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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, 



General introduction 

17 
 

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.



Chapter 1 

20 

 

Reference 

[1] Sen B, Mahadevan B, DeMarini DM. Transcriptional responses to complex mixtures: a 

review. Mutat Res. 2007, 636(1-3):144-177. 

[2] Mouronte-Roibás C, Leiro-Fernández V, Fernández-Villar A, Botana-Rial M, Ramos-

Hernández C, Ruano-Ravina A. COPD, emphysema and the onset of lung cancer. A 

systematic review. Cancer Lett. 2016, 382(2):240-244. 

[3] Krauss-Etschmann S, Bush A, Bellusci S, Brusselle GG, Dahlén SE, Dehmel S,Eickelberg 

O, Gibson G, Hylkema MN, Knaus P, Königshoff M, Lloyd CM, Macciarini P, Mailleux A, 

Marsland BJ, Postma DS, Roberts G, Samakovlis C, Stocks J, Vandesompele J, Wjst M, 

Holloway J. Of flies, mice and men: a systematic approach to understanding the early life 

origins of chronic lung disease. Thorax. 2013, 68(4):380-384. 

[4] DiFranza JR, Aligne CA, Weitzman M. Prenatal and postnatal environmental tobacco 

smoke exposure and children's health. Pediatrics. 2004, 113(4 Suppl):1007-1015. 

[5] Gibbs K, Collaco JM, McGrath-Morrow SA. Impact of Tobacco Smoke and Nicotine 

Exposure on Lung Development. Chest. 2016,149(2):552-561. 

[6] Lawlor DA, Najman JM, Sterne J, Williams GM, Ebrahim S, Davey Smith G. Associations 

of parental, birth, and early life characteristics with systolic blood pressure at 5 years of age: 

findings from the Mater-University study of pregnancy and its outcomes. Circulation. 2004, 

110:2417-2423.  

[7] Oken E, Levitan EB, Gillman MW. Maternal smoking during pregnancy and child 

overweight: systematic review and meta-analysis. Int J Obes. 2008, 32:201-210. 

[8] Stick SM, Burton PR, Gurrin L, Sly PD, LeSouef PN. Effects of maternal smoking during 

pregnancy and a family history of asthma on respiratory function in newborn infants. Lancet. 

1996, 348:1060-1064. 

[9] Lowe J, Kotecha SJ, Watkins WJ, Kotecha S. Effect of fetal and infant growth on respiratory 

symptoms in preterm-born children. Pediatr Pulmonol. 2018, 53(2):189-196. 

[10] Neddenriep D, Martinez FD, Morgan WJ: Increased specific lung compliance in newborns 



General introduction 

21 
 

whose mothers smoked during pregnancy. Am Rev Respir Dis 1990, 141:A282. 

[11] McEvoy CT, Spindel ER. Pulmonary Effects of Maternal Smoking on the Fetus and Child: 

Effects on Lung Development, Respiratory Morbidities, and Life Long Lung Health. Paediatr 

Respir Rev. 2017, 21:27-33. 

[12] Joad J. Smoking and pediatric respiratory health. Clin Chest Med. 2000, 21:37-45. 

[13] Collins MH, Moessinger AC, Kleinerman J, Bassi J, Rosso P, Collins AM, James LS, Blanc 

WA. Fetal lung hypoplasia associated with maternal smoking: a morphometric analysis. 

Pediatr Res. 1985, 19:408-412. 

[14] Blacquière MJ, Timens W, van den Berg A, Geerlings M, Postma DS, Hylkema MN. 

Maternal smoking during pregnancy decreases Wnt signalling in neonatal mice. Thorax. 2010, 

65(6):553-554. 

[15] Foreman MG, Zhang L, Murphy J, Hansel NN, Make B, Hokanson JE, Washko G, Regan 

EA, Crapo JD, Silverman EK, DeMeo DL, COPDGene Investigators. Early-onset chronic 

obstructive pulmonary disease is associated with female sex, maternal factors, and African 

American race in the COPDGene Study. Am J Respir Crit Care Med. 2011, 184:414-420.  

[16] Heacock M, Kelly CB, Asante KA, Birnbaum LS, Bergman ÅL, Bruné MN, Buka I, 

Carpenter DO, Chen A, Huo X, Kamel M, Landrigan PJ, Magalini F, Diaz-Barriga F, Neira M, 

Omar M, Pascale A, Ruchirawat M, Sly L, Sly PD, Van den Berg M, Suk WA. E-waste and 

harm to vulnerable populations: a growing global problem. Environ Health Perspect. 2015, 

124:550-555. 

[17] Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in infancy and death 

from ischaemic heart disease. Lancet. 1989, 2(8663):577-580. 

[18] Andrews KW, Savitz DA, Hertz-Picciotto I. Prenatal lead exposure in relation to 

gestational age and birth weight: a review of epidemiologic studies. Am J Ind Med. 1994, 

26(1):13-32. 

[19] Chen A, Dietrich KN, Huo X, Ho SM. Developmental neurotoxicants in e-waste: an 

emerging health concern. Environ. Health Perspect. 2011, 119 (4):431-438. 



Chapter 1 

22 

 

[20] Jelliffe-Pawlowski LL, Miles SQ, Courtney JG, Materna B, Charlton V. Effect of magnitude 

and timing of maternal pregnancy blood lead (Pb) levels on birth outcomes. J. Perinatol. 2006, 

26(3):154-162. 

[21] Fréry N, Nessmann C, Girard F, Lafond J, Moreau T, Blot P, Lellouch J, Huel G. 

Environmental exposure to cadmium and human birthweight. Toxicology. 1993, 79 (2):109-

118. 

[22] Lin CM, Doyle P, Wang D, Hwang YH, Chen PC. Does prenatal cadmium exposure affect 

fetal and child growth? Occup. Environ. Med. 2011, 68(9):641-646. 

[23] Shirai S, Suzuki Y, Yoshinaga J, Mizumoto Y. Maternal exposure to low-level heavy metals 

during pregnancy and birth size. J. Environ. Sci. Health. Part A. Tox. Hazard. Subst Environ. 

Eng. 2010, 45 (11):1468-1474. 

[24] Bailey MM, Boohaker JG, Sawyer RD, Behling JE, Rasco JF, Jernigan JJ, Hood RD, 

Vincent JB. Exposure of pregnant mice to chromium picolinate results in skeletal defects in 

their offspring. Birth Defects Res B Dev Reprod Toxicol. 2006, 77(3):244-249. 

[25] Ericson JE, Crinella FM, Clarke-Stewart KA, Allhusen VD, Chan T, Robertson RT. Prenatal 

manganese levels linked to childhood behavioral disinhibition. Neurotoxicol. Teratol. 2007, 

29(2):181-187. 

[26] Roels HA, Bowler RM, Kim Y, Claus Henn B, Mergler D, Hoet P, Gocheva VV, Bellinger 

DC, Wright RO, Harris MG, Chang Y, Bouchard MF, Riojas-Rodriguez H, Menezes-Filho JA, 

Téllez-Rojo MM. Manganese exposure and cognitive deficits: a growing concern for 

manganese neurotoxicity. Neurotoxicology. 2012, 33(4):872-880. 

[27] Gale TF, Bunch JD. The effect of the time of administration of chromium trioxide on the 

embryotoxic response in hamsters. Birth. Defects. Res. A. 1979, 19(1):81-86. 

[28] Junaid M, Murthy RC, Saxena DK. Chromium fetotoxicity in mice during late pregnancy. 

Vet. Hum. Toxicol. 1995, 37(4):320-323. 

[29] Guo Y, Huo X, Wu K, Liu J, Zhang Y, Xu X. Carcinogenic polycyclic aromatic hydrocarbons 

in umbilical cord blood of human neonates from Guiyu, China. Sci Total Environ. 2012, 427-



General introduction 

23 
 

428:35-40. 

[30] Xu X, Liu J, Huang C, Lu F, Chiung YM, Huo X. Association of polycyclic aromatic 

hydrocarbons (PAHs) and lead co-exposure with child physical growth and development in an 

e-waste recycling town. Chemosphere. 2015, 139:295-302. 

[31] Berghuis SA, Roze E. Prenatal exposure to PCBs and neurological and sexual/pubertal 

development from birth to adolescence. Curr Probl Pediatr Adolesc Health Care. 2019, S1538-

5442(19):30040-30049. 

[32] de Bont J, Casas M, Barrera-Gómez J, Cirach M, Rivas I, Valvi D, Álvarez M, Dadvand P, 

Sunyer J, Vrijheid M. Ambient air pollution and overweight and obesity in school-aged children 

in Barcelona, Spain. Environ Int. 2019, 125:58-64. 

[33] Huang J, Leung G, Schooling C. The association of air pollution with height: evidence 

from Hong Kong’s “Children of 1997” birth cohort. Am J Hum Biol. 2018, 30(1):e23067. 

[34] Huang J, Leung G, Schooling C. The association of air pollution with body mass index: 

evidence from Hong Kong's "Children of 1997" birth cohort. Int J Obes (Lond). 2019, 43(1):62-

72. 

[35] Qin Q, Xu X, Dai Q, Ye K, Wang C, Huo X. Air pollution and body burden of persistent 

organic pollutants at an electronic waste recycling area of China. Environ Geochem Health. 

2019, 41(1):93-123. 

[36] Zheng X, Xu X, Yekeen TA, Zhang Y, Chen A, Kim SS, Dietrich KN, Ho SM, Lee SA, 

Reponen T, Huo X. Ambient air heavy metals in PM2.5 and potential human health risk 

assessment in an informal electronic-waste recycling site of China. Aerosol Air Qual Res. 2016, 

16(2):388-397. 

[37] Gabory A, Attig L, Junien C. Sexual dimorphism in environmental epigenetic programming. 

Mol Cell Endocrinol. 2009, 304:8-18. 

[38] Feinberg AP. Phenotypic plasticity and the epigenetics of human disease. Nature. 2007, 

447:433-440. 

[39] Ooi SK, O’Donnell AH, Bestor TH. Mammalian cytosine methylation at a glance. J Cell 



Chapter 1 

24 

 

Sci. 2009, 122:2787-2791. 

[40] Wadhwa PD, Buss C, Entringer S, Swanson JM. Developmental origins of health and 

disease: brief history of the approach and current focus on epigenetic mechanisms. Semin 

Reprod Med. 2009, 27(5):358-368. 

[41] Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life 

conditions on adult health and disease. N Engl J Med. 2008, 359(1):61-73. 

[42] Gibbs K, Collaco JM, McGrath-Morrow SA. Impact of Tobacco Smoke and Nicotine 

Exposure on Lung Development. Chest. 2016, 149(2):552-561. 

[43] Russo AL, Thiagalingam A, Pan H, et al. Differential DNA hypermethylation of critical 

genes mediates the stage-specific tobacco smoke-induced neoplastic progression of lung 

cancer. Clin Cancer Res. 2005, 11(7):2466-2470. 

[44] Breitling LP, Yang R, Korn B, et al. Tobacco-smoking-related differential DNA methylation: 

27K discovery and replication. Am J Hum Genet. 2011, 88(4):450-457. 

