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Summary 

Exposure to environmental toxicants in early life can impact development and growth 

in an epigenetic-modified manner throughout the life course, especially through 

alterations of DNA methylation. The overall aim of this thesis was to investigate the 

effects of early life exposure to environmental toxicants (i.e. cigarette smoke or e-

waste) on expression and methylation of genes important in growth, development 

and ageing. To this end, in part 1 of this thesis, a mouse model of maternal smoking 

during pregnancy was used, in combination with adult offspring smoke exposure to 

investigate the stability of prenatal smoke induced-Igf1 promoter methylation across 

3 developmental stages, in liver and lung. In addition, in offspring mice, exposed to 

cigarette smoke (CS) for 12 weeks, the added effect of prenatal smoke exposure 

(PSE) on CS-altered lung ageing parameters was investigated and linked with 

alteration in the IGF1 pathway. In part 2 of this thesis, the effects of exposure to 

environmental pollutants originated from a typical e-waste recycling area in China 

were investigated on neonatal methylation patterns involved in development and 

growth of preschool children based on two population studies. 

Chapter 2 describes an experimental mouse study in which both the natural 

methylation patterns of Igf1 (Insulin-like growth factor-1) was investigated from the 

fetal stage, neonatal period to adulthood, and the effects of PSE on the persistence 

or reversibility of Igf1-specific DNA methylation. We found that the basal Igf1 

promoter methylation pattern across three different developmental stages in the lung 

was just the opposite of the pattern in the liver, i.e. a general increase of methylation 

over time in the lung but a declining methylation pattern in the liver. This finding 

shows that the natural promoter methylation of a specific gene across the life course 

is organ-specific. In addition, PSE-induced changes of Igf1 promoter methylation 

were only observed in the adult lung and not in the adult liver. Moreover, the PSE 

effect was much less pronounced in the adult offspring compared to the fetal and 

neonatal stages. Interestingly, Igf1 promoter methylation alterations induced by PSE 

over time were not only organ- but also sex specific.  
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In Chapter 3, the focus was on the postnatal CS effects in relation to features of lung 

ageing and the pathogenesis of COPD. This was linked with the IGF1 signaling 

pathway and we asked the question whether there was an added effect of PSE. Our 

findings showed that offspring CS reduced numbers of (anti-ageing) SIRT1 positive 

cells, whereas in contrast to what we expected, CS exposure also reduced the 

mRNA expression of the cell senescence markers p53, p21 and it induced cell 

proliferation, i.e. Ki67. CS only induced airway basal cell gene expression in offspring 

from non-smoking mothers and increased the number of NKX2.1 positive cells in the 

parenchymal tissue, with no additional effect of PSE. With respect to the features of 

COPD, cell remodeling, CS induced SMA thickening around the airways, irrespective 

of PSE, whereas PSE alone reduced collagen III deposition around blood vessels. 

Furthermore, CS induced Igf1 mRNA and IGF1 positive cell numbers, irrespective of 

PSE, while the link of IGF1 with basal cell markers and AECII cell populations was 

found in the PSE group. In general, offspring CS exposure reduced numbers of anti-

ageing molecules, although its effects on senescence markers show a conflicting 

pattern. It also activated the IGF1 pathway with no additional effect of PSE and this 

IGF1 was associated with basal cell gene markers and AECII cell populations. CS-

induced effects were only modestly affected by PSE. 

 

The next two chapters describe studies that were conducted in newborns and 

preschool children from a Chinese population study. In this study, the effects of 

exposure to environmental irritants, originated from a special study field-Guiyu, a 

well-known electronic waste (e-waste) recycling area, were explored during two 

pivotal stages of human development, i.e. fetal stage and childhood. Differential 

methylation patterns of genes involved in neonatal development and the adverse 

effects on growth hormone (GH)-IGF1 axis involved in growth was found in preschool 

children with e-waste exposure. 

