
(2003) Cell-specific expression of CYP2A5 in the mouse respiratory tract: effects of olfactory 

toxicants. J Histochem Cytochem 51:1545-55. 

18. Blacquière MJ, Timens W, Melgert BN, Geerlings M, Postma DS, Hylkema MN (2009) 

Maternal smoking during pregnancy induces airway remodelling in mice offspring. Eur Respir 

J 33:1133-40.  

19. Meyer KF, Krauss-Etschmann S, Kooistra W, Reinders-Luinge M, Timens W, Kobzik L, 
Plösch T, Hylkema MN (2017) Prenatal exposure to tobacco smoke sex dependently 

influences methylation and mRNA levels of the Igf axis in lungs of mouse offspring. Am J 

Physiol Lung Cell Mol Physiol 312:L542-L555.  
20. Sapone A, Pozzetti L, Canistro D, Broccoli M, Bronzetti G, Potenza G, Affatato A, Biagi GL, 

Cantelli-Forti G, Paolini M (2005) CYP superfamily perturbation by diflubenzuron or acephate 

in different tissues of CD1 mice. Food Chem Toxicol 43:173-83. 
21. Benowitz NL, Lessov-Schlaggar CN, Swan GE, Jacob P 3rd (2006) Female sex and oral 

contraceptive use accelerate nicotine metabolism. Clin Pharmacol Ther 79:480-8. 

22. Hecht SS, Hoffmann D (1988) Tobacco-specific nitrosamines, an important group of 
carcinogens in tobacco and tobacco smoke. Carcinogenesis 9:875-84. 

23. Kirby GM, Nichols KD, Antenos M (2011) CYP2A5 induction and hepatocellular stress: an 

adaptive response to perturbations of heme homeostasis. Curr Drug Metab 12:186-97. 

24. Poça KS, Parente TE, Chagas LF, Leal BS, Leal HS, Paumgartten FJ, De-Oliveira AC (2017) 

Interstrain differences in the expression and activity of Cyp2a5 in the mouse liver. BMC Res 

Notes 10:125. 


	Chapter 4A

