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Abstract 

Prenatal smoke exposure (PSE) is associated with reduced birth weight, impaired 

fetal development and increased risk for diseases later in life. Changes in DNA 

methylation may be involved, as multiple large-scale epigenome wide association 

studies showed that PSE is robustly associated with DNA methylation changes in 

blood among offspring in early life. Insulin-like growth factor-1 (IGF1) is important in 

growth, differentiation and repair processes after injury. However, no studies 

investigated the organ-specific persistence of PSE-induced methylation change of 

Igf1 into adulthood. Based on our previous studies on the PSE effect on Igf1 

promoter methylation in fetal and neonatal mouse offspring, we now have extended 

our studies to adulthood. Our data show that basal Igf1 promoter methylation 

generally increased in the lung but decreased in the liver (except for two persistent 

CpG sites in both organs) across three different developmental stages. PSE 

changed Igf1 promoter methylation in all three developmental stages, which was 

organ and sex-specific. The PSE effect was less pronounced in adult offspring 

compared to the fetal and neonatal stages. In addition, the PSE effect in the adult 

stage was more pronounced in the lung compared to the liver. For most CpG sites, 

an inverse correlation was found for promoter methylation and mRNA expression 

when combining the data of all three stages. This was more prominent in the liver. 

Our findings provide additional evidence for sex- and organ-dependent prenatal 

programming which supports the developmental origins of health and disease 

(DOHaD) hypothesis. 

Key words: prenatal smoke, methylation persistence/reversibility, pyrosequencing, 

three developmental stages, mouse liver and lung 
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Introduction 

Prenatal exposure to cigarette smoke during pregnancy is an environmental insult 

which has profound effects on DNA methylation patterns of the exposed fetus (1). 

Mounting evidence from population studies have identified prenatal smoke exposure 

(PSE)-associated alterations in global methylation in candidate gene and 

epigenome-wide association studies (EWAS) in children and adolescents (2-7, 8, 9). 

Fetal exposure to maternal smoking in utero has been linked to adverse perinatal 

outcomes including low birth weight, elevated blood pressure and obesity (10, 11). 

Furthermore, maternal smoking during pregnancy has been causally linked to the 

development of lung diseases, such as asthma and chronic obstructive pulmonary 

disease (COPD) (12-14). One initial study in a fetal rat model has demonstrated that 

PSE induced a smaller lung volume, lower number of saccules and septal crests, 

and decreased elastin fibers in the lung (15). It has been proposed that epigenetic 

modifications such as DNA methylation may mediate the adverse developmental 

consequences associated with smoking during pregnancy (16, 17). Of particular 

importance is the observation that maternal smoking during pregnancy is associated 

with changes in methylation in genes involved in fundamental developmental 

processes (18). 

Previously, we reported the detrimental effects of PSE on promoter methylation of 

Igf1 and Igf1r, which are involved in the regulation of pre- and postnatal development, 

using a fetal and neonatal mouse model (19, 20). The results from this study 

indicated that PSE contributes organ- and sex-specifically to the prenatal 

programming of methylation. Furthermore, the comparison between fetuses and 

neonates suggested the reversibility, but also the persistence of PSE-induced 

differences in methylation patterns over time at the two time points (20). However, it 

is not clear whether the observed PSE-induced DNA methylation alterations persist 

throughout life or return to the baseline methylation levels existing in non-exposed 

animals. Moreover, it is unknown if the changes in PSE-induced DNA methylation 

are adaptive, proving to be beneficial later in life, or merely functionally neutral 



Chapter 2 

34 

 

biological biomarkers, or perhaps even detrimental to the health of the affected 

offspring later on. Hence, in the current study, we aimed to investigate the specific 

CpG site-dependent reversibility and persistence of PSE-induced methylation 

patterns from fetal to adulthood and to address: firstly, the PSE effects on DNA 

methylation of Igf1 in adult lung and liver tissues of male and female offspring; 

secondly, baseline DNA methylation patterns of Igf1 across three developmental 

stages in normal lung and liver tissues of male and female offspring; thirdly, the 

persistence/reversibility of PSE-induced DNA methylation across three different 

stages, comparing lung and liver tissues of male and female offspring, and finally, 

link PSE-induced changes of Igf1 mRNA expression with promoter methylation, body 

weight and lung inflammation. 