Chapter 4 describes a birth cohort study that shows the detrimental effects of 

maternal exposure to e-waste originated environmental heavy metals on neonatal 
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DNA methylation patterns. The concentrations of lead (Pb), cadmium (Cd), 

manganese (Mn) and chromium (Cr) in neonatal umbilical cord blood (UCB) samples 

were measured and epigenome-wide DNA methylation at 473, 844 CpG sites (CpGs) 

in these UCB samples were assessed through Illumina 450K BeadChip. Differential 

methylation was found in 125 CpGs mapped to 79 genes comparing the e-waste 

exposed group with higher concentrations of heavy metals (Pb and Mn) with the 

reference, non-e-waste-exposed group. These differentially methylated genes are 

involved in multiple biological processes including calcium ion binding, cell adhesion, 

embryonic morphogenesis, using signaling pathways related to NFkB activation, 

adherens junction, TGF beta and apoptosis. Among them, two CpGs were selected 

that respectively mapped to brain-specific angiogenesis inhibitor 1 (BAI1) and 

Catenin cadherin-associated protein, alpha 2 (CTNNA2), which both are involved in 

the process of neuron differentiation and development. Further verification of the 

methylation patterns of these two genes by bisulfite pyrosequencing showed hyper- 

and hypo-methylation, respectively and both methylation alterations were associated 

with maternal Pb exposure. This indicates that prenatal exposure to e-waste-

originated heavy metals may lead to epigenetic-induced alterations of differential 

genes involved in fetal development. 

Chapter 5 describes a child population study in which we continued to assess 

exposure levels of atmospheric PM2.5-bound polycyclic aromatic hydrocarbons 

(PAHs) in a typical e-waste recycling area, Guiyu and investigated the associations 

of childhood PM2.5-PAH exposure, plasma IGF1 levels and growth of preschool 

children from this special studying area. Elevated atmospheric PM2.5-bound ∑16 

PAHs and PM2.5 levels in the town of Guiyu led to more individual chronic daily 

intakes (CDIs) of PM2.5 pollutants in children living in Guiyu than children living in an 

environment without e-waste. Meanwhile, preschool children living in this e-waste 

exposed area had lower plasma IGF1 levels than the reference children. Moreover, 

individual CDI of PM2.5 was negatively associated with plasma IGF1 levels. The 

negative association of the CDI of PM2.5-bound ∑16 PAHs with plasma IGF1 levels 
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was also observed. Additionally, an increase of CDI of PM2.5 pollutants was 

associated with a reduction in child height. The decreased plasma IGF1 

concentrations in children could mediate part of the whole effect associated with this 

atmospheric PM2.5 exposure on child height. This study indicates that exposure to 

atmospheric PM2.5 pollutants originated from an e-waste recycling area is associated 

with the impairment of child growth and the possible mechanism of this may be via 

affecting the GH/IGF1 axis.  

General discussion  

Early life exposure, development, growth and ageing 

The fetal stage and neonatal period are considered the most critical phases for 

susceptibility to exposure of environmental irritants, especially for its impact on 

differentiation, development and growth of the target tissues and organs [1]. In this 

thesis, early life exposure to toxic environments was negatively associated with 

development and several growth parameters, including body weight and height in 

mice and men, and this could be linked to lower expression of IGF1. Indeed, this is 

in line with previous studies showing that low expression of IGF1 upon prenatal 

exposure to ethanol, nicotine and caffeine was related to impaired development of 

kidney, articular cartilage, liver, pancreas and reproductive organs, leading to a 

higher risk for development of glomerulonephritis, osteoarthritis, 

hypercholesterolemia, adiposity, and infertility later in life [2-9]. 

In our e-waste exposed population study (chapter 5), we further measured leg 

length and sitting height (according to an anthropometric handbook for Chinese 

children), instead of only height, of the preschool children from the same studying 

area in 2018, as these two parameters are more comprehensive and specific for 

assessment of linear growth [10-12]. Similarly, daily PM2.5 data of twenty-four hours 

was collected during the same period as in 2017. Our results from 2018 showed that 

the average PM2.5 concentration in the exposed area was still significantly higher 

than the reference area (27.02 ± 0.93 μg/m3 vs. 21.11 ± 0.72 μg/m3, P < 0.001), as 

shown in Figure 1. Moreover, the e-waste-exposed group had a lower height (105.08 
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cm vs. 107.91 cm, P < 0.001), lower sitting height (58.22 cm vs. 60.06 cm, P < 0.001) 

and shorter leg length (46.86 cm vs. 47.85cm, P < 0.05) than the children in the 

reference group, which were presented in Table 1. Based on the results from the 

year of 2018, it showed that the same phenomenon of more serious of PM2.5 

pollutions in exposed area linked with shorter height, sitting height and leg length in 

exposed preschool children as in 2017.  