[45] Suter M, Abramovici A, Showalter L, et al. In utero tobacco exposure epigenetically 

modifies placental CYP1A1 expression. Metabolism. 2010, 59(10):1481-1490. 

[46] Hinz D, Bauer M, Roder S, et al. Cord blood Tregs with stable FOXP3 expression are 

influenced by prenatal environment and associated with atopic dermatitis at the age of one 

year. Allergy. 2012, 67(3):380-389. 

[47] Joubert BR, Haberg SE, Nilsen RM, et al. 450K epigenome-wide scan identifies 

differential DNA methylation in newborns related to maternal smoking during pregnancy. 

Environ Health Perspect. 2012, 120(10):1425-1431. 

[48] Küpers LK, Xu X, Jankipersadsing SA, Vaez A, la Bastide-van Gemert S, Scholtens S, 

Nolte IM, Richmond RC, Relton CL, Felix JF, Duijts L, van Meurs JB, Tiemeier H, Jaddoe VW, 

Wang X, Corpeleijn E, Snieder H. DNA methylation mediates the effect of maternal smoking 

during pregnancy on birthweight of the offspring. Int J Epidemiol. 2015, 44(4):1224-1237. 

[49] Breton CV, Siegmund KD, Joubert BR, et al. Prenatal tobacco smoke exposure is 

associated with childhood DNA CpG methylation: PLoS One. 2014, 9(6):e99716. 



General introduction 

25 
 

[50] Richmond RC, Simpkin AJ, Woodward G, Gaunt TR, Lyttleton O, McArdle WL, Ring SM, 

Smith AD, Timpson NJ, Tilling K, Davey Smith G, Relton CL. Prenatal exposure to maternal 

smoking and offspring DNA methylation across the lifecourse: findings from the Avon 

Longitudinal Study of Parents and Children (ALSPAC). Hum Mol Genet. 2015, 24:2201-2217. 

[51] Tiffon C. The Impact of Nutrition and Environmental Epigenetics on Human Health and 

Disease. Int J Mol Sci. 2018,19(11). pii:E3425. 

[52] Kim S, Cho YH, Lee I, Kim W, Won S, Ku JL, Moon HB, Park J, Kim S, Choi G, Choi K. 

Prenatal exposure to persistent organic pollutants and methylation of LINE-1 and imprinted 

genes in placenta: A CHECK cohort study. Environ Int. 2018, 119:398-406. 

[53] Anzalone DA, Sampino S, Czernik M, Iuso D, Ptak GE. Polychlorinated biphenyls (PCBs) 

alter DNA methylation and genomic integrity of sheep fetal cells in a simplified in vitro model 

of pregnancy exposure. Toxicol In Vitro. 2018, 46:39-46.  

[54] Yang P, Gong YJ, Cao WC, Wang RX, Wang YX, Liu C, Chen YJ, Huang LL, Ai SH, Lu 

WQ, Zeng Q. Prenatal urinary polycyclic aromatic hydrocarbon metabolites, global DNA 

methylation in cord blood, and birth outcomes: A cohort study in China. Environ Pollut. 2018, 

234:396-405. 

[55] Vidal AC, Semenova V, Darrah T, Vengosh A, Huang Z, King K, Nye MD, Fry R, Skaar D, 

Maguire R. Maternal cadmium, iron and zinc levels, DNA methylation and birth weight. BMC. 

Pharmacol. Toxicol. 2015, 16:20. 

[56] Maccani JZ, Koestler DC, Houseman EA, Armstrong DA, Marsit CJ, Kelsey KT. DNA 

methylation changes in the placenta are associated with fetal manganese exposure. Reprod. 

Toxicol. 2015, 57:43-49. 

[57] Pilsner JR, Hu H, Ettinger A, Sánchez BN, Wright RO, Cantonwine D, Lazarus A, 

Lamadrid-Figueroa H, Mercado-García A, Téllez-Rojo MM. Influence of prenatal lead 

exposure on genomic methylation of cord blood DNA. Environ. Health Perspect. 2009, 

117:1466. 

[58] Ito K, Barnes PJ. COPD as a disease of accelerated lung aging. Chest. 2009, 135(1):173-



Chapter 1 

26 

 

180. 

[59] Kukrety SP, Parekh JD, Bailey KL. Chronic obstructive pulmonary disease and the 

hallmarks of aging. Lung India 2018, 35(4):321-327. 

[60] Yoon YS, Jin M, Sin DD. Accelerated lung aging and chronic obstructive pulmonary 

disease. Expert Rev Respir Med. 2019,13(4):369-380. 

[61] Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modulator of ageing and age-

related disease. Nature. 2013, 493(7432):338-345. 

[62] Barnes PJ. Pulmonary Diseases and Ageing. Subcell Biochem. 2019, 91:45-74. 

[63] To Y, Ito K, Kizawa Y, Failla M, Ito M, Kusama T, Elliot M, Hogg JC, Adcock IM, Barnes 

PJ. Targeting phosphoinositide-3-kinase-δ with theophylline reverses corticosteroid 

insensitivity in COPD. Am J Respir Crit Care Med. 2010, 182:897–904. 

[64] Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, Saltness RA, Jeganathan 

KB, Verzosa GC, Pezeshki A, Khazaie K, Miller JD, van Deursen JM. Naturally occurring 

p16(Ink4a)-positive cells shorten healthy lifespan. Nature. 2016, 11;530(7589):184-189. 

[65] Barnes PJ, Baker J, Donnelly LE. Cellular Senescence as a Mechanism and Target in 

Chronic Lung Diseases. Am J Respir Crit Care Med. 2019, 200(5):556-564. 

[66] Parikh P, Wicher S, Khandalavala K, Pabelick CM, Britt RD Jr, Prakash YS. Cellular 

senescence in the lung across the age spectrum. Am J Physiol Lung Cell Mol Physiol. 2019, 

316:L826-L842. 

[67] Nyunoya T, Monick MM, Klingelhutz A, Yarovinsky TO, Cagley JR, Hunninghake GW. 

Cigarette smoke induces cellular senescence. Am J Respir Cell Mol Biol. 2006, 35:681-688. 

[68] Kuwano K, Araya J, Hara H, Minagawa S, Takasaka N, Ito S, Kobayashi K, Nakayama K. 

Cellular senescence and autophagy in the pathogenesis of chronic obstructive pulmonary 

disease (COPD) and idiopathic pulmonary fibrosis (IPF). Respir Investig. 2016, 54(6):397-406. 

[69] Monick MM, Powers LS, Walters K, Lovan N, Zhang M, Gerke A, Hansdottir S, 

Hunninghake GW. Identification of an autophagy defect in smokers’ alveolar macrophages. J 

Immunol. 2010, 185:5425-5435 



General introduction 

27 
 

[70] Fujii S, Hara H, Araya J, Takasaka N, Kojima J, Ito S, Minagawa S, Yumino Y, Ishikawa T, 

Numata T, Kawaishi M, Hirano J, Odaka M, Morikawa T, Nishimura S, Nakayama K, Kuwano 

K. Insufficient autophagy promotes bronchial epithelial cell senescence in chronic obstructive 

pulmonary disease. Oncoimmunology. 2012, 1(5):630-641. 

[71] Vij N, Chandramani-Shivalingappa P, Van Westphal C, Hole R, Bodas M. Cigarette 

smoke-induced autophagy impairment accelerates lung aging, COPD-emphysema 

exacerbations and pathogenesis. Am J Physiol Cell Physiol. 2018, 314:C73-C87. 

[72] Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y, Tran H, Ross SE, 

Mostoslavsky R, Cohen HY, Hu LS, Cheng HL, Jedrychowski MP, Gygi SP, Sinclair DA, Alt 

FW, Greenberg ME. Stress-dependent regulation of FOXO transcription factors by the SIRT1 

deacetylase. Science. 2004, 303(5666):2011-2015. 

[73] Di Vincenzo S, Heijink IH, Noordhoek JA, Cipollina C, Siena L, Bruno A, Ferraro M, 

Postma DS, Gjomarkaj M, Pace E. SIRT1/FoxO3 axis alteration leads to aberrant immune 

responses in bronchial epithelial cells. J Cell Mol Med. 2018, 22(4):2272-2282. 

[74] Rajendrasozhan S, Yang SR, Kinnula VL, Rahman I. SIRT1, an antiinflammatory and 

antiaging protein, is decreased in lungs of patients with chronic obstructive pulmonary disease. 

Am J Respir Crit Care Med. 2008, 177:861-870. 

[75] Nakamaru Y, Vuppusetty C, Wada H, Milne JC, Ito M, Rossios C, Elliot M, Hogg J, 

Kharitonov S, Goto H, Bemis JE, Elliott P, Barnes PJ, Ito K. A protein deacetylase SIRT1 is a 

negative regulator of metalloproteinase-9. FASEB J. 2009, 23(9):2810-2819. 

[76] Yao H, Chung S, Hwang J W, Rajendrasozhan S, Sundar IK, Dean DA, McBurney MW, 

Guarente L, Gu W, Rönty M, Kinnula VL, Rahman I. SIRT1 protects against emphysema via 

FOXO3-mediated reduction of premature senescence in mice. 2012, 122:2032-2045. 

[77] Hwang JW, Rajendrasozhan S, Yao H, Chung S, Sundar IK, Huyck HL, Pryhuber GS, 

Kinnula VL, Rahman I. FOXO3 deficiency leads to increased susceptibility to cigarette smoke-

induced inflammation, airspace enlargement, and chronic obstructive pulmonary disease. J 

Immunol. 2011, 187:987-998. 



Chapter 1 

28 

 

[78] López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. 

Cell. 2013,153(6):1194-217. 

[79] Fadini GP, Losordo D, Dimmeler S. Critical reevaluation of endothelial progenitor cell 

phenotypes for therapeutic and diagnostic use. Circ Res. 2012, 110(4):624-637. 

[80] Ghosh M, Miller YE, Nakachi I, Kwon JB, Barón AE, Brantley AE, Merrick DT, Franklin 

WA, Keith RL, Vandivier RW. Exhaustion of Airway Basal Progenitor Cells in Early and 

Established Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med. 2018, 

197(7):885-896. 

[81] Teixeira VH, Nadarajan P, Graham TA, Pipinikas CP, Brown JM, Falzon M, et al. 

Stochastic homeostasis in human airway epithelium is achieved by neutral competition of 

basal cell progenitors. Elife. 2013, 2:e00966. 

[82] Tsuji T, Aoshiba K, Nagai A. Cigarette smoke induces senescence in alveolar epithelial 

cells. Am J Respir Cell Mol Biol. 2004, 31:643-649. 

[83] Brandsma CA, de Vries M, Costa R, Woldhuis RR, Königshoff M, Timens W. Lung ageing 

and COPD: is there a role for ageing in abnormal tissue repair? Eur Respir Rev. 2017, 26(146). 

pii:170073. 

[84] Allen JT, Bloor CA, Kedia RK, Knight RA, Spiteri MA. Expression of growth hormone-

releasing factor, growth hormone, insulin-like growth factor-1 and its, binding proteins in 

human lung. Neuropeptides. 2000, 34(2):98-107. 