 

Material and Methods 

Animals and cigarette smoke exposure 

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

The Netherlands) at six weeks of age, housed under standard conditions with food 

and water provided ad libitum, with 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 seven 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 two to five per smoking session. At 

adjustment day five 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 seven, with 

hCG (1.25 i.u.) to induce ovulation, and housed on a 1:1 mating ratio with males 
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overnight. Mating was confirmed by the presence of vaginal plug the following 

morning.  

Female mice were exposed to two air or whole-body smoking sessions of 50 

minutes with 3h interval between both exposures per day, seven 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). Their 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. Another 34 pups randomly selected from 

the same 9 smoke-exposed (6 male, 6 female) and 10 control (10 male, 12 female) 

dams were exposed to air in the Teague 10, from 8 weeks of age for the following 

12 weeks (Adult) until euthanized for collection of lung and liver. Exposure to air in 

the Teaque 10 was necessary as these mice were part of a bigger study on pre- and 

or postnatal smoke exposure, ageing and COPD. The liver was immediately frozen 

in liquid nitrogen and stored at -80 oC until further use. From the right lung, three 

fourth of the right lobes were immediately frozen and stored at -80 oC, whereas the 

smallest lobe lung was fixed in 4% paraformaldehyde and embedded in paraffin for 

immunohistochemical analyses. The left lung was used for RNA and DNA isolation. 

Isolation of DNA and RNA 

Genomic DNA and total RNA were isolated using the AllPrep DNA/RNA Mini Kit 

(Qiagen, Cat No. 80204), according to the manufacturer’s protocol. 

Bisulfite pyrosequencing analysis 

To assess the methylation level of Igf1 gene promoter, bisulfite pyrosequencing 

was used. The selection of CpG-sites located at the promoter region of Igf1 was 

based on manual identification of CpG dinucleotides, using the ENSEMBL genome 

web browser. We focused on the mouse Igf1 (ENSMUSG00000020053): transcript 
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Igf-005 (ENSMUST00000122386) in this study. Extracted genomic DNA from lung 

and liver tissue was converted with sodium bisulfite following the manufacturer’s 

instructions (Catalog No. D5020, EZ DNA methylation-Direct KitTM, ZYMO 

RESEARCH). Pyrosequencing was used Pyromark PCR kit (Qiagen,  Catalog 

No. 978703) and performed on the PyroMarkQ24 (Qiagen) instrument. The analyses 

were performed as previously described (20).  

mRNA expression analysis 

cDNA was reversely transcripted by a Superscript II Reverse Transcriptase Kit. 

Quantitative Real Time PCR (qRT-PCR) analysis for mRNA levels of Igf1 

(Mm00439560_m1), Il1b (Mm00434228_m1), Il6 (Mm00446190_m1), Tnfa 

(Mm00443258_m1) and Tgfb (Mm01298616_m1) was performed using TaqMan® 

Gene Expression Assays (Thermo Fisher Scientific, Carlshad, USA) and normalized 

to the housekeeping gene Gapdh (Applied Biosystems, Mm99999915_g1). The 

analyses were performed as previously described (20).  

Immunohistochemistry (IHC) 

Sections (3 µm) of formalin-fixed and paraffin-embedded lung tissue were used 

for double staining of MAC3 (macrophages, monoclonal rat anti-MAC3, BD 

Biosciences) and IRF5 (rabbit α-IRF5, ProteinTech Europe, Manchester UK), as well 

as MAC3 and YM1 (Polyclonal goat anti-mouse eosinophil chemotactic factor (ECF-

L), R&D Systems). To visualize MAC3, an immune alkaline phosphatase procedure 

was used with Fast Blue BB salt (Sigma Aldrich, Zwijndrecht, The Netherlands). IRF5 

was visualized with ImmPACT NovaRED kit (Vector, Burlingame, CA, USA). YM1 

was visualized with 3-amino-9-ethylcarbazole (Sigma Aldric). The numbers of 

MAC3-positive /IRF5-positive and MAC3-positive/YM1-positive cells were counted 

manually in parenchymal lung tissue at ×20 magnification, and these numbers were 

corrected for the total area of lung tissue section as assessed by morphometric 

analysis using Aperio ImageScope viewing software 11.2.0.780 (Aperio, Vista, CA). 
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Eosinophils were determined by staining 4-μm cryosections of lung tissue for 

cyanide resistant endogenous peroxidase activity with diaminobenzidine (Sigma 

Aldrich). The number of eosinophils (4 random microscopic fields per lung section) 

was counted manually in a blinded manner, at ×8 magnification and averaged. 