 

Figure 1. Comparisons of atmospheric PM2.5 

concentrations in the e-waste exposed area and the 

reference area, data analyzed by the Independent-

sample t-test, ***Significant at P < 0.001 and data 

presented as mean ± SD. 

 

 

 

 

Table 1. Comparisons of height, sitting height and leg length in the e-waste exposed children 

and the reference children. 

Growth parameters Reference group  Exposed group P value 

Mean ± SD  Mean ± SD 

Height (cm) 107.91 ± 8.02  105.08 ± 7.34 < 0.001 

Sitting height (cm) 60.06 ± 4.33  58.22 ± 4.46 < 0.001 

Leg length (cm) 47.85 ± 4.18  46.86 ± 4.92 0.0158 

Data analyzed by the Independent-sample t-test. 

In addition, accelerated ageing of target organs and development of the related 

chronic diseases including COPD can also originate from early life exposure to toxic 

environments, such as cigarette smoking [5,6]. Indeed, other studies in newborns 

indicate that prenatal exposure to second-hand smoke, air particulate matter (PM) 

pollution and e-waste pollution could lead to a shorter telomere length in cord blood 

or placenta [13-15]. These early life exposures could be a risk factor for accelerated 

ageing. Also, maternal exposure to bacteriotoxin lipopolysaccharide, hypoxia and 
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early-life growth restriction was associated with age-related diseases including 

atherosclerosis, renal and arterial disorders, and dopamine neuron loss later in life 

[16-18]. In this thesis (chapter 3), prenatal smoke exposure (PSE) only showed a 

modest effect on CS-induced alterations, which was not what we expected in this 

model. However, a more extensive investigation could be performed in our mouse 

model, including proteomics, RNAseq and a genome wide methylation study. Further 

studies on the PSE effect on hallmarks of ageing are of interest to pursue in the 

future. Remarkably, in our e-waste study (chapter 4), we also found some 

differentially methylated genes enriched in the components of mitochondria and 

biological process of response to hypoxia in neonatal blood with maternal exposure 

to toxic environments during pregnancy. It is well known that mitochondrial 

dysfunction or excessive oxidative stress in cells leads to senescence and eventually 

results in ageing acceleration [19]. For future studies, it would be of interest to follow 

up on individuals that were born and/or grown up in an e-waste environment with 

respect to risk to develop (ageing)-related chronic diseases.  

Prenatal exposure and DNA methylation 

Cigarette smoke and e-waste exposure - similarities and differences 

By using a prenatal smoke-exposed mouse model and a birth cohort with maternal 

exposure to e-waste during pregnancy, we found that prenatal exposure to toxic 

environment not only changed the methylation of one specific gene (Igf1) involved 

in growth and development, but also leads to a genome-wide differential methylation 

patterns in blood cells of neonates. Both toxic exposures share a number of 

components including nicotine, carbon monoxide, acrolein, polycyclic aromatic 

hydrocarbons (PAHs), cadmium, lead, arsenic, as well as fine PM, albeit that their 

concentrations are different [20-22]. This could explain that both exposures could 

alter the methylation patterns at early life, which in turn have impact on reduced 

growth, organ development abnormalities and as such are a risk factor for 

development of chronic (lung) diseases later in life [23]. Next to similar components, 

there are also components present in e-waste that are not present in cigarette smoke, 
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including persistent organic pollutants (POPs) - polybrominated diphenyl ethers, 

polychlorinated dibenzo-p-dioxin and dibenzofurans, polychlorinated biphenyls, 

bisphenol A and heavy metals - chromium, manganese, copper, mercury, zinc and 

nickel [22,24]. Taken from mouse offspring that were prenatally exposed to cigarette 

smoking (chapter 2), and genome wide methylation patterns in human cord blood 

samples in comparison to e-waste exposure (chapter 4), the most interesting 

differences were that all CpG sites located in IGF1 were not differentially methylated 

in these prenatally e-waste exposed human neonates, albeit that genes involved in 

brain neuron and immune development were found to be differentially methylated in 

these children. Furthermore, the methylation status of IGF1 was negatively 

correlated with the body weight in the mouse study, which suggests possibly 

regulatory roles for the early life environment and IGF1 in neonatal growth. The lack 

of an effect on differential methylation of IGF1 in e-waste exposed human neonates 

could be explained by the fact that this was investigated in blood cells instead of liver 

tissue. This organ specific effect on DNA methylation is further discussed below. 

