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Early life exposure to cigarette smoke 

Cigarette smoke (CS) contains over 4,000 chemicals and multiple of them, 

especially nicotine and carcinogens including polycyclic aromatic hydrocarbons 

(PAHs) are extremely detrimental to human health at different developmental stages 

[1]. Indeed, cigarette smoking is the most common leading cause of adult-onset lung 

diseases, such as chronic obstructive pulmonary disease (COPD) and lung cancer 

[2-3]. Children exposed to CS during preschool years have an increased risk of 

getting pneumonia and bronchitis [4]. In addition, CS was shown to interfere with 

lung development, while secondhand smoke could enhance the susceptibility to 

respiratory infection and the prevalence of wheezing, as well as to further deteriorate 

the respiratory symptoms of children who already suffered from chronic lung disease, 

as reviewed in [5]. To make matters worse, in utero exposure to maternal smoking 

has been linked to low birth weight, smaller head size, obesity and lower pulmonary 

function in several epidemiological studies [6-11]. In a rat model, prenatal exposure 

to CS was shown to impair fetal lung development, inducing a smaller lung volume, 

lower number of saccules and septal crests, as well as decreasing the number of 

elastin fibers [12,13]. In addition, in our mouse model of maternal smoking during 

pregnancy, prenatal smoke exposure (PSE) induced lower expression of genes that 

are involved in lung development in lungs of neonatal mice [14]. Data obtained from 

these animal models are relevant, as PSE-induced impaired lung development and 

growth in early life could be a potential risk factor for the development of COPD in 

adulthood [11,15].  

Early life exposure to electronic waste (e-waste) pollutants  

The primitive process of discarding electronic consumer devices leads to the 

generation of large amounts of electronic waste (e-waste) pollutants, such as heavy 

metals and organic pollutants. It is reported that millions of migrant workers are 

engaged in processing e-waste at several e-waste recycling areas in China. In the 

case that these toxic compositions are directly released into the local environment 

(including atmosphere, water and soil), it imposes various adverse impacts on 
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people’s health, especially on susceptible populations including newborns and 

preschool children [16]. Epidemiologic studies have reported that prenatal exposure 

to these heavy metals, such as lead, cadmium, manganese and chromium results in 

preterm deliveries, but also abnormal birth outcomes including low birth weight, birth 

length and head circumference, retarded fetal development, as well as detrimental 

cognitive developmental effects or neurodevelopmental problems in later life [17-23]. 

In addition, manganese and chromium toxicity in animal models have shown to result 

in reduced birth weight and crown-rump length, retarded embryonic development 

and dead fetuses [24-28]. Similarly, high levels of organic pollutants originated from 

e-waste, such as PAHs and polychlorinated biphenyls (PCBs) in peripheral blood of 

fetuses and children were shown to be positively correlated with adverse birth 

outcomes, reduced fetal physical development, as well as the neurodevelopmental 

abnormalities [29-31].  

When environmental toxic substances including heavy metals and persistent 

organic pollutants originated from e-waste are dispersed into the air, they can easily 

bind to fine particulate matter (PM2.5) in the atmosphere. In this case, atmospheric 

PM2.5 exposure represents a mixed exposure of these pollutants. An increasing 

number of epidemiological studies have confirmed that atmospheric pollutants can 

interfere with child growth, showing associations between exposure to atmospheric 

PM2.5 with child height, BMI, overweight and obesity [32-34]. Within the e-waste 

dismantling region in Guiyu, one of the largest e-waste recycling areas in the 

world, also high concentrations of persistent organic pollutants were observed in the 

air, which include PAHs, polybrominated diphenyl ethers, polychlorinated 

dioxins/furans, polychlorinated biphenyls and heavy metals [35]. Many adverse 

health outcomes related to high concentrations of PM2.5 and heavy metals in PM2.5 

were reported in this area [35,36].  

Early life exposure and DNA methylation  

The early developmental stages ranging from preconception to early childhood are 

sensitive to environmental changes, in which epigenetic responses are heavily 
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involved. These epigenetic responses influence, amongst other, cell- and tissue-

specific gene expression, development and sexual dimorphism [37]. DNA 

methylation is a major epigenetic modification for regulation of gene expression 

which is essential for normal growth, development, and ageing [38]. It involves the 

addition of a methyl group to the number 5 carbon atom of the cytosine pyrimidine 

ring and this process is recognized and catalyzed by the corresponding DNA 

methyltransferase enzymes [39]. The methylation status of cytidine-guanosine (CpG) 

sequences in the promoter regions of actively transcribed genes control the ability of 

binding the transcription factors, thereby modulating the rate of transcription to 

messenger RNA (mRNA) [40,41].  