Neutrophils (glutathione-disulfide reductase (GR1), monoclonal rat anti GR1 

antibody (BD Biosciences) were counted manually in a blinded manner at ×20 

magnification and numbers were corrected for the area that was counted (6 fields 

per section) by morphometric analysis using Aperio ImageScope viewing software 

11.2.0.780 (Aperio, Vista, CA). 

Calculations and statistical analysis 

Relative gene expression was calculated using 2-ΔCt method. Data of DNA 

methylation, mRNA levels and numbers of positively-stained cells were presented 

based on their distribution. The Kolmogorov-Smirnov test was used for normal 

distribution analyses of all data. The central tendency and spread of variables were 

described by the mean ± standard error of mean (SEM) and as the median 

[interquartile range (IQR)] for skewed distribution. As only around half of the data set 

was normally distributed, we decided not to analyze upon factor interaction of the 

offspring’s sex and the type of exposure but evaluate all analyzed parameters in the 

subgroups via a two-tailed Mann-Whitney U-test. Comparisons of the methylation 

data at the three different stages were conducted using one-way Analysis of 

Variance (ANOVA). Correlation analysis of Igf1 methylation data, mRNA levels and 

body weight were assessed using nonparametric Spearman correlation test. 

Statistical significance was set as P ≤ 0.05 for a two-tailed test. Statistical analyses 

were performed using IBM® SPSS® version 22 for Windows (Chicago, IL, USA). 

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 reference (21). 

 

Results 
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PSE effect on DNA methylation in adult offspring was sex- and organ-

specific 

We conducted a comparative analysis of Igf1 promoter methylation at eight 

different CpG sites in adult offspring between PSE and control mice, grouped by 

male and female, lung and liver. No PSE-induced methylation alterations were found 

in adult liver (Figure 1A and 1B). However, PSE male adult offspring had higher Igf1 

promoter methylation in the lung at CpG-1180 (P < 0.05) (Figure 1C and 1E), while 

PSE resulted in lower methylation of CpG-1254 in the adult lung of female offspring 

(P < 0.05) (Figure 1D and 1F). 

No significant PSE effect was observed on Igf1 mRNA expression levels in adult 

lung or liver (Figure 1G and 1H). In the adult control lung, methylation levels of two 

CpG sites of Igf1 promoter correlated negatively with mRNA expression levels, 

respectively (CpG-1465, r = -0.473, P = 0.035; CpG-1357, r = -0.463, P = 0.040; 

Figure 2A and 2B). Female sex contributed most to the negative correlation between 

methylation of CpG-1465 and its mRNA expression (r = -0.734, P = 0.010 < 0.05). 

In adult mice liver tissue, no significant correlations were observed between the 

methylation levels at any of the Igf1 CpG sites investigated and its mRNA levels. 
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Figure 1. Comparisons of PSE effect on Igf1 promoter methylation and mRNA expression in 

adult males and females per organ (Mann Whitney U-test, * P < 0.05, ** P < 0.01, *** P < 

0.001). Data are presented as mean ± SEM in (A-D); Figure E-H are presented as individual 

data points with the median as horizontal line. CpG site annotations relative to ATG start 

codon. Open symbols represent control group, filled symbols are PSE group. 
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Figure 2. Spearman correlation analysis, associating CpG (-1465, Fig. A) or CpG (-1357, Fig. 

B) promoter methylation with Igf1 mRNA expression in adult lung of male (○, n=9) and female 

(□, n=10) controls. 

Baseline Igf1 promoter methylation patterns over time in liver and lung from 

male and female offspring 

The baseline DNA methylation pattern at eight CpG sites of the Igf1 promoter was 

investigated across three stages (fetal stage, neonatal period and adulthood) and 

comparisons were conducted between lung and liver, and male and female.  