Organ differences 

Another interesting result from the studies presented in this thesis is that the effect 

of early life exposure on methylation and gene expression is very much organ 

dependent, both in mice and men. This supports human studies comparing PSE-

altered DNA methylation patterns in placental tissue, umbilical cord blood and buccal 

cells [25]. However, most of the similar human studies investigating the prenatal 

programming effect of PSE investigated only cells from peripheral blood, as it is a 

readily accessible way to collect samples. However, exposure-induced differential 

DNA methylation in peripheral blood cells has not always been shown to reflect the 

changes in target tissues [26,27]. Furthermore, DNA methylation patterns are even 

cell specific and can be highly dynamic during normal differentiation, as well as in 

response to environmental exposures [28]. In our mouse studies, we measured the 

methylation in whole lung homogenates, which could have an effect on IGF1 

methylation as some cells express IGF1 and others do not. Therefore, the technique 
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of single-cell bisulfite sequencing could be an interesting and promising approach 

for future studies, as DNA methylation could be assessed with a genome-wide base-

resolution in single cells. Although this technique has high concordance to bulk data 

sets and the low sequencing depth, the allele-specific (and strand-specific) 

differences in methylation can sometimes be obscured in detections. This will be a 

challenge to utilize for future analysis [29].  

Persistence or reversibility of DNA methylation 

In this thesis, we had the great opportunity to investigate persistence or 

reversibility of (PSE-induced) DNA methylation (alterations) over time for eight CpG 

sites in the promoter region of IGF1. Our results were consistent with a human study 

of epigenome-wide association analysis for PSE in which also persistent or 

reversible methylation alterations were found for specific genes, over time, in 

peripheral blood cells of children from mothers that smoked during pregnancy [30]. 

In addition, a persistent effect on methylation was seen in smokers. After smoking 

cessation, methylation levels gradually reverse to normal levels between 3 and 6 

months [31]. However, methylation of specific CpG sites were found never found to 

be restored after smoking cessation [32] and these marks can be used to indicate 

former smoking behavior [33]. These all indicate that early life environmental 

exposures are able to influence the establishment of DNA methylation patterns. In 

general, DNA methylation patterns are faithfully maintained by the balance of 

methylation catalyzed by several DNA methyltransferases (DNMTs), and 

demethylation by the ten-eleven translocation (TET) enzymes during development 

[34,35]. In this case, CS may interrupt the homeostasis of these enzymes during 

development which eventually affects methylation persistence in later life. 

Additionally, methylation of specific CpG sites is distinct in different cell types. The 

method we used for methylation measurement is pyrosequencing, which measures 

the percentage of methylation in a sample of different cells that can be different in 

the different stages. Nevertheless, in our model, we found a strong organ-specific 

phenomenon of methylation persistence caused by PSE, even if the cell 
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compositions changed slightly. So far, many human studies linked 

persistent/reversible methylation alterations to PSE from early life to later life [25,36-

37]. However, most of these results are based mainly on cross-sectional studies and 

show only correlations of methylation changes with toxic exposure at differential 

developmental stages. As comparing DNA methylation across organs over time 

presents huge challenges in population studies, our mouse study provides a 

relatively ideal model to investigate such profiles.  

Sex differences 

Epidemiological studies show that sex-specific effects of prenatal exposure to 

toxic environments on epigenome-wide methylation patterns or gene-specific 

methylation are prominent [38-41]. Martin et al. reviewed that many large-scale 

epigenome wide association studies (EWAS) in human neonates showed sex-

specific effects of early life exposure to environmental toxicants on DNA methylation 

patterns [23]. Therefore, sex-based differences in DNA methylation should be 

seriously considered when investigating the environmental exposure-induced 

alterations. In our e-waste related studies described in this thesis (chapter 4), the 

sex ratio of the selected neonatal samples for epigenome-wide methylation analysis 

was similar in the e-waste exposed group as in the reference group. Meanwhile, in 

the process of epigenome-wide methylation analysis, all CpG loci on sex 

chromosomes (X and Y) were excluded to eliminate the sex-specific methylation bias. 