Epigenetic interactions with tobacco smoke have emerged as potentially intriguing 

mechanisms for postnatal lung disease [42]. Tobacco-related DNA methylation was 

first noted in the context of cancer development and progression [43]. Subsequently, 

epigenetic differences in global DNA methylation have been found between smokers 

and nonsmokers [44]. Cord blood studies have implicated smoking-induced 

methylation changes in multiple specific genes, including CYP1A1, GF1, FOXP3, 

and AHRR, which play a role in detoxification and immune regulation and, therefore, 

may contribute to childhood lung disease [45-47]. In addition, maternal smoking 

during pregnancy is associated with changes in methylation in genes involved in 

fundamental developmental processes, leading to aberrant development of the fetus, 

after the first trimester [48]. The consequences for some epigenetic marks, can be 

stable and persist in the offspring, until childhood and adolescence [49], whereas for 

others, reversibility of methylation was shown [50].  

DNA methylation changes due to prenatal environmental chemical exposure have 

also been linked to alterations in gene expression, disease phenotypes and 

susceptibilities [51]. In addition, a cohort study from South Korea indicates that 

prenatal exposure to persistent organic pollutants (POPs), such as organochlorine 

pesticides, PBDEs, and PCBs is associated with changes in methylation of genes 

(such as LINE-1), including major imprinted genes (IGF-2) in the placenta [52]. An in 
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vitro model of sheep fetal cells confirms that chronic exposure to PCBs could cause 

permanent genomic and epigenetic instability (global methylation alterations), which 

may influence both prenatal and postnatal growth up to adulthood [53]. Also, prenatal 

specific PAH exposures are associated with decreased birth length and global DNA 

methylation [54]. In addition, many epidemiological studies indicate that prenatal 

exposure to heavy metals, such as lead, Cd, and Mn, can inversely affect genomic 

DNA methylation and methylation at regulatory sequences of imprinted genes in 

umbilical cord blood, as well as DNA methylation patterns in placenta, respectively 

[55-57].  

Cigarette smoke and accelerated ageing 

Ageing is defined as a “progressive decline of homoeostasis that occurs after the 

reproductive phase of life is complete, leading to an increased risk of disease or 

death” [58]. This is a normal, but complex and heterogenetic process which occurs 

in all organs and tissues, maybe at a different pace, across all organisms [59]. CS is 

one of the exogenous stimuli that is linked with accelerated ageing. CS leads to 

oxidative stress in the organism as it generates excessive reactive oxygen species 

(ROS) levels in the lung, which is also observed in individuals with COPD [60]. CS-

induced oxidative stress was shown to activate phosphoinositide-3-kinase 

(PI3K)/phosphate protein kinase B (AKT)/mammalian target of rapamycin (mTOR) 

signaling, which plays a key role in the induction of cellular senescence and ageing 

[61,62]. The activation of this mTOR pathway has also been observed in lungs of 

COPD patients [63]. Cellular senescence contributes to (accelerated) ageing, age-

related diseases, and reduced lifespan [64]. It mainly involves the activation of 

nuclear factor-kappa B (NF-κB) which results in the secretion of multiple 

inflammatory proteins known as the senescence-associated secretory phenotype 

(SASP), including inflammatory cytokines such as IL1β, IL6, TNFα and activation of 

the tumor suppressor p53/cyclin kinase inhibitor p21 signaling [65]. CS leads to 

accumulation of senescent cells in the lung, which are characterized by their SASP, 

as well as growth factors (vascular endothelial growth factor, TGF-β1), which are all 
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increased in age-related diseases, including COPD [65,66]. In addition, cigarette 

smoke extract was shown to induce cellular senescence in lung fibroblasts with 

upregulation of p53/p21 signaling [67]. Furthermore, a CS-induced decline in the 

capability of autophagy (i.e. the natural, regulated mechanism of the cell that 

removes unnecessary or dysfunctional components to prevent ageing) eventually 

results in a further increase cellular senescence [68]. Defective autophagy, as found 

in CS-exposed alveolar macrophages [69] and bronchial epithelial cells [70], is a key 

characteristic of ageing cells and age-related diseases, including COPD [68,71]. 