[85] Inanlou MR, Kablar B. Contractile activity of skeletal musculature involved in breathing is 

essential for normal lung cell differentiation, as revealed in Myf52/2: MyoD2/2 embryos. Dev 

Dyn. 2005, 233:772-782. 

[86] Pichel JG, Fernandez-Moreno C, Vicario-Abejon C, Testillano PS, Patterson PH, de Pablo 

F. Developmental cooperation of leukemia inhibitory factor and insulin-like growth factor I in 

mice is tissue-specific and essential for lung maturation involving the transcription factors Sp3 

and TTF-1. Mech Dev. 2003, 120:349-361. 

[87] Nagata K, Masumoto K, Uesugi T, Yamamoto S, Yoshizaki K, Fukumoto S, Nonaka K, 



General introduction 

29 
 

Taguchi T. Effect of insulin-like-growth factor and its receptors regarding lung development in 

fetal mice. Pediatr Surg Int. 2007, 23:953-959. 

[88] Mesas-Burgos C, Nord M, Didon L, Eklöf AC, Frenckner B. Gene expression analysis 

after prenatal tracheal ligation in fetal rat as a model of stimulated lung growth. J Pediatr Surg. 

2009, 44(4):720-728. 

[89] Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. Mice carrying null mutations of 

the genes encoding insulin-like growth factor I (IGF1) and type 1 IGF receptor (Igf1r). Cell. 

1993, 75:59-72. 

[90] Moreno-Barriuso N, López-Malpartida AV, de Pablo F, Pichel JG. Alterations in alveolar 

epithelium differentiation and vasculogenesis in lungs of LIF/IGF-I double deficient embryos. 

Dev Dyn. 2006, 235:2040-2050. 

[91] Clifton VL, Hodyl NA, Murphy VE, Giles WB, Baxter RC, Smith R. Effect of maternal 

asthma, inhaled glucocorticoids and cigarette use during pregnancy on the newborn insulin-

like growth factor axis. Growth Horm IGF Res. 2010, 20(1):39-48. 

[92] Meyer KF, Krauss-Etschmann S, Kooistra W, Reinders-Luinge M, Timens W, Kobzik L, 

Plösch T, Hylkema MN. 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. 2017, 312:L542-L555. 

[93] Radom-Aizik S, Zaldivar FP, Nance DM, Haddad F, Cooper DM, Adams GR. Growth 

inhibition and compensation in response to neonatal hypoxia in rats. Pediatr Res. 2013, 

74(2):111-120. 

[94] Barbieri M, Bonafè M, Franceschi C, Paolisso G. Insulin/IGF-I-signaling pathway: an 

evolutionarily conserved mechanism of longevity from yeast to humans. Am J Physiol 

Endocrinol Metab. 2003, 285(5):E1064-E1071. 

[95] Richardson A, Liu F, Adamo ML, Van Remmen H, Nelson JF. The role of insulin and 

insulin-like growth factor-I in mammalian ageing. Best Pract Res Clin Endocrinol Metab. 2004, 

18(3):393-406. 



Chapter 1 

30 

 

[96] Ito K, Colley T, Mercado N. Geroprotectors as a novel therapeutic strategy for COPD, an 

accelerating aging disease. Int J Chron Obstruct Pulmon Dis. 2012, 7:641-652. 

[97] Barnes PJ. Identifying Molecular Targets for New Drug Development for Chronic 

Obstructive Pulmonary Disease: What Does the Future Hold? Semin Respir Crit Care Med. 

2015, 36(4):508-522. 

[98] Holzenberger M, Dupont J, Ducos B, Leneuve P, Géloën A, Even PC, Cervera P, Le Bouc 

Y. IGF1 receptor regulates lifespan and resistance to oxidative stress in mice. Nature. 2003, 

421:182-187. 

[99] Podlutsky A, Valcarcel-Ares MN, Yancey K, Podlutskaya V, Nagykaldi E, Gautam T, Miller 

RA, Sonntag WE, Csiszar A, Ungvari Z. The GH/IGF1 axis in a critical period early in life 

determines cellular DNA repair capacity by altering transcriptional regulation of DNA repair-

related genes: implications for the developmental origins of cancer. Geroscience. 2017, 

39(2):147-160. 

[100] Takasaka N, Araya J, Hara H, Ito S, Kobayashi K, Kurita Y, Wakui H, Yoshii Y, Yumino Y, 

Fujii S, Minagawa S, Tsurushige C, Kojima J, Numata T, Shimizu K, Kawaishi M, Kaneko Y, 

Kamiya N, Hirano J, Odaka M, Morikawa T, Nishimura SL, Nakayama K, Kuwano K. 

Autophagy induction by SIRT6 through attenuation of insulin-like growth factor signaling is 

involved in the regulation of human bronchial epithelial cell senescence. J Immunol. 2014, 

192(3):958-968. 

[101] Laron Z. Insulin-like growth factor 1 (IGF1): a growth hormone. J Clin Pathol: Mol Pathol. 

2001; 54:311-316. 

[102] Renes JS, van Doorn J, Hokken-Koelega ACS. Current Insights into the Role of the 

Growth Hormone-Insulin-Like Growth Factor System in Short Children Born Small for 

Gestational Age. Horm Res Paediatr. 2019, 11:1-13. 

[103] Puche JE, Castilla-Cortázar I. Human conditions of insulin-like growth factor-I (IGF-I) 

deficiency. J Transl Med. 2012, 10:224. 



 

 

 

Chapter 2 

 

Prenatal smoke effect on mouse offspring Igf1 

promoter methylation from fetal stage to 

adulthood is organ- and sex-specific 

 
Zhijun Zeng1,2,3, Karolin F. Meyer1,2, Khosbayar Lkhagvadorj1,2, Wierd 

Kooistra1, Marjan Reinders-Luinge1, Xijin Xu3,4, Xia Huo5, Juan Song1,2, 

Torsten Plösch6 and Machteld N. Hylkema1,2 

 

1Department of Pathology and Medical Biology, University of Groningen, University 

Medical Center Groningen, Hanzeplein 1, EA10, 9713 GZ, Groningen, The 

Netherlands 

2University of Groningen, University Medical Center Groningen, GRIAC Research 

Institute, Hanzeplein 1, EA10, 9713 GZ, Groningen, The Netherlands 

3Laboratory of Environmental Medicine and Developmental Toxicology, Shantou 

University Medical College, Shantou 515041, Guangdong, China 

4Department of Cell Biology and Genetics, Shantou University Medical College, 

Shantou 515041, Guangdong, China 

5School of Environment, Guangzhou Key Laboratory of Environmental Exposure and 

Health, Guangdong Key Laboratory of Environmental Pollution and Health, Jinan 

University, Guangzhou 510632, Guangdong, China 

6University of Groningen, University Medical Center Groningen, Department of 

Obstetrics and Gynecology, 9713 GZ Groningen, The Netherlands. 

 

Am J Physiol Lung Cell Mol Physiol. 2020 March; 318(3):L549-L561. 

 



Chapter 2 

32 

 

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 
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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). 



PSE on Igf1 promoter methylation across life course 

37 

 

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 



PSE on Igf1 promoter methylation across life course 

41 

 

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. 
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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 
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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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Abstract 

Older age is a risk factor for developing chronic obstructive pulmonary disease 

(COPD). Cigarette smoking (CS) can accelerate lung ageing and result in COPD. 

Prenatal smoke exposure (PSE) may synergize with offspring CS to increase the risk 

of COPD. Insulin/insulin growth factor-1 (IGF1) signaling is one of the key pathways 

linked to development, as well as the regulation of ageing. However, studies on the 

role of IGF1 in CS-induced lung ageing and COPD pathogenesis, and PSE-

accelerating aspects of ageing and COPD in smokers are limited. In our smoking 

mouse model, we 1) investigated the postnatal CS effects on hallmarks of ageing 

and pathological features of COPD, and 2) investigated whether this was associated 

with the IGF1 signaling pathway. In addition, we were interested whether 3) PSE 

added to the postnatal CS effect. Our data show that CS reduced the expression of 

the anti-ageing molecules SIRT1 and FOXO3, whereas in contrast to what we 

expected, CS also reduced the mRNA expression of the cell senescence markers 

p53, p21 and it induced cell proliferation, i.e. Ki67. Additionally, CS 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 remodeling, CS induced SMA thickening around the airways, 

irrespective of PSE, whereas PSE alone reduced collagen III deposition around 

blood vessels. PSE alone downregulated collagen IV and Tgfb mRNA expression. 

Furthermore, CS induced Igf1 mRNA and IGF1 positive cells, while most positive 

and negative correlations of IGF1 with basal cell markers and AECII cell populations 

were found in PSE group. Our findings suggest that by reducing the anti-ageing 

molecules, CS may accelerate/predispose to lung aging, possibly via the IGF 

pathway although results on senescence markers show a conflicting pattern. In 

general, CS-induced alterations were only modestly affected by prenatal smoke 

exposure.  
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Introduction 

Ageing is a normal, but complex and heterogenetic process which occurs in all 

organs/tissues of different organisms [1]. Hallmarks of ageing include genetic 

instability, epigenetic alterations, dysregulated nutrient sensing, cellular senescence 

and stem cell exhaustion [2]. In addition, ageing is a main risk factor for several 

chronic lung diseases, including chronic obstructive pulmonary disease (COPD) and 

various lung cancers [3]. It is well known that the prevalence of COPD among the 

elderly is particularly high. Age-related alterations, such as increased oxidative 

stress, an increase in cellular senescence, activation of the phosphatidylinositol-3-

kinase (PI3K)/mammalian target of rapamycin (mTOR) signaling pathway, stem cell 

exhaustion, dysregulation of the extracellular matrix (ECM) and a reduction in 

endogenous anti-ageing molecules are observed as being abnormal in patients with 

COPD [4-9]. Furthermore, cigarette smoking (CS), the main risk factor of COPD, has 

been shown to induce features of lung ageing as well, contributing to COPD [10-12]. 

Although COPD patients in general start to report symptoms at older age, its original 

development could be initiated already in early life [13,14]. Several studies reported 

that prenatal smoke exposure (PSE) could synergize with offspring CS to increase 

the risk of COPD [15,16]. Epigenetic alterations, such as DNA methylation and 

histone modifications are very important in the regulation of early-life programming 

and the CS-induced changes of DNA methylation, as well as the observed histone 

modifications via sirtuins and histone deacetylases have been associated with an 

increased risk for developing COPD [1]. Generally, the pathology of CS-induced 

COPD is characterized by chronic airway inflammation, airway remodeling, and 

emphysematous lung tissue destruction [17]. Important age-related alterations such 

as increased cellular senescence and exhaustion of endogenous stem and 

progenitor cells of the lungs are proposed as important contributors to these 

pathological features [18].  