However, the sex-dependent results of differential methylation patterns in human 

neonates with maternal exposure may occur within each group, possibly like Kippler 

et al. found in a study investigating the sex-specific effects of early life cadmium 

exposure on DNA methylation [42].  

In addition, our previous mouse studies showed that the effect of maternal 

smoking during pregnancy on promoter methylation differed to a large extend in male 

and female mice [43]. Furthermore, the PSE-induced methylation alterations and 

persistence/reversibility was sex-dependent. Our data is consistent with Murphy et 

al. and Bouwland-Both et al. who both found that sex-specific methylation differences 
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of IGF2 (Insulin-like growth factor 2) was related to PSE [38,44]. An even more 

interesting phenomenon in our results is that male offspring were more susceptible 

to the PSE-induced methylation than female offspring. Our findings support a similar 

phenomenon found in a mouse model for second-hand smoke exposure in which 

was also shown that the female lung seemed to be preferentially protected from early 

environmental irritants, with respect to lung development [45]. One possible 

explanation for the sex differences in susceptibility to early life exposure may be that 

baseline expression levels of DNA methyltransferases may be different between 

male and female [46]. The CS-mediated increase of DNA methyltransferase 

expression was shown to be more prominent in females than in males, albeit this 

was a trend statistically [47]. Another possible explanation may be that for many 

mammalian species, including mice and humans, female fetuses begin earlier in the 

lung development and maturation processes than male fetuses [48-50]. Furthermore, 

exposure effects on different developmental stages, albeit exposed on the same day, 

will obviously lead to differences in methylation when comparing male and female. 

This phenomenon could also be observed in our adult mice.  

Future perspectives  

In this thesis, our studies revealed a large impact of toxic early life exposures on 

growth which was related to the IGF1 signaling pathway. Besides, we were able to 

show that aberrant methylation of Igf1 in mouse liver, could be one of the underlying 

mechanisms. To further expand on our studies in children, and given that growth 

hormone (GH) is also an essential part of the GH-IGF1 axis in regulating the 

childhood linear growth [51], additional measurements of GH levels in the serum of 

these participated children would be of interest to explain the role of the GH-IGF1 

axis in e-waste exposure-induced impairment of skeletal growth. However, as growth 

hormones like IGF1 and GH are predominantly produced by the liver, an additional 

genome wide screen of DNA methylation in blood cells would probably not really 

answer the question as to whether aberrant DNA methylation would underlie the 

observed impairment of skeletal growth. 
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Next to aberrant hepatic Igf1 methylation in the mouse, our studies revealed a 

differential methylation profile in blood cells of human neonates, from which we only 

selected two differentially methylated genes involved in neuron differentiation. 

However, besides the observed injurious effects on the nervous system, several 

other impairments of the immune, reproductive and endocrine system, embryonic 

development and interruption of cell adhesion signaling molecules were also 

observed due to these kinds of exposures [22,52-54]. Therefore, in a next study, it 

would be interesting to, validate differential methylation of LY75, C3, MAP2K3, 

APAF1, HLA-B, enriched in the immune response; TGFBR1, TDGF1, SMAD3, 

APAF1, ODZ4 and NLRP5, TGFBR1, enriched in embryonic morphogenesis and in 

utero embryonic development; NID1, ANTXR1, ACTN3, enriched in cell-substrate 

adhesion in a new population of preschool children with a similar exposure and with 

a larger sample size. After validation, differential methylation of genes should be 

linked to the clinical phenotypes of these children regarding immune defense and 

susceptibility to metabolic and other chronic diseases. It would be of great interest 

to follow up on these children and investigate health status with questionnaires in 

the next 10 to 20 years. An additional analysis of methylation and gene expression 

would give insight as to whether epigenetic modifications have a “driving” rather than 

“passenger” role in the impairment of development, and risk for accelerated ageing 

and chronic diseases later in life. 

 

In conclusion, in this thesis we describe studies conducted in animal models and 

human population studies, revealing the potential devastating impact of early life 

exposure to two different toxic environments on growth and development, which 

could lead to an increased risk for accelerated ageing and chronic diseases later in 

life. 
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