Sirtuin1 (SIRT1) is an anti-ageing molecule, which deacetylates the antioxidant 

transcription factor, forkhead box class O3a (FOXO3a) to enhance antioxidant 

responses [72,73]. Decreased SIRT1 contributes to activation of the mTOR pathway, 

defective autophagy and p53-induced cellular senescence [61]. It is reported that 

SIRT1 is markedly reduced in lung tissues of smokers and patients with COPD 

[74,75]. Diminished FOXO3 protein levels were observed in lungs of smokers, 

patients with COPD and of smoke-exposed mice [76,77]. In progenitor/stem cells, 

ROS results in activation of PI3K/AKT signaling and thus represses FOXO-mediated 

stress response and autophagy. This eventually leads to increased cellular 

senescence. When CS-induced senescence takes place in the progenitor/stem cell 

population in the lung, the progenitor/stem cells get exhausted, leading to a depletion 

of the regenerative capacity of the lung [78]. Studies have shown that CS induces 

senescence in endothelial progenitor cells, airway basal progenitor cells and alveolar 

epithelial type II (AECII) cells [79-82]. Finally, CS also leads to dysregulation of the 

extracellular matrix, which include thickness of the smooth muscles and deposition 

of collagens which is also observed in the ageing lung [83]. 

The role of Insulin-like growth factor 1 (IGF1) in early life development and 

ageing 

The insulin-like growth factor (IGF) axis is a multicomponent network of molecules 

that has a pivotal role in cell proliferation, differentiation and survival, and their 

signaling, as explained in Figure1, is associated with cancer. IGF1 is mainly 
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synthesized in the liver and commonly functions as a cellular growth factor. However, 

small amounts of it is produced in other organs, such as the lung, where it is 

produced by airway epithelial cells, smooth muscle cells, fibroblasts and alveolar 

macrophages [84]. During rodent lung organogenesis, IGF1 is highly expressed in 

mesenchymal cells [85]. Lungs of IGF1-deficient embryonic and neonatal mouse 

showed collapsed air spaces [86]. In addition, IGF1 was shown to induce epithelium 

and vascular maturation of the distal lung in mouse fetus at late stages [87]. Prenatal 

tracheal occlusion or ligation, which has been proven to accelerate fetal lung growth 

is accompanied with an increased IGF1 expression in rat lungs [88]. In mice that 

were prenatally ablated of Igf1, immature and delayed distal pulmonary 

organogenesis was found, in which lung mesenchyme was thickened, airway 

smooth muscles were thinned, extracellular matrix deposition was diffused and blood 

vessels were dilated [89]. Embryonic Igf1-deficient mice have less differentiated 

alveolar epithelial type I cells, elevated proportion of alveolar epithelial type II cells 

and failed in alveolar capillary remodeling [90]. In human newborns, maternal 

smoking during pregnancy was shown to decrease IGF1 in cord plasma [91]. This 

was supported by a previous mouse study from our group in which maternal smoking 

during pregnancy decreased Igf1 mRNA expression in neonatal liver tissue [92]. In 

addition, hypoxia-induced reduction of IGF1 levels in plasma was accompanied by 

an abnormal development of the lungs in postnatal rats [93]. 

The IGF1 signaling pathway is also a critical and potential target for many ageing-

related and adult-onset diseases including COPD [94-97]. In Igf1 knockdown mice, 

less paraquat-induced oxidative stress was found and mice survived longer through 

blocking MAPK/ERK1/2 and Akt signaling [98]. Igf1 deficiency in rodents was 

additionally shown to lead to increased DNA repair capacity, a common phenomenon 

that is lacking in ageing organisms [99]. More importantly, cigarette smoke extract-

induced upregulation of IGF1 in human bronchial epithelial cells inhibits Akt/mTOR 

signaling and prevents autophagy, which is important in promoting cell senescence. 

This cellular senescence contributes to the pathogenesis of COPD [100]. Therefore, 
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as accelerated aging phenotypes are featured in lungs of COPD patients, this 

pathway could be a promising therapeutic route to conquer COPD [60]. 