In the liver, Igf1 methylation at six out of eight CpG sites was at the lowest level in 

adulthood, compared to the fetal and neonatal stages both in male and female 

offspring (CpG-1509, P < 0.001; CpG-1465, P < 0.001; CpG-1430, P < 0.001; CpG-

1357, P < 0.001; CpG-1341, P < 0.001; CpG-1254, P < 0.001; Figure 3A and 3a). 

Methylation of CpG-1509 gradually declined from the fetal and neonatal stage to 

adulthood in both male and female offspring (Figure 4A and 4a, green symbols). 

However, for CpG-1465, these levels remained constant across the fetal to neonatal 

stage and then became hypomethylated in adulthood. This happened only in female 

offspring; in male offspring, the methylation pattern across the three stages remained 

the same as for CpG-1509 (Figure 4B and 4b, green symbols). Methylation of CpG-

1430 in both male and female offspring increased from the fetal to the neonatal stage 

(contrary to CpG-1509), but reversed to the lowest levels in adulthood (Figure 4C 
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and 4c, green symbols). Methylation patterns of CpG-1357 in male offspring, and 

CpG-1341 and CpG-1254 in both male and female offspring, across the three stages 

were the same as the CpG-1465 in female offspring (Figure 4D-4F and 4e-4f, green 

symbols). However, the methylation pattern of CpG-1357 in female offspring was the 

same as the CpG-1509 in all offspring (Figure 4d, green symbols). Interestingly, 

methylation of CpG sites CpG-1212 and CpG-1180 remained constant across the 

three stages in both male and female offspring (Figure 4G-4H and 4g-4h, green 

symbols). 

As for the baseline DNA methylation patterns in the lung, six CpG sites were 

differentially methylated across the three stages in male offspring (CpG-1465, P < 

0.001; CpG-1430, P < 0.001; CpG-1357, P < 0.001; CpG-1341, P < 0.001; CpG-

1212, P < 0.001; CpG-1180, P < 0.001) and seven CpG sites in female offspring, 

showing additionally differential methylation at CpG-1254 (P < 0.001) (Figure 3B and 

3b). Compared to the fetal and neonatal stages, all of these CpG sites were 

hypermethylated in adulthood, both in male and female offspring. Methylation of 

CpG-1465 decreased from the fetal to the neonatal stage while it increased 

substantially in adulthood, both in male and female offspring (Figure 5B and 5b, 

green symbols). However, methylation of CpG-1430 and CpG-1212 in female 

offspring persisted from the fetal to the neonatal stage and then became 

hypermethylated in adulthood. In male offspring, CpG-1212 showed the same 

methylation patterns as CpG-1465, whereas CpG-1430 gradually increased from the 

fetal stage to neonatal period and on to adulthood (Figure 5C, 5G and 5c, 5g, green 

symbols). Methylation of CpG-1357, CpG-1341 and CpG-1180 in all offspring, 

showed the same patterns as CpG-1430 and CpG-1212 in female offspring across 

the three stages (Figure 5D-5E, 5H and Figure 5d-5e, 5h, green symbols). Baseline 

methylation patterns of CpG-1509 and CpG-1254, however, remained constant 

across all time points in both male and female offspring (Figure 5A and 5a, Figure 

5F and 5f, respectively, green symbols).  
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PSE effects on the persistence/reversibility of Igf1 promoter methylation over 

time in liver and lung tissue from male and female offspring 

In the liver, PSE induced differential methylation across the three stages in CpG-

1212 in both male and female offspring and in CpG-1180 only in female offspring 

(Figure 3A vs. 3C and 3a vs. 3c, Figure 4G-4g, 4H-4h). Comparing fetal and neonatal 

stages, PSE induced hypomethylation at CpG-1357, -1254, -1212, -1180 while 

hypermethylation was only found at CpG-1180 (Figure 4D, 4F, 4G-4g and 4h). 

Interestingly, for methylation of CpG-1509, we found a PSE-induced reversion to 

previous fetal status at the neonatal stage in female offspring. PSE-induced 

differences of CpG-1357 and CpG-1254 between the fetal and neonatal stages were 

found only in the male group, while the PSE effect on CpG-1180 methylation was 

found only in the female group. PSE- induced methylation differences of CpG-1212 

was found in both sexes.  