Insulin/insulin growth factor-1 (IGF1) signaling is one of the key pathways that 

activate the PI3K/phospho-AKT/mTOR signaling pathway, which is involved in 
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ageing [9]. However, although few studies suggest that IGF1 contributes to CS-

induced lung ageing and COPD pathogenesis [19,20], it is not clear how and whether 

PSE accelerates certain aspects of ageing and COPD in smokers. In this study, we 

investigated 1) the effects of postnatal CS exposure on the hallmarks of lung ageing 

and pathological features of COPD; 2) whether CS-induced features of ageing and 

COPD were associated with the IGF1 signaling pathway; and 3) whether prenatal 

smoke exposure added to the postnatal CS effects on aging and COPD. Parameters 

of ageing and COPD include presence of endogenous anti-ageing molecules 

(Sirtuin1 (SIRT1) and transcription factor of antioxidant, forkhead box O3 (FOXO3)), 

cellular senescence (p53 (tumor suppressor protein), p21 (Cyclin A-cyclin dependent 

kinase inhibitor)), cell proliferation (Ki67), apoptosis (cleaved Caspase 3), markers 

of the senescence-associated secretory phenotype (SASP) including 

proinflammatory cytokines IL1β, IL6 and TNFα, stem cell exhaustion (presence of 

progenitor/stem cells, such as basal cells (cytokeratin 5 (KRT5) and transformation 

related protein P63 (Trp63) ) and alveolar epithelial type II (AECII) cells (Sftpa1, 

Sftpb, Sftpc, Sftpd and NKX2.1), and alterations of ECM (SMA and collagen III 

deposition, collagen III and IV). The above hallmarks of ageing are introduced shortly 

below. 

 

Sirtuin1 (SIRT1) 

Endogenous anti-ageing molecule, SIRT1 and FOXO3 are important in negatively 

regulating the mTOR/ageing pathway. Activation of this pathway is known to 

accelerate the ageing process [21].  

 

Cellular senescence 

Cellular senescence is a state of irreversible growth arrest resulting from various 

cellular stresses, which is known to contribute to ageing and ageing-related diseases 

[22]. It is reported that p21 plays a crucial role in the induction of p53-dependent 

senescence [23]. Cleavage of caspase-3 is generally considered a universal marker 
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of apoptosis and the Ki67 protein is a cellular marker for proliferation [24,25]. Another 

important characteristic of senescent cells is the SASP, which includes various pro-

inflammatory cytokines, such as IL1β, IL6, and TNFα. This can induce changes in 

the surrounding tissue that will eventually negatively impact on the whole organism 

[26]. 

 

Stem cell exhaustion 

Age-related changes in cell growth and maintenance of stem cells could add to stem 

cell exhaustion, which can contribute to an overall impaired regenerative capacity of 

the organism [27]. Airway basal cells are progenitor cells with the potential for self-

renewal and differentiation into ciliated, club and goblet cells, whereas AECII cells 

are stem cells and capable of self-renewal and differentiation into alveolar type I cells 

after injury in the distal lung [28].  

 

Alteration of the extracellular matrix 

Alpha smooth muscle actin (SMA), collagen III and collagen IV are all part of the 

extracellular matrix (ECM), and can be detected mostly around the vessels and 

airways. Collagen IV is present in the basement membrane and is abundantly found 

in lung fibrosis. Transforming growth factor-beta (TGF-β) plays a pivotal role in 

inducing the production of the ECM components by fibroblasts [29]. Dysregulation of 

the ECM is an additional extrinsic driving factor of ageing [30]. 

 

In addition, as a parameter of COPD, the presence of inflammatory cells was also 

investigated in this mouse model. Cigarette smoking is shown to increase numbers 

of neutrophils and macrophages, which are also observed in the lungs of patients 

with COPD [31, 32]. Furthermore, higher numbers of M1 macrophages were found 

in the small airway walls and M2 macrophages were found in the bronchoalveolar 

lavage fluid in both smokers and COPD patients [33]. Elevation of circulating 

eosinophils in COPD was recently reported by several studies [34,35]. 
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Material and Methods 

Mice and cigarette smoke exposure protocols  

Female and male C57BL/6J mice were obtained from Harlan (Horst, The 

Netherlands) at 8-10 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 Institutional Animal Care and Use Committee of the University 

of Groningen (DEC6589 B & C, Groningen, The Netherlands) and under strict 

governmental and international guidelines on animal experimentation. 

Mainstream cigarette smoke was produced by TE-10 smoke exposure system of 

Teague Enterprises Smoke Exposure System (Woodland, California, USA). In this 

system, Kentucky 2R4F research-reference filtered cigarettes (The Tobacco 

Research Institute, University of Kentucky, Lexington, Kentucky) were used. A total 

of 22 female mice were exposed to fresh air, while the other 26 female mice were 

exposed to cigarette smoke in two separate sessions. Cigarette smoke exposure 

was input using10 cigarettes and maintained for 50 minutes with a 3 hours interval 

between both exposures per day per session. All mice were exposed to cigarette 

smoke from 7 days before mating until the day of delivery. The adaption protocol to 

smoke exposure included 3 cigarettes/session the first day, 5 cigarettes/session the 

second day, 7 cigarettes/session the third day, 10 cigarettes/session the fourth day 

and thereafter. 10 cigarettes smoking per session contained at least 200 mg/m3 of 

total particulate matters and 250 PPM of CO (max). For purposes of experimental 

design, female mice were injected with 5 IU pregnant mare's serum gonadotrophin 

and 5 IU human chorionic gonadotrophin to induce simultaneous cycling. After that, 

females were housed one versus one with males for 5 consecutive nights to get 

pregnancy, whereas males were not exposed to cigarette smoke. Mating was 

confirmed by the presence of vaginal plug the following morning. Smoke exposure 

stayed constant during the whole pregnancy, while there was no smoke exposure to 

the mothers or offspring during weaning. Until 8 weeks of age, the offspring (46 from 

air-exposed mothers, 25 from smoke-exposed mothers) were exposed to air (16 
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males and 18 females were selected) or smoke (19 males and 18 females were 

selected) for the following 12 weeks, 5 days a week, and ultimately, they were 

euthanized for collection of both lungs. The left lung was partly used for RNA and 

DNA isolation, ELISA and the rest 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. For this study, results from male offspring only are shown. 

Isolation of RNA 

Total RNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Cat No. 

80204), according to the manufacturer’s protocol. 

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), Sirt1 (Mm00490758_m1), Foxo3 (Mm01185722_m1), p53 

(Mm01731290_g1), p21 (Mm04205640_g1), Il1b (Mm00434228_m1), Il6 

(Mm00446190_m1), Tnfa (Mm00443258_m1) and Tgfb (Mm01298616_m1), Krt5 

(basal cell, Mm01305291_g1), Trp63 (basal cell, Mm00495793_m1), Sftpa1 

(pulmonary-associated surfactant protein A1, AEC II cell, Mm00499170_m1), Sftpb 

(pulmonary-associated surfactant protein B, AEC II cell, Mm00455678_m1), Sftpc 

(pulmonary-associated surfactant protein C, AEC II cell, Mm00488144_m1), Sftpd 

(pulmonary-associated surfactant protein D, AEC II cell, Mm00486060_m1), 

Collagen III (Mm00802300_m1) and Collagen IV (Mm01210125_m1) were 

performed using TaqMan® Gene Expression Assays (Thermo Fisher Scientific, 

Carlshad, USA) and normalized to housekeeping gene Gapdh (Applied Biosystems, 

Mm99999915_g1). PCR reactions were performed in triplicate in a volume of 10 μL 

consisting of 2 μL of MilliQ water, 5 μL LightCycler® 480 Probes Master (Roche, 

Switzerland), 0.5 μL assay mix and 2.5 μL cDNA. Runs were performed by a 
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LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland). Data were 

analyzed with LightCycler® 480 SW 1.5 software (Roche) and the Fitpoints method. 

Relative gene expression was calculated using 2-ΔCt method. 

Immunohistochemistry (IHC) 

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

for alpha smooth muscle (SMA, monoclonal mouse anti-α-smooth muscle actin 

antibody, Progen Biotechnik, Heidelberg, Germany) and collagen III (polyclonal goat 

anti-type-III collagen antibody, SBA, Birmingham, AL, USA). Presence of SMA 

adjacent to the airway epithelium and collagen III adjacent to the vessels were 

quantified and expressed as mm2 (surface of positively stained tissue) per mm 

airway or vessel in the whole lung section by morphometric analysis.  

SIRT1 and IGF1 positive cells were determined after staining formalin-fixed and 

paraffin-embedded lung sections with a polyclonal rabbit anti-mouse SIRT1 (H-300, 

sc-15404, Santa Cruz) and Anti-IGF1 antibody (ab40657, Abcam). Alveolar epithelial 

type II cells were stained by rabbit anti mouse TTF1 (thyroid transcription factor 1, 

NKX2.1, NB100-80062, Novus Biological). Proliferation of AEC II cells were 

determined by double staining for Ki67 (652402, Biolegend) and NKX2.1. SIRT1 

positive cell and Ki67/NKX2.1 double positive cell were counted at × 20 

magnification and numbers were corrected for the whole area of lung tissue section; 

IGF1 positive cells and NKX2.1 positive cells were calculating the percentage of the 

strong positive pixels in the whole lung section (volume percentage).  

Double staining of MAC3 (macrophages, monoclonal rat anti-MAC3, BD 

Biosciences) and IRF5 (rabbit α-IRF5, ProteinTech Europe, Manchester UK), MAC3 

and YM1 (Polyclonal goat anti-mouse eosinophil chemotactic factor (ECF-L), R&D 

Systems), as well as MAC3 and IL10 (HP9016, Hycult Biotech) were used to assess 

histological phenotypes of different kinds of macrophages. 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-
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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. 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). 

All assessment of the above morphometric analysis was used Aperio ImageScope 

viewing software 11.2.0.780 (Aperio). 

ELISA  

IGF1 protein level in lung homogenates of adult offspring was determined by 

Mouse IGF1 ELISA Kit (MG100, R&D systems), according to the manufacturer’s 

instruction. 

Statistical analysis 

Raw data, or data transformed by appropriate log10 or 1/x from qRT-PCR and IHC 

are expressed as the median and two-sided Mann-Whitney U-tests were used for 

comparisons between subgroups. The interaction effect of PSE and offspring CS 

was tested by a multiple linear regression. When there was no interaction effect, the 

effect of PSE (indicated as “Prenatal smoke effect”, if significant) and the effect of 

offspring CS (indicated as “Postnatal smoke effect”, if significant) were explored 

separately with linear regression analysis. Correlation analysis between parameters 

was tested by Spearman nonparametric correlation and Bonferroni correction was 

used for multiple correlations. Statistical figures were generated from Prism v5.0 

(GraphPad software, San Diego, CA, USA). Statistical significance was set as P ≤ 
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0.05 for a two-tailed test. Statistical analyses were performed using IBM® SPSS® 

version 22 for Windows (Chicago, IL, USA).  