In addition, IGF1 is considered as an endocrine hormone and the concentration of 

IGF1 in the blood can mediate linear growth in early postnatal stage [101]. This is 

mainly due to IGF1 in bloodstream promoting growth plate chondrocytes, which is 

essential in regulating the linear growth [102].  

Hypothesis 

In this thesis, we hypothesized that aberrant IGF1 expression, due to exposure to 

a toxic environment, either in early or later life, has a central role in impaired growth, 

aberrant organ development and accelerated ageing later in life (Figure 2). 

 

Figure 1. IGF1 signaling in growth, cell differentiation and ageing. Activation of IGF1 signaling 

stimulates the Ras- MAP kinase cascade (RAS/Raf/mitogen-activated protein kinase (MAPK) signaling 

pathway, purple blocks) or the PI3-kinase cascade (phosphoinositide-3-kinase (PI3K)/protein kinase B 
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(AKT)/mammalian target of rapamycin (mTOR) signaling pathway, blue blocks); activation of either 

pathway can promote growth and cell differentiation (grey block) [103]. In addition, activation of PI3K/AKT 

represses FOXO3-regulated antioxidants and results in increased oxidative stress [62]. Activation of 

mTOR leads to inhibition of autophagy and sirtuin1 (SIRT1) (green blocks) [62]. Defective autophagy 

results in increased cellular senescence (green blocks) [62]. Reduced SIRT1 expression or activity plays 

a key role in cellular senescence through activation of proinflammatory transcription factor nuclear factor-

kappa B (NF-κB) which results in the secretion of multiple inflammatory proteins known as the 

senescence-associated secretory phenotype (SASP) and activation of the tumor suppressor p53/ cyclin 

kinase inhibitor p21 pathway [61] (green blocks). Reduced SIRT1 also prevents co-activation of 

transcription factor FOXO3a further adding an increased oxidative stress response, which eventually 

results in the increase in cell senescence [73]. Cellular senescence contributes to (accelerated) ageing, 

age-related diseases, and reduced lifespan [64].  

 

 

Figure 2. Role of IGF1 in impaired growth, development and ageing after (early)-life exposure to 

toxic environments. Our hypothesis is that aberrant IGF1 expression and promoter methylation, due to 

exposure to a toxic environment, either in early or later life, has a central role in impaired growth, aberrant 

organ development and accelerated ageing later in life.
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The scope of this thesis 

The overall aim of this thesis was to investigate the effect of early life exposures to 

environmental toxicants (i.e. cigarette smoke or e-waste) on mRNA expression and 

promoter methylation of genes involved in development, growth and ageing, in mice 

and man. Insight in these processes will improve our understanding of the role of 

epigenetic mechanisms in early life exposure-associated aberrant development, risk 

for chronic disease development and accelerated ageing later in life. In part 1 of this 

thesis, we used a mouse model of prenatal smoke exposure (PSE). In chapter 2, 

the natural trajectory of promoter methylation of Igf1 in the liver and lung was 

investigated across three developmental stages to investigate the effects of PSE on 

the persistence and reversibility of gene-specific DNA methylation. In chapter 3, the 

effect of PSE on postnatal smoking-induced effects was investigated on lung 

pathology and aging hallmarks in relation to IGF1 expression. In part 2 of this thesis, 

we recruited two susceptible populations, human neonates and preschool children, 

respectively with environmental heavy metal exposure during pregnancy and with 

atmospheric PM2.5 pollutant exposure in childhood at the same e-waste area. In 

chapter 4, the effects of maternal exposure to e-waste environmental heavy metals 

including lead (Pb), cadmium (Cd), manganese (Mn) and chromium (Cr) on DNA 

methylation were investigated in human neonates to portray differential methylation 

profiles in peripheral blood of newborns that were prenatally exposed to e-waste. 

Meanwhile, validation of differentially methylated genes involved in development and 

growth were further investigated in this neonatal population, which may predispose 

to related disease risk at later life. In chapter 5 studies on the effects of early life e-

waste exposure were continued in a group of preschool children that were exposed 

to atmospheric PM2.5 and PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) 

from the same e-waste-exposed area and to investigate the effect of this exposure 

on GH/IGF1 axis involvement in linear growth of these children. In Chapter 6 we 

summarized the findings in this thesis and put them in perspective of future studies.
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