In the lung, PSE disrupted differential methylation across the three stages in CpG-

1254 in female offspring (Figure 3B, 3D and 3b, 3d, Figure 5). PSE disrupted 

differential methylation across the fetal and the neonatal stages at CpG-1509, -1212 

and, and CpG-1254 (from neonatal stage to adulthood), whereas PSE induced 

hypermethylation between the fetal and neonatal stage at CpG-1430 (Figure 5A, 5f, 

5G and 5c). PSE effects on methylation patterns for CpG-1509 and -1212 were male-

specific while for CpG-1430 and -1254, PSE effects were found only in the female 

group.  

 

 

 

 

 

Figure 3. Sex-dependent stage comparison of Igf1 promoter methylation status per organ 

between controls and PSE group. The ANOVA was used to do the comparison analysis 

among the fetal stage (E17.5), neonatal period (D3) and adulthood (Adult). P values *< 0.05, 

*** < 0.001, **** < 0.0001. Data are presented as mean ± SEM; CpG site annotations relative 

to ATG start codon. Open symbols represent control group, filled symbols are PSE group. 
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Figure 4. Developmental stage comparisons of Igf1 promoter methylation status per sex in 

liver tissues. The ANOVA was used for comparisons among three different stages in 

control/PSE offspring. Mann Whitney U-test was used to test the comparisons between two 

time points in control/PSE offspring and only the PSE effect is displayed. * indicates P values 

< 0.05, “ns” indicates not significant. Data are presented as the mean. Number in X axis: “ -1” 

means at E17.5, representing the fetal stage; “3” means 3 days after birth, representing 

neonatal period; “140” is 140 days after birth, representing adulthood. Green symbols: control 

offspring, red symbols: PSE offspring. 



PSE on Igf1 promoter methylation across life course 

45 

 

 

Figure 5. Developmental stage comparisons of Igf1 promoter methylation status per sex in 

lung tissues. The ANOVA was used for comparisons among three different stages in 

control/PSE offspring. Mann Whitney U-test was used to test the comparisons between two 

time points in control/PSE offspring and only the PSE effect is displayed. * indicates P values 

< 0.05, “ns” indicates not significant. Data are presented as the mean. Number in X axis: “ -1” 

means at E17.5, representing the fetal stage; “3” means 3 days after birth, representing 

neonatal period; “140” is 140 days after birth, representing adulthood. Green symbols: control 

offspring, red symbols: PSE offspring. 
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The possible (biological) relevance among the PSE-induced changes of 

body weight with Igf1 promoter methylation and its mRNA expression over 

time in liver and lung tissue 

As we observed a drift in promoter methylation patterns of Igf1, and as IGF1 is a key 

modulator of growth, we further sought to investigate the biological relevance of the 

observed changes on body weight. 

In Figure 6, the PSE effect is shown on body weight of neonatal and adult offspring. 

In neonatal offspring, PSE downregulated body weight and Igf1 mRNA levels (p = 

0.01, data not shown). Igf1 mRNA levels in neonatal liver were positively correlated 

to body weight, regardless of their sex or exposure (r = 0.727, P ˂ 0.0001; Figure 

6A-6B, Table 1). In addition, neonatal body weight was associated with Igf1 promoter 

methylation. Within the entire group of neonates, the correlation of body weight and 

CpG-site specific Igf1 promoter methylation levels were strongest for Igf1 CpG-1254 

(Figure 6C, Table 1). 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 ˂  0.01, Table 1). PSE did not affect body weight in adult offspring (Figure 6D) 

or Igf1 mRNA expression (data not shown). However, Igf1 mRNA levels were 

negatively correlated with body weight (r = -0.739, P ˂ 0.0001, Figure 6E, Table 1). 

With respect to methylation, no significant correlations were found between 

methylations and body weight in all adult offspring (Figure 6F, Table 1), albeit that 

CpG-1254 methylation was strongly negatively correlated with body weight in PSE 

female offspring (Table 1). 