 

Results 

Postnatal smoking (CS) downregulated Sirtuin1 positive cells in lung tissue, 

no additional effect of PSE 

Figure 1 shows that CS-exposed offspring had lower numbers of SIRT1 positive 

cells (Fig. 1A, postnatal smoke effect p = 0.012), which was most pronounced in air-

exposed mothers (Fig. 1A. p = 0.006). There was a trend for less SIRT1 positive 

cells in lung tissues of prenatally exposed offspring (Fig. 1A, p = 0.053), but PSE did 

not further add to the postnatal CS effect. CS did not change Sirt 1 and Foxo3 mRNA 

expression, whereas PSE resulted in lower mRNA expression of Sirt1 (trend Fig. 1C, 

p = 0.052) and Foxo3 (Fig. 1D, p = 0.032). Expression of Sirt1 was strongly 

correlated with expression of Foxo3 (Fig. 1E, r = 0.758, p ˂ 0.0001), which supports 

a PSE-induced negative regulation in SIRT1-FOXO3 axis in lungs of offspring. 

 

 



Smoke on the hallmarks of ageing and IGF1’s role 

75 
 

Figure 1. Postnatal smoking (CS) downregulated (anti-ageing) Sirtuin1 positive cells 

and PSE induced downregulation of SIRT1-FOXO3 in lung tissues of adult offspring. 

Mann-Whitney U-test was used for the comparisons between different air- and smoke-

exposed subgroups. NSM: air-exposed mother, SM: Smoke-exposed mother. The “Postnatal 

smoke effect” was obtained from a linear regression analysis and indicates a difference 

between both Air-exposed groups versus both Smoke-exposed groups. The “Prenatal smoke 

effect” was obtained from a linear regression analysis and indicates a difference between both 

NSM-exposed groups versus both SM groups. Data are presented as individual data points 

with the median as horizontal line (A, C-D) and E shows the correlation plot between Sirt1 

expression and Foxo3 expression. B shows the IHC staining of SIRT1 (Red arrows point to 

the representative positive cells). Spearman nonparametric correlation test was used for the 

correlation analysis.  

CS results in lower cellular senescence and higher cellular proliferation in 

lung tissue 

In our mouse model, CS resulted in lower p53 and p21 expression (Fig. 2A, p = 

0.020; Fig. 2B, p = 0.019). For p53, this effect was most prominent for mice with air-

exposed mothers (Fig. 2A, p = 0.05). PSE resulted in lower levels of p53 expression 

(Fig. 2A, p = 0.005), but not p21, and there were no additional effects of PSE on the 

expression of both genes. Further, CS resulted in higher numbers of Ki67 positive 

cells (Fig. 2C, 2H, p = 0.015), which was most prominent in offspring from air-

exposed mothers (Fig. 2C, p = 0.029), with no additional effect of PSE. Finally, there 

were no effects of CS or PSE on cleaved caspase 3 positive cells in lung tissue (Fig. 

2D, 2G). 

In addition, CS resulted in lower Il6 expression (Fig 2F, p = 0.031), with no PSE 

effect, whereas PSE resulted in lower Tnfa expression in lung tissues of adult 

offspring (Fig 2I, p = 0.030). There were no smoke effects on Il1b expression. 
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Figure 2. CS downregulated cellular senescence and promoted cellular proliferation in 

lung tissues of adult offspring. Mann-Whitney U-test was used for the comparisons 

between different air- and smoke-exposed subgroups. NSM: air-exposed mother, SM: Smoke-

exposed mother. The “Postnatal smoke effect” was obtained from a linear regression analysis 

and indicates a difference between both Air-exposed groups versus both Smoke-exposed 

groups. The “Prenatal smoke effect” was obtained from a linear regression analysis and 

indicates a difference between both NSM-exposed groups versus both SM groups. Data are 

presented as individual data points with the median as horizontal line (A-F, I). Figure G and H 

represented the IHC staining of cleaved Caspase 3 and Ki67 (red arrows pointed to the 

representative positive cells). 

CS-induced effects on airway basal cells are different in offspring from smoke-

exposed mothers 
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Figure 3A and 3B show the mRNA expression of the basal cell gene markers, Krt5 

and Trp63 between pre- and postnatal smoke exposed groups and controls. For Krt5, 

we found a negative interaction between the effect of CS exposure and PSE 

exposure (Fig. 3A, p = 0.031), which can be explained by the fact the CS resulted in 

higher Krt5 levels in offspring from non-exposed mothers (Fig. 3A, p = 0.010), while 

CS had no effect in offspring with smoke-exposed mothers as Krt5 levels were 

already high in these PSE exposed mice (Fig. 3A). For P63, there was no overall 

effect of CS exposure, albeit that CS exposure resulted in higher Trp63 levels in air-

exposed offspring, whereas it had no effect in smoke-exposed offspring (Fig. 3B), a 

pattern similar to Krt5. As for the AECII cell markers, no CS or PSE effect was found 

for Sftp genes (Figure 3C-3F), whereas CS resulted in higher numbers of Nkx2.1 

positive cells in the parenchymal tissue, without an additional effect of PSE (Fig. 3G, 

p = 0.019). This increase in Nkx2.1 positive cells was not due to an increase in cell 

proliferation (Fig. 3I). 
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Figure 3. CS-induced effects on airway basal cells and alveolar epithelial cells in lung 

tissues of adult offspring. Mann-Whitney U-test was used for the comparisons between 

different air- and smoke-exposed subgroups. NSM: air-exposed mother, SM: Smoke-exposed 

mother. The “Postnatal smoke effect” was obtained from a linear regression analysis and 

indicates a difference between both Air-exposed groups versus both Smoke-exposed groups. 

The “Prenatal smoke effect” was obtained from a linear regression analysis and indicates a 

difference between both NSM-exposed groups versus both SM groups. Data are presented 

as individual data points with the median as horizontal line (A-G, I). Figure H, J represented 

the IHC staining of NKX2.1 and double staining of Ki67 and NKX2.1 (red arrows pointed to 

the representative positive cells).  

Offspring CS and PSE effects on lung extracellular matrix (ECM) dysregulation 

in adult offspring 
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CS resulted in more SMA deposition, which was most pronounced in offspring 

from smoke-exposed mothers (Fig 4A, p = 0.022; p = 0.032), while PSE resulted in 

lower deposition and thus no additional effect (Fig 4A, 4B, p = 0.031). CS had no 

effect on collagen III deposition, whereas PSE resulted in lower deposition (Fig. 4C, 

4D, p = 0.016), especially in air-exposed offspring (Fig. 4C, p = 0.014). There were 

no overall CS or PSE effects on Collagen III and Collagen IV mRNA expression (Fig. 

4E, 4F). In addition, both offspring CS and PSE in mice with air-exposed mothers 

induced a lower expression of Collagen IV in Fig. 4F (p = 0.042; p = 0.053). Finally, 

we found a PSE-induced downregulation of Tgfb mRNA expression (Fig. 4G, p = 

0.002), irrespective of CS. 

 

Figure 4. Offspring CS and PSE effects on airway remodeling involved in regulation of 

the extracellular matrix in lung tissues of adult offspring. Mann-Whitney U-test was used 

for the comparisons between different air- and smoke-exposed subgroups. NSM: air-exposed 

mother, SM: Smoke-exposed mother. The “Postnatal smoke effect” was obtained from a linear 

regression analysis and indicates a difference between both Air-exposed groups versus both 

Smoke-exposed groups. The “Prenatal smoke effect” was obtained from a linear regression 

analysis and indicates a difference between both NSM-exposed groups versus both SM 

groups. Data are presented as individual data points with the median as horizontal line (A, C 

and E-G). Figure B, D represented the IHC staining of smooth muscle and Collagen III (red 

arrows pointed to the representative positive cells). 
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CS induces IGF1 signaling in the lung and this is associated with lung ageing 

The classic ageing pathway involves the activation of PI3K/phospho-AKT/mTOR 

by growth factor signaling such as IGF1. We investigated the levels of Igf1 mRNA 

and IGF1 protein, as well as the numbers of IGF1 positive cells in adult lung. Fig. 5A 

shows that CS resulted in higher Igf1 mRNA expression (p = 0.002), which was most 

prominent in the offspring of air-exposed mothers (p = 0.008). There was no 

additional effect of PSE. Similarly, CS resulted in more IGF1 positive cells (Fig. 5B, 

5D, p = 0.022), which was most prominent in the offspring of air-exposed mothers 

(Fig. 5B, p = 0.038). Both CS and PSE had no effects on IGF1 protein expression in 

lungs of adult offspring (Fig. 5C).  

 

Figure 5. CS-induced higher expressions of IGF1 in lung tissues of adult offspring. 

Mann-Whitney U-test was used for the comparisons between different air- and smoke-

exposed subgroups. NSM: air-exposed mother, SM: Smoke-exposed mother. The “Postnatal 
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smoke effect” was obtained from a linear regression analysis and indicates a difference 

between both Air-exposed groups versus both Smoke-exposed groups. Data are presented 

as individual data points with the median as horizontal line (A-C). Figure D represented the 

IHC staining of IGF1 (red arrows pointed to the representative positive cells). 

As we observed the smoke-induced alterations of IGF1 and its known interaction 

with aging pathways, we further sought to investigate its association with the 

observed changes in aging markers in our mouse model. Interestingly, PSE seemed 

to abolish the observed positive correlations between Igf1 mRNA expression and 

Krt5 mRNA expression in the offspring CS group (Table 1, r = 0.741, p = 0.002), 

whereas offspring CS diminished the observed positive correlation between Igf1 

mRNA expression and Krt5 mRNA expression in the PSE groups (r = 0.839, p < 

0.001). For P63, Igf1 mRNA expression positively correlated with Trp63 mRNA 

expression in offspring CS-exposed groups, irrespective of PSE (Table 1, r = 0.733, 

p = 0.002; r = 0.757, p ˂ 0.001), and in the prenatal air-exposed group (Table 1, r = 

0.761, p ˂ 0.001), which was not seen in the PSE group. In addition, offspring CS 

induced negative correlations of IGF1 positive cells with NKX2.1 positive cells in 

parenchyma (Table 1, r = -0.625, p = 0.004). Furthermore, offspring CS changed the 

relationship between IGF1 positive cells and NKX2.1 positive cells in parenchyma 

from positive correlation to negative correlation in offspring with air-exposed mothers 

(Table 1, r = 0.821, p = 0.023; r = -0.615, p = 0.033). However, there were no offspring 

CS or PSE on correlations between Igf1 expression and expression of AECII cell 

gene markers in lungs of adult offspring after Bonferroni correction (Table 1).  

 

 

Table 1. Spearman correlation analysis between Igf1 expression and markers of basal cells 

and AECII cells in lungs of adult offspring.  