To further investigate the relationship between Igf1 promoter methylation and Igf1 

mRNA expression, data from the three developmental stages were combined. Table 

2 shows that methylations of six CpG sites (CpG-1509, -1460, -1430, -1357, -1341 

and -1254) were negatively correlated with Igf1 mRNA expression in liver tissues (P 

< 0.05). However, no significant correlation was observed between methylation of 

CpG-1212 and CpG-1180 and its mRNA expression in any group in liver, except for 

a negative correlation at CpG-1180 in all mice (r = -0.18, P = 0.05). Negative 
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correlations were also observed in lung tissues between methylation of CpG-1465, 

-1430, 1357, -1341, -1212 and -1180 and mRNA expression in any group, except for 

CpG-1465 and CpG-1430 in the male PSE group (P < 0.05). We found a positive 

correlation between Igf1 mRNA expression and methylations of CpG-1509 in all 

animals. This was driven by PSE, especially in the female group (r = 0.20, P = 0.04; 

r = 0.33, P = 0.01; r = 0.38, P = 0.04). Methylation of CpG-1254 was negatively 

correlated with mRNA expression in all controls which was most pronounced in 

female offspring (r = -0.28, P = 0.03; r = -0.52, P = 0.00). Meanwhile, we found it was 

negatively correlated with Igf1 mRNA expression in all female animals whereas there 

was a positive correlation in male PSE group at this CpG site (r = -0.31, P = 0.02; r 

= 0.40, P = 0.04). 

 

Figure 6. PSE effect on body weight, as well as the association of body weight with hepatic 

Igf1 mRNA expression and CpG-1254 methylation in neonatal and adult offspring. Mann 

Whitney U-test was used to compare the body weight between the control offspring and the 

PSE offspring at two developmental stages, respectively. Data in Figure A, D are presented 

as individual data points with the median as horizontal line. P values *** < 0.001. 

Nonparametric Spearman correlation test was used to analyze the correlations of body weight 

with hepatic Igf1 mRNA levels, methylation of Igf1 CpG-1254 at two developmental stages, 

respectively. Data in Figure B-C and E-F are presented as individual data points. Open 

symbols: control offspring, filled symbols: PSE offspring. 
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PSE effect on adult lung inflammation was sex-specific 

To get insight in the inflammatory response to PSE in the lung of adult offspring, 

the presence of M1 macrophages, M2 macrophages, eosinophils and neutrophils 

was investigated, as well as mRNA expression levels of inflammatory cytokines 

including Il1b, Il6, Tnfa and Tgfb. PSE increased the numbers of M1 macrophages 

in female offspring, whereas no PSE effect was found in male counterparts (Figure 

7A, 7E, P =0.0394). PSE reduced the number of eosinophils, which again was only 

observed in female offspring (Figure 7C, 7G, P = 0.0441). PSE had no effect on the 

number of M2 macrophages and neutrophils in both sexes (Figure 7B, 7F and 7D, 

7H). PSE did also not affect mRNA expression of Il1b, Il6, Tnfa and Tgfb, albeit there 

was a trend for lower Tgfb mRNA expression, both in PSE male and female offspring 

(Table 3, P = 0.07, P = 0.08).  

 

Figure 7. Inflammatory cell phenotypes in lung tissue from the adult PSE mice. Representative 

pictures (some positive cells pointed by red arrows) and scores of (A, E) M1 macrophages 

(IRF5/MAC3), (B, F) M2 dominant macrophages (YM1/MAC3), (C, G) Eosinophils 

(endogenous peroxidase activity), (D, H) Neutrophils (GR1). Original magnifications were 

×40 (A-D). Mann Whitney U-test was used to compare the inflammatory cell numbers between 

the control offspring and the PSE offspring. Data are presented as individual data points with 

the median of cell numbers as horizontal line (E-H). Open symbols: control offspring, filled 

symbols: PSE offspring. 
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Table 1. Spearman correlation analysis of body weight with Igf1 mRNA expression, promoter 

methylation in neonatal and adult liver tissues, respectively. (ns: not significant, p > 0.05. 0.00: 

p ˂ 0.01.) 
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Discussion 

In this study we made three main observations. Firstly, we found a CpG site 

specific persistence, increase or decrease of basal Igf1 promoter methylation over 

time, which was organ specific. Secondly, PSE affected Igf1 promoter methylation 

patterns which was organ and sex dependent. Thirdly, the PSE effect was less 

pronounced in adult offspring when compared to the fetal and neonatal stages. 

Regarding the observation that persistence or change of basal methylation over 

time is CpG site dependent, our results confirm previous studies in humans showing 

similar patterns for a large variety of genes and CpG sites, which were organ 

dependent (8, 9). In particular, this has been described for aryl hydrocarbon receptor 

repressor (AHRR), where in peripheral blood, for some of the CpG sites, these 

patterns were affected by PSE, but for some others they were not. Interestingly, CpG 

sites of which methylation persisted across the three different developmental stages 

did not correlate with mRNA expression, and were also not affected by PSE. This 

was the case for both the lung and liver. This may indicate that methylation of these 

CpG sites alone does not significantly drive specific gene expression (22). Another 

interesting observation was that in the lung, methylation for most CpG sites 

increased in adulthood, but for liver it was the opposite. It has been demonstrated 

that in general sites showing overall low DNA methylation tend to increase 

methylation with age while those with high DNA methylation tend to lose methylation 

with age (23). Methylation in the liver was strongly and inversely correlated with 

mRNA expression at CpG sites further away from the transcription start site, whereas 

in the lung, the negative correlation coefficients were smaller and most pronounced 

with CpG sites around the transcription start site. DNA methylation levels at a 

promoter-associated CpG island are generally negatively associated with gene 

expression (24). Furthermore, loss of (global) methylation is very much linked with 

ageing (25), although our 4 months old adult mice cannot be considered to be ageing 

mice. The observation that methylation profiles were very different in the liver 

compared to lung also confirms previous studies in humans, showing that as the 



PSE on Igf1 promoter methylation across life course 

55 

 

patterns of gene expression differ across organs, so do the patterns of DNA 

methylation (26, 27). In fact, the organ of location drives the primary difference in 

DNA methylation profiles, even if they originate from the same individuals (28-30). 

Given that DNA methylation profiles are highly divergent in different organs, 

comparing DNA methylation across organs presents huge challenges in population 

studies. Our study provides a relatively ideal mouse model to investigate such 

profiles. Generally, our research not only supports results obtained by human studies, 

but also establishes different profiles of DNA methylation through the whole life 

course across tissues. 

With respect to PSE-induced Igf1 promoter methylation effects across the three 

stages, both organ and sex-specific effects were found in this study. It is well 

documented that most in utero and in general smoke exposure are associated with 

changes in the (neonatal) epigenetic profile. When smoke-induced modifications of 

DNA methylation in the exposed human fetus take place during the early phases of 

embryogenesis, they were shown to be maintained into postnatal life (31). A 

longitudinal model has provided evidence that prenatal exposure to smoking has 

persistent effects on the DNA methylation of offspring, at least until adolescence (9). 

However, most of these results are based mainly on cross-sectional population 

studies and show only correlations. A prospective study in children combining serial 

blood sampling at multiple time points has shown powerful evidence of the 

persistence of AHRR methylation changes induced in utero (22). However, this could 

be shown only for blood cells. In our mouse model, PSE caused differences across 

the three stages at two CpG sites in the liver and one CpG site in the lung, compared 

to controls. Furthermore, PSE-induced alterations of DNA methylation either in fetal 

stage or neonatal stage could persist in adulthood. These observations from our 

mouse model are consistent with the human results on persistent (AHRR, MYO1G, 

CYP1A1 and CNTNAP2) or reversible (GFI1, KLF13 and ATP9A) methylation 

alterations in the smoke-exposed offspring for 17 years after prenatal exposure, as 

shown by Richmond et al. 2018 (7). Recently, a similar mouse study reported that 
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perinatal smoke exposure induces persistent hypermethylation in both global DNA 

and promoters of IFN-γ and Thy-1 in lung tissue of adult offspring at 10-12 weeks 

and 20 weeks of age (32), while in our lung data, PSE-induced methylation 

alterations of one CpG site in Igf1 promoter showed an opposite pattern of 

hypomethylation. Also, our model further showed a different PSE-induced effect on 

promoter methylation of a single gene in different tissues. Remarkably, the 

methylation levels after PSE in lung tissue of female offspring reversed to status at 

the fetal stage and became persistent over the life course, but they persisted through 

all stages in male offspring. Although this observation is not consistent with many 

epidemiological studies supporting a sex bias, as females seem to being 

preferentially protected from early lung environmental irritants (33). Some PSE 

effects on methylation alterations of other CpG sites occurred only in males, 

regardless of lung or liver tissues were still observed and in line with these human 

studies. To some extent, the common patterns observed here might also be 

explained by the shared prenatal exposure to maternal smoke, which confers a high 

degree of epigenetic similarity between neonatal tissues, whereas subsequent 

variation in the postnatal environment is expected to result in epigenetic divergence 

after birth. 