Igf1 Mother Air Air Smoke Smoke Prenatal  Postnatal  

(2-ΔCT) Offspring Air Smoke Air Smoke air smoke air smoke 

Krt5  r 0.661 0.787 0.812 0.429 0.839 0.096 0.741 0.613 

(2-ΔCT) p ns 0.007 ns ns 0.000 ns 0.002 ns 
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Trp63  r 0.483 0.721 0.928 0.536 0.761 0.457 0.733 0.757 

(2-ΔCT) p ns ns ns ns 0.000 ns 0.002 0.000 

Sftpa1 r -0.586 -0.479 -0.812 -0.571 -0.193 -0.578 -0.523 -0.500 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

Sftpb r 0.217 -0.299 -0.812 -0.321 -0.084 -0.561 -0.431 -0.400 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

Sftpc  r -0.733 -0.758 -0.029 -0.357 -0.159 -0.033 -0.299 -0.606 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

Sftpd  r 0.083 -0.491 -0.029 -0.464 -0.095 -0.135 -0.038 -0.419 

(2-ΔCT) p ns ns ns ns ns ns ns ns 

IGF1+ Mother Air Air Smoke Smoke Prenatal  Postnatal  

cells Offspring Air Smoke Air Smoke air smoke air smoke 

Nkx2.1+  r 0.821 -0.615 -0.600 -0.750 0.125 -0.252 0.203 -0.625 

cells p 0.023 0.033 ns 0.052 ns ns ns 0.004 

“Prenatal exposure” refers to the prenatal exposure of offspring from air-exposed or smoke-

exposed mothers during pregnancy; “Postnatal exposure” refers to air or smoke exposure of 

offspring for 12 weeks, starting at 8 weeks of age. Significant cutoff of p values was used 

0.05/7 =0.007 after Bonferroni’s correction in multiple correlation analysis between mRNA 

expressions of Igf1 and basal cell, AECII cell gene markers. 

CS exposure changes macrophage subsets in adult offspring 

Finally, we investigated the inflammatory profile in CS- and PSE-exposed adult 

mice. There was no overall effect of CS on IRF5 positive (M1) macrophages, albeit 

that CS exposure increased numbers of IRF5 positive cells only in offspring from 

smoke-exposed mothers (Fig. 6A, p = 0.016). There was no additional effect of PSE. 

CS resulted in higher numbers of YM1 positive (M2) macrophages (Fig. 6B, p = 

0.012), especially in offspring with smoke-exposed mothers (Fig. 6B, p = 0.037), 

irrespective of PSE. In addition, CS resulted in higher numbers of IL10 positive 

(regulatory) macrophages (Fig. 6C, p = 0.046), especially in mice with air-exposed 

mothers (Fig. 6C, p = 0.013). No CS and PSE effects were found on total numbers 

of macrophages, eosinophils and neutrophils (Fig. 6D-6F) in lungs of these adult 

offspring. 
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Figure 6. CS-induced macrophage subsets in lung tissues of adult offspring. Mann-

Whitney U-test was used for the comparisons between different air- and smoke-exposed 

subgroups. NSM: air-exposed mother, SM: Smoke-exposed mother. The “Postnatal smoke 

effect” was obtained from a linear regression analysis and indicates a difference between both 

Air-exposed groups versus both Smoke-exposed groups. The “Prenatal smoke effect” was 

obtained from a linear regression analysis and indicates a difference between both NSM-

exposed groups versus both SM groups. Data are presented as individual data points with the 

median as horizontal line (A-F).   

Discussion 

In this study, we found that offspring CS reduced numbers of (anti-ageing) SIRT1 

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

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

i.e. Ki67. Regarding progenitor/stem cell markers in the lung, for basal cells, we 

found that CS only induced airway basal cell gene expression in offspring from non-

smoking mothers (negative interaction between offspring CS and PSE as 

determined by linear regression analysis), which may be explained by the already 

high level of airway basal cell gene expression in offspring from smoke-exposed 
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mother. For AECII cells, CS 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, CS induced SMA thickening around the airways, irrespective of PSE, 

whereas PSE alone reduced collagen III deposition around blood vessels. As for 

IGF1, offspring CS induced Igf1 mRNA expression and IGF1 positive cells, 

irrespective of PSE. Furthermore, in CS group, the number of IGF1 positive cells 

was negatively correlated with NKX2.1 positive cells (AECII cell populations), 

irrespective of PSE, whereas in the PSE alone group, Igf1 mRNA expression was 

positively correlated with mRNA expression of basal cell gene markers Krt5 and 

Trp63. 

Impact of offspring CS and PSE on the SIRT1-FOXO3 axis  

CS has been shown to impair epithelial barrier of the airways, damage related 

tissues and proteins due to production of oxidative stress, and finally lead to 

accelerated ageing of lung [36,37]. SIRT1 is a NAD+-dependent protein/histone 

deacetylase and known as an anti-ageing molecular, which plays a critical role 

against cellular senescence/ageing [38,39]. In addition, SIRT1 was shown to 

regulate the FOXO3 signaling through deacetylation of the FOXO3 protein, which is 

thought to tip oxidative stress-induced FOXO-dependent responses away from cell 

death and toward stress resistance [21]. The activation of SIRT1-FOXO3 axis 

negatively regulate mTOR/ageing pathway under CS-induced oxidative stress [9], 

as shown also in Figure 1 of the general introduction of this thesis. In this study, we 

found that offspring CS results in lower numbers of SIRT1 positive cells, with lowest 

levels in PSE exposed mice. Similarly, PSE reduced the mRNA expressions of both 

Sirt 1 and Foxo3, irrespective of offspring CS. These results are of interest, as many 

studies have reported that SIRT1 is markedly reduced in lung tissues of smokers 

and patients with COPD [8, 40]. FOXO3 proteins were also found to be diminished 

in lungs of smokers, patients with COPD and in lungs of smoke-exposed mice [41,42]. 

In addition, mRNA expression of Sirt 1 was strongly correlated with the expression 

of Foxo3, which suggests a parallel reduction induced by PSE. Our data support the 
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study from Yuan et al. where Foxo3a and Sirt1 expression were both significantly 

reduced in smoke-exposed and aging-accelerated mice [43]. In addition, it supports 

data showing decreased SIRT1 and FOXO3 nuclear expression in human bronchial 

epithelial cells upon cigarette smoke extract (CSE) treatment [44]. Similarly, in CS-

exposed lungs of both mice and human individuals, oxidative stress enhances 

acetylation of FOXO3 which could be attenuated either by genetic overexpression of 

SIRT1 or a selective pharmacological activator SRT1720 [41,42]. Additionally, both 

Sirt1 ablated mice and Foxo3 ablated mice have been shown to develop 

exaggerated pulmonary emphysema when exposed to CS [42]. In our smoking 

mouse model, we didn’t investigate emphysema, as longer smoke exposure would 

be needed in this model. Although we did not observe an additional effect of PSE on 

SIRT1 positive cells and gene expression of Sirt1 and Foxo3, the overall reducing 

effect of PSE does suggest that prenatal smoke exposure impacts on the capacity 

to respond to oxidative stress in these mice.  

Impact of offspring CS and PSE on the p53/p21 pathway involved in cellular 

senescence  

CS-induced cellular senescence has been implicated in COPD pathology. CS was 

shown to generate excessive reactive oxygen species (ROS), stimulating the tumor 

suppressor protein p53 to activate the expression of multiple downstream genes that 

control the pathways of apoptosis, transient (quiescence) and permanent cell cycle 

arrest (senescence) [45,46]. Activation of the p53/p21 pathway is one of the two 

major tumor suppressive pathways to induce cellular senescence [47]. CS in vitro 

and in vivo was shown to induce cellular senescence in lung epithelium and 

fibroblasts with upregulation of p53/p21 expression [41,45,48]. Furthermore, it was 

shown that CS was able to inhibit the proliferation of lung fibroblasts [49]. In contrast, 

our study showed that offspring CS reduced mRNA expression of p53 and p21, 

which for p53 was most decreased in offspring from some-exposed mothers. In 

addition, CS increased the numbers of Ki67 positive cells (a proliferation marker) 

and there were no smoke effects on cleaved caspase 3 positive cells (apoptosis 
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marker) in lung tissues of these mice. As p21 and p53 also play a role in the 

prevention of tumor development [50], we checked all lung sections for histology but 

no tumorigenesis-related phenotypes could be observed. In addition, CS-induced 

excessive ROS also leads to accumulation of senescent cells in lung tissues, which 

are characterized by their SASP. P21 is able to activate the SASP response, leading 

to the secretion of the inflammatory cytokines (IL-1β, IL-6, and TNF-α), growth 

factors (vascular endothelial growth factor, TGF-β1), chemokines, and MMPs, which 

are all increased in age-related diseases, including COPD [26,51]. However, in our 

model, CS decreased Il6 expression and PSE reduced Tnfa expression, whereas no 

smoke effects were observed on Il1b expression. It is difficult to firmly conclude that 

CS reduced cellular senescence and predisposed to promote proliferation and 

induce tumorigenesis in our mouse model, as we only assessed mRNA expression 

in lung tissue homogenates on p53, p21, IL-1β, IL-6, and TNF-α. Further studies on 

the histological phenotype of senescent cells (senescence-associated β-

galactosidase (SA-β-gal) staining) and protein expression of p53, p21, IL-1β, IL-6, 

and TNF-α in specific cell types may shed light on whether CS may have induced 

senescence in specific cells or cell types in our model. 

Impact of offspring CS and PSE on progenitor/stem cell populations in the lung  

Aging-associated changes include also stem cell exhaustion, which could lead to 

a decline in the regenerative potential of lung tissue. CS-induced persistent oxidative 

stress in COPD may lead to excessive differentiation of stem cells which finally 

results in stem cell exhaustion [9]. Airway basal progenitor cell count, self-renewal 

and the ability to differentiate to basal, mucous, and ciliated cells were all found to 

be reduced in smokers with COPD compared with non-COPD smokers [52]. Also, 

the rate of basal progenitor cell maintenance and loss was found to be accelerated 

in the smoker’s airway [53]. In our model, we found that offspring CS induced Krt5 

and Trp63 expression only, offspring from non-exposed mothers (negative 

interaction CS and PSE), caused by an elevated presence of basal cell gene 

expression in offspring from a smoke-exposed mothers. Future studies will include 
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a more in-depth analysis of the epithelial cell distribution in the airways, to relate 

possible basal cell dysfunction to histological manifestations of COPD. With respect 

to AECII cell exhaustion, CS, both in vitro and in vivo, is known to induce senescence 

phenotypes in alveolar epithelial cells [54]. Accelerated senescence of the alveolar 

epithelial type II (AECII) cells has been demonstrated in patients with COPD [55]. 

Offspring CS group had more NKX2.1 positive cells in the parenchymal tissue (AECII 

cell populations), whereas no smoke effects were observed on Ki67/NKX2.1 double 

positive cells (AECII cell proliferation) in our mouse model. This could mean that the 

offspring CS-induced AECII cells do not proliferate, but they also do not differentiate, 

which could fit with the exhaustion phenotype. To further prove AECII cell exhaustion, 

AECII cell senescence investigation needs to be performed. 

Impact of offspring CS and PSE on airway remodeling  

ECM dysregulations in the lungs under injury or with ageing is associated with the 

progression of respiratory diseases, including COPD [56]. It is shown in COPD that 

both the airway wall thickness and the layer of smooth muscle are increased [57]. 

Animal models indicated that prenatal nicotine exposure increased collagen 

deposition and airway lengthening [58,59]. In humans, maternal cigarette smoking 

is associated with an increased airway smooth muscle thickness in newborns [60]. 