Regarding PSE-induced methylation alterations in adult offspring, these were 

limited and only observed in the lung. Comparing this to PSE effects in fetal and 

neonatal offspring, as described previously (19, 20), most methylation alterations 

seem therefore to be lost in adulthood. Furthermore, PSE induced differences in 

methylation at novel CpG sites in the adult lung were sex dependent, a phenomenon 

also found in our previously described studies in fetal and neonatal offspring. 

Methylation levels at all measured Igf1 CpG sites in the adult liver were much lower 

than in lung tissue, with the majority usually unaffected, but sometimes enhanced, 

by PSE. Interestingly, Igf1 mRNA expression levels in adult livers were 40 times 

higher than mRNA levels in the lung which was contrary to the results we observed 

in fetal and neonatal offspring. However, as the liver is the main organ for secretion 
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of IGF1, higher Igf1 mRNA expression could be expected in adulthood (34, 35). 

mRNA was inversely correlated with methylation at two different sites, but only in the 

adult lung. When combining all methylation and mRNA data across the three different 

stages, Igf1 mRNA expression was inversely and strongly correlated with promoter 

methylation, which was more prominent in the liver. These correlations were not 

affected by PSE. The phenomena showed here in adult offspring confirms the 

downregulatory role of promoter-associated methylation in the general regulation of 

gene expression.  

In general, insulin-like growth factor-1 (IGF1) drives growth, whereas the absence 

of IGF1 signaling results in severe growth retardation (36). In this study, PSE 

reduced hepatic Igf1 mRNA and hepatic Igf1 mRNA was positively correlated with 

body weight in neonatal offspring and negatively correlated with body weight in adult 

offspring. As hepatic IGF1 seemed to drive body weight in the neonatal stage, body 

weight was negatively correlated with the methylation status of Igf1 (especially CpG-

1254). Therefore, a regulatory role for the methylation status of Igf1 (especially CpG-

1254) could be assumed in early life. The observed negative correlation of Igf1 

mRNA with body weight in adults can be explained by a lower body weight in female 

offspring, which express more Igf1 mRNA than males. The role of IGF1 in adulthood 

may be entirely different than in the early developmental stages and more related to 

the initiation and progression of different diseases such as asthma (37), obesity, 

cardiovascular disease, and cancer (38), which most probably also depends on 

environment and presence of the IGF1R and the free IGF1 bioavailability. PSE is 

linked with both asthma and COPD later in life (12-13, 39) and of interest is that the 

PSE effect on lung inflammation in adult offspring was sex-specific. In PSE females, 

more M1 macrophages and less eosinophils were observed, while M2 macrophages, 

neutrophils and inflammatory cytokines were not affected. The observed PSE-

induced increase in M1 macrophages supports the higher risk for COPD as M1 

macrophages have the classical properties of pro-inflammation and increased 

numbers are found in smokers and COPD patients (40-42). Additionally, eosinophils 
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are traditionally linked with allergic asthma (43), whereas eosinophils probably play 

a minor role in COPD, albeit that their presence has been reported in proximal 

airways during viral-induced exacerbations (44). 

In summary, our data show that PSE affects Igf1 promoter methylation patterns in 

the adult lung, rather than the adult liver. Furthermore, PSE-affected Igf1 promoter 

methylation changes across three developmental stages was organ and sex specific. 

For most CpG sites, an inverse correlation was found for promoter methylation and 

mRNA expression when combining the three stages. This was more prominent in the 

liver. To our knowledge, this is the first study to investigate the effects of in utero 

smoke exposure on promoter methylation persistence/reversibility from the fetal 

stage to adulthood of a specific gene in two organs. These findings reveal sex- and 

organ-dependent adverse effects of PSE on promoter methylation, which supports 

the observation that the intrauterine environment has the capability to “program” the 

fetus by inducing subtle changes in organ functions which might pre-dispose to 

disease in adulthood (45).  
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