In our model, offspring CS induced more smooth muscle around the airway, whereas 

this effect was less clear in offspring from smoke-exposed mothers. As for collagen 

III around vessels, PSE decreased its deposition. Similarly, offspring CS and PSE 

reduced mRNA expression of Collagen IV in lungs of adult mice. In addition, PSE 

downregulated the Tgfb mRNA expression. In this case, our results showed that 

offspring CS induced alterations of ECM components usually observed in ageing 

lung [61]. However, PSE predisposed to decrease this, which perhaps is due to its 

effects of preventing the normal formation of ECM components in lung tissues. More 

related work needs to be investigated in future study. 

Impact of offspring CS on the association between IGF1 and lung ageing 
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IGF1 signaling is one of the two key pathways to regulate life span and IGF1 

impairment is known to extend life span in different species including mammals 

[62,63]. The classic ageing pathway involves activation of the IGF1/AKT/mTOR axis, 

in which the FOXO3A/autophagy is inhibited [64,65]. In lungs of COPD patients, an 

upregulation of the mTOR axis is observed as in ageing and blocking mTOR 

signaling ex vivo is able to reduce cellular senescence in COPD [66]. In addition, in 

lungs of COPD patients, smokers and smoke-exposed mice, decreased expression 

of FOXO3 proteins have been found [41,42]. In our model, although no offspring CS 

effect was found on Foxo3 mRNA expression, PSE reduced the Foxo3 mRNA 

expression in lungs of adult mice. Offspring CS induced an elevation of Igf1 mRNA 

expression and more IGF1 positive cells, which may indicate an activating 

predisposition of the IGF1 pathway after offspring CS in our model. However, as our 

mouse model wasn’t designed for lung ageing investigation initially, further studies 

of PSE on CS-induced effects on FOXO3 protein expression, autophagy, mTOR 

signaling axis in lungs of our mouse model still need to be performed. 

With respect to stem cell exhaustion (as defined by a decline in the proliferation of 

progenitor/stem cells), it is of interest that in control mice (air-exposed group from 

non-smoke exposed mothers) Igf1 mRNA was positively correlated with Krt5 mRNA 

and Trp63 mRNA expression, and IGF1 positive cells were positively correlated with 

NKX2.1 positive cells. This phenomenon was abolished by either offspring CS or 

PSE for both progenitor/stem cell types. This suggests that offspring CS or PSE-

induced alterations of IGF1 may partly impact progenitor/stem cell exhaustion in 

lungs of our mouse model. For the AECII population, offspring CS even induced a 

negative correlation between IGF1 and AECII cell numbers, which could be 

explained by an increase of inflammatory cells (subtypes of macrophages) after CS 

exposure, which also add to the IGF1 positive cells. Indeed, it is reported that 

activation of IGF1 was shown to generate pro-inflammatory responses [67]. In this 

case, IGF1 positive cells may represent the inflammatory cells rather than the AECII 

cell populations. However, more experiments are needed to link the exact role of 

IGF1 to the above discussed hallmarks of ageing.  
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Summary  

In conclusion, by reducing the anti-aging molecules, CS may 

accelerate/predispose to lung aging, although the results on cellular senescence 

seemed to contrast this conclusion. Offspring CS induced Igf1 mRNA expression 

and IGF1 positive cells, which were accompanied with basal cell mRNA expression 

and higher AECII stem cells. CS-induced alterations were only partly affected by 

prenatal smoke exposure. 
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Abstract 

This study explored the effects of maternal exposure to e-waste environmental heavy 

metals on neonatal DNA methylation patterns. Neonatal umbilical cord blood (UCB) 

samples were collected from participants that resided in an e-waste recycling area, 

Guiyu and a nearby non-e-waste area, Haojiang in China. The concentrations of 

UCB lead (Pb), cadmium (Cd), manganese (Mn) and chromium (Cr) were measured 

by graphite furnace atomic absorption spectrometry. Epigenome-wide DNA 

methylation at 473, 844 CpG sites (CpGs) were assessed by Illumina 450K 

BeadChip. The differential methylation of CpG sites from the microarray were further 

validated by bisulfite pyrosequencing. Bioinformatics analysis showed that 125 

CpGs mapped to 79 genes were differentially methylated in the e-waste exposed 

group with higher concentrations of heavy metals in neonatal UCB. These genes are 

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

adhesion, embryonic morphogenesis, as well as in signaling pathways related to 

NFkB activation, adherens junction, TGF beta and apoptosis. Among them, BAI1 

and CTNNA2 (involved in neuron differentiation and development) were further 

verified to be hyper- and hypo-methylated, respectively, in association with maternal 

Pb exposure. These results show that maternal exposure to e-waste environmental 

heavy metals (particularly lead) during pregnancy is associated with peripheral blood 

differential DNA methylation in newborns, specifically the genes involved in brain 

neuron development. 

Key words: e-waste, heavy metals, maternal exposure, DNA methylation, 

epigenetics 
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1. Introduction 

Heavy metals are environmental pollutants which are widely utilized in various 

electronic products and could have potential toxicity to human health. Some typical 

heavy metals, such as lead (Pb), cadmium (Cd), chromium (Cr) and manganese (Mn) 

are characteristic contaminants originating from electronic waste (e-waste) (Huo et 

al. 2007; Zheng et al. 2008; Xu et al. 2015a; Xu et al. 2015b; Ohajinwa et al. 2018; 

Zeng et al. 2018). Many researchers have reported high levels of these contaminants 

in the environment and in human biological samples from several e-waste 

dismantling and recycling areas. These e-wastes impose adverse health effects on 

local residents, particularly on susceptible populations (pregnant women and 

newborns) (Guo et al. 2014; Ni et al. 2014; He et al. 2015; Shi et al. 2016; Zeng et 

al. 2016a). Exposure to heavy metals during fetal development has injurious effects 

on cellular function and might negatively influence health trajectories in later life 

(Godfrey and Barker 2001). Examples of prenatal exposure to lead resulting in 

adverse health outcomes include neurocognitive and behavioral deficits, low birth 

weight and preterm deliveries, which are associated with the disease risk throughout 

the later life course (Andrews et al. 1994; Chen et al. 2011; Jelliffe-Pawlowski et al. 

2006; Needleman et al. 1990; Rich-Edwards et al. 1997). With respect to cadmium 

exposure, several studies have reported negative associations between maternal 

exposure during pregnancy and birth length, weight, head circumference of 

newborns, and detrimental cognitive developmental effects in later life ( Frery et al. 

1993; Kippler et al. 2016; Lin et al. 2011; Nishijo et al. 2004; Shirai et al. 2010). In 

addition, prenatal manganese exposure has also been shown to be associated with 

neurodevelopmental problems in childhood and health problems later in adulthood 

(Bailey et al. 2006; Ericson et al. 2007; Roels et al. 2012). Animal studies have 

indicated that chromium-related toxic effects on the embryo and fetus are correlated 

with decreased birth weight and crown-rump length, retarded fetal development and 

dead fetuses, while epidemiologic research has shown that high levels of chromium 

exposure in utero can cause higher potential risk of delivering preterm infants and 
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newborns with abnormal birth outcomes (Bailey et al. 2006; Junaid et al. 1995; Pan 

et al. 2017; Xia et al. 2016). 

Interestingly, recent studies have linked early-life exposure to cigarette smoke with 

DNA methylation alterations in peripheral blood mononuclear cells. Differential 

methylation of a large number of CpG sites was associated with differential gene 

expression and disease susceptibility and development (Joubert et al. 2012). In 

addition, increasing evidence suggests that maternal exposure to heavy metals can 

modify the epigenetic status of the human genome. For instance, epidemiological 

studies indicate that prenatal exposure to Pb can inversely affect genomic DNA 

methylation in umbilical cord blood (Pilsner et al. 2009); maternal Cd exposure is 

negatively associated with DNA methylation at regulatory sequences of imprinted 

genes in offspring (Vidal et al. 2015); and preliminary evidence suggests that in utero 

exposure to Mn is associated with defined placental DNA methylation patterns 

(Maccani et al. 2015). However, very few studies have reported such differential DNA 

methylation at an epigenome-wide level in newborns whose mothers were exposed 

to the heavy metals, particularly those originated from e-waste during pregnancy. In 

the present study, we applied the Infinium HumanMethylation450 Beadchip (450K; 

Illumina Inc.) measuring CpG methylation at > 470,000 CpGs) to investigate 

differential DNA methylation patterns of neonatal umbilical cord blood (UCB) 

between the e-waste exposed group and the reference group. We further explored 

two differential methylation of CpG sites selected from the microarray in neonatal 

UCB by bisulfite pyrosequencing. These two CpGs are respectively mapped to 

genes expressing brain-specific angiogenesis inhibitor 1 (BAI1) and Catenin 

cadherin-associated protein, alpha 2 (CTNNA2) which involve in neuron 

differentiation and development. Based on our results, this study may provide novel 

insights for maternal exposure to heavy metals (particularly lead) on toxicity health 

risks of neonatal brain neuron development in an epigenetic-modified way. 

2. Materials and Methods 

2.1. Study areas and subjects 
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A total of 939 healthy pregnant women were recruited shortly before delivery from 

June 2011 to September 2012. In brief, 593 participants living in Guiyu, China were 

defined as the e-waste exposed group. Guiyu is one of the largest electronic waste 

sites and known for more than 30-year history of informal e-waste recycling. We 

considered the other 346 participants living in a region called Haojiang, 

approximately 31.6 km to the east of Guiyu, without any e-waste recycling activities 

as the reference group. The two regions share a similar population density and traffic 

conditions, and the local residents have a similar lifestyle, cultural background and 

socioeconomic status, as described in our previous studies (Zeng et al. 2017). 

Neonatal UCB samples were collected into EDTA-K2 anticoagulant tubes shortly 

after delivery and frozen at -80°C until analysis. All recruited pregnant women were 

requested to complete a detailed questionnaire involving information covering 

maternal age, height and weight, parity, gestational age, maternal smoking and 

alcohol drinking, family member smoking during pregnancy, pregnancy 

complications through face-to-face interviews guided by trained research staff. 

Neonatal birth information including gender, fetal number, birth body mass index 

(BMI), birth complications and defects were obtained from hospital records. To 

evaluate the epigenome-wide DNA methylation patterns of newborns, 24 neonatal 

UCB samples (12 from the e-waste exposed group and 12 from the reference group) 

were selected from this large population: all samples in the e-waste exposed group 

contained Pb levels over 10 μg/dL, whereas the reference group had less than 5 

μg/dL; pregnant women who had ever smoked, drank alcohol and with birth 

complications were excluded; newborn was single birth with no birth defects. To 

validate the differential DNA methylation patterns, 204 neonatal UCB samples (101 

from the e-waste exposed group and 103 from the reference group) were also 

selected from this large population with no maternal smoking during pregnancy, 

single birth, and no birth complications and defects. All subjects gave informed 

consent and the study was conducted according to the approved guidelines. The 

protocol was approved by the Ethics Committee of Shantou University Medical 
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College. This study is in accordance with The Code of Ethics of the World Medical 

Association (Declaration of Helsinki) for experiments involving humans.  

2.2. Assessment of heavy metal exposures  

Measurements of neonatal UCB Pb, Cd, Mn and Cr concentrations by graphite 

furnace atomic absorption spectrophotometry (GFAAS) were performed in the 

Laboratory of Environmental Medicine and Developmental Toxicology at Shantou 

University Medical College. The procedure for blood sample pretreatment and 

details of the GFAAS analyses have previously been described in detail elsewhere 

(Zeng et al. 2016b). 

2.3. Epigenome-wide methylation analysis 

Twenty-four neonatal UCB samples were selected for the Infinium Human 

Methylation 450K Beadchip analysis. For these 24 neonatal UCB samples, genomic 

DNA was extracted with the DNeasy Blood and Tissue Kit according to the 

manufacturer’s instruction. DNA quality was assessed with the NanoDrop 

spectrophotometer (NanoDrop Products) (A260/A280>1.8 & <2.1) and also 

controlled by agarose gel electrophoresis (no dispersion DNA fragment band). One 

microgram qualified DNA (50 ng/μL) of each UCB sample was bisulfite-converted by 

EZ DNA Methylation kit (Zymo Research Corporation, Irvine, CA) following 

manufacturer instructions. The methylation status covering 485,577 CpGs in the 

human genome was assessed on 500 ng of bisulfite-converted DNA using the 

Human Methylation 450K BeadChip according to the Infinium HD Methylation Assay 

protocol. In addition, the 24 samples were equally loaded in the Methylation 

Beadchip randomly distributed in order to prevent batch or localization effects. 

Assays were scanned to generate data (.idat files) for each human subject by 

Illumina’s GenomeStudio and the data (.idat files) were preprocessed using the R 

(2.15.3) /Bioconductor package [minfi] (The R Project for Statistical Computing, 

Auckland, New Zealand). Finally, a β-value between 0 (completely un-methylated) 

and 1 (completely methylated) was generated after preprocessing both control 

normalization and background subtraction by using Illumina’s algorithm, and used to 
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assess the methylation level at each CpG site. To eliminate the sex-specific 

methylation bias, all CpG loci on sex chromosomes (X and Y) were excluded in 

analysis (Bibikova et al. 2011; Hansen and Aryee 2013; Wang et al. 2012).  

Bioinformatics analysis was carried out using the Illumina methylation analyzer 

(IMA) package: a pooled t test, and a filter of absolute values ≥ 0.14 in average beta 

difference were employed to identify differential methylation of CpG sites between 

the e-waste exposed group and the reference group; a P value of ≤ 0.05 was applied 

as a cutoff; CpG sites with average beta difference ≥ 0.14 were regarded as 

hypermethylated & ≤ -0.14 being hypomethylated (Wang et al. 2012). A 

chromosomal distribution graph was generated from R package [minfi]. Hierarchical 

clustering analysis of the differential methylation of CpGs was visualized through a 

heat-map using the Multi Experiment Viewer (MEV-4.6.0) Software. The Database 

for Annotation, Visualization and Integrated Discovery (DAVID v6.7) was adopted for 

gene ontology (GO) and pathway enrichment analysis to portray the differential 

methylation patterns between the e-waste exposed group and the reference group.  

2.4. Bisulfite pyrosequencing analysis 

For the differential methylation of CpGs of interest screened from the microarray, 

bisulfite pyrosequencing was applied to validate in a total of 204 enrolled UCB 

samples (101 from the e-waste exposed group and 103 from the reference group). 

After DNA quality control, qualified DNA were bisulfite-converted using the EZ DNA 

methylation kit (Zymo Research, Orange, CA, USA). The original sequences of the 

genes of interest with differential methylation of CpGs were obtained from the 

microarray. The PCR amplifying and pyrosequencing primers were designed for the 

sequences by PyroMark Assay Design v2.0 software (Qiagen, Hilden, Germany). 

The primer sequences for the two CpG sites are shown in Table S1. Bisulfite-

converted DNA (1 μg) was amplified using Hot-Start Taq-polymerase, then the 

amplicons were analyzed by PyroMark Q96 instrument (Qiagen) according to the 

manufacturer’s instructions, and finally the methylation level of each CpG site was 

quantified using a percentage of C (methylated Cytosine) to C + T (methylated 
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Cytosine + unmethylated Cytosine). 

2.5. Statistical analysis  

The Kolmogorov-Smirnov test was used to explore the normal distribution of all 

data. The central tendency and spread of variables were described by the mean ± 

standard deviation and as the median [interquartile range (IQR)] for skewed 

distribution. The composition ratio of variables was presented by percentage. The 

independent-sample t-test and Mann-Whitney U-test were used to determine the 

difference between two groups, while the chi-square test was utilized for determining 

the difference of composition ratio. Spearman’s rank correlation analysis was 

performed to analyze the relationships between the differential methylation of two 

CpGs and heavy metal levels. Multiple linear regression analyses adjusted for 

confounding factors (e.g. maternal age, maternal pre-pregnant BMI, family member 

smoking during pregnancy, gestational age, neonatal gender and birth BMI) were 

applied to investigate the associations between the differential methylation of two 

CpGs and heavy metal levels in neonatal UCB. Statistical significance was set as P 

< 0.05 for a two-tailed test. Statistical analyses were performed using SPSS 20.0 for 

Windows (Chicago, IL, USA).  

 

3. Results 

3.1. Demographic characteristics and heavy metal levels of neonatal UCB from 

the e-waste exposed group and the reference group  

A total of 101 pregnant women from Guiyu and 103 pregnant women from 

Haojiang were enrolled and provided umbilical cord blood for the bisulfite 

pyrosequencing analysis (Table 1). Maternal age at enrollment ranged from 14-41 

years old with a mean age ± standard derivation of 27.3 ± 4.5 and 28.0 ± 4.9 years, 

respectively for the e-waste exposed and the reference group. No significant 

difference was observed in maternal age, maternal pre-pregnant BMI, family 

member smoking during pregnancy, maternal drinking alcohol during pregnancy and 

sex ratio of newborns between the two groups. Gestational age in e-waste exposed 
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group was slightly increased (P < 0.05). Neonatal birth BMI were showed a 

significant difference (P < 0.05). Neonatal UCB lead levels in the e-waste exposed 

group (7.34 ± 2.69 μg/dL) were over 2 times higher than the reference group (3.07 ± 

0.84 μg/dL) (P < 0.001). Neonatal UCB Cd, Mn and Cr levels did not show significant 

difference between the two groups. As regards the twenty-four neonatal UCB 

samples of epigenome-wide analysis, newborns from both groups were matched 

well according to their maternal age, pre-pregnant BMI, passive smoking status, and 

neonatal gender distribution and birth BMI. Neonatal UCB Pb levels in the e-waste 

exposed group (15.894 ± 3.770 μg/dL) was approximately ten times higher than in 

the reference group (1.795 ± 0.410 μg/dL); significantly higher neonatal UCB Mn (but 

not Cd or Cr) levels were found in the e-waste exposed group than the reference 

group, which also indicated a slightly higher Mn exposure in utero from the e-waste 

exposed group (Table S2).  

 

 

Table 1. Demographic characteristics and heavy metal levels of neonatal UCB from the e-

waste exposed group and the reference group in bisulfite pyrosequencing analysis (n=204). 

Variable  Exposed group 

 (n=101) 

Reference group 

 (n=103) 

P-value 

Maternal Characteristics 

Age (years) 27.3 ± 4.5 28.0 ± 4.9 0.273a 

Pre-pregnant BMI (kg/m2) 20.05 ± 2.50 19.99 ± 2.50 0.884a 

Gestational age (weeks) 39.93 ± 0.84 39.47 ± 1.68 0.021a 

Smoking during pregnancy [n (%)]  

Yes 0 (0) 0 (0)  

No 99 (100) 87 (100)  

Family member smoking during pregnancy [n (%)] 0.224b 

Yes 54 (61.36) 45 (51.72)  

No 34 (38.64) 42 (48.28)  

Drinking alcohol during pregnancy [n (%)] 0.602b 

Yes 1 (1.02) 2 (2.30)  

No 97 (98.98) 85 (97.70)  
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Newborn Characteristics 

Gender [n (%)] 0.778b 

Male 55 (55.00) 53 (52.48) 

Female 45 (45.00) 48 (47.52) 

Birth BMI (kg/m2) 12.21 ± 1.24 13.00 ± 2.59 0.006a 

Lead levels (μg/dL) 7.34 ± 2.69 3.07 ± 0.84 < 0.001a 

Cadmium levels (μg/L) 0.22 ± 0.21 0.29 ± 0.51 0.187a 

Manganese levels (μg/L) 54.01 ± 21.88 51.21 ± 16.43 0.302a 

Chromium levels (μg/L) 5.90 ± 3.30 6.23 ± 5.92 0.631a 

a Independent-sample t-test; bChi-square test; The values are expressed as mean ± SD or 

percentage; P-value, statistical significance of the differences between two groups.  

 

3.2. Differential DNA methylation patterns between the e-waste exposed group 

and the reference group 

We conducted a high-throughput platform of epigenome-wide DNA methylation 

analysis to explore the differential DNA methylation patterns in neonatal UCB 

between the e-waste exposed group and the reference group. After analysis of the 

microarray, a total of 125 CpG sites were differential methylation (46 were 

hypermethylated and 79 were hypomethylated) in the e-waste exposed group 

compared with the reference group (P < 0.05). The specific positions of these 

differential methylation of CpGs on human 22 chromosomes were presented in 

Figure 1. No certain chromosomes enriched suggests that the effects of maternal 

heavy metal exposures on DNA methylation are non-specific for chromosomes. 

Figure 2 shows the heatmap concerning hierarchical clustering analysis for the 

differential methylation of CpGs in 24 samples (12 in front from the reference group 

and 12 behind from the e-waste exposed group). More hypomethylated CpGs and 

less hypermethylated CpGs were observed in the e-waste exposed group than in 

the reference group. These differentially methylated CpGs were mapped to 79 genes 

(see Table 2). Among them, 31 were hypermethylated (see Table 2 (A)) and 48 were 

hypomethylated (see Table 2 (B)) (the complete details of these genes are shown in 

Table S3). Of the differentially methylated 79 genes, several genes are involved in 
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differentiation and neuron development, including the gen es expressing brain-

specific angiogenesis inhibitor 1 (BAI1) and Catenin cadherin-associated protein, 

alpha 2 (CTNNA2) (Table 2, Table S3 and Figure 3 (B)).  

 

Figure 1. Chromosomal distribution of the differential methylation of 125 CpG sites between 

the e-waste exposed group and the reference group. Little red bars represent hyper-

methylated sites, while little green bars represent hypo-methylated sites.  
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Figure 2. Hierarchical 

clustering (Euclidean distance) 

heat map including the 

significant differential 

methylation of CpG sites 

between reference (12 

samples in front) and exposed 

newborns (12 samples 

behind). Each colored 

rectangular box from light blue 

to light yellow represents the 

methylation level of each site 

is from hypo- to hyper-

methylated. 
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Figure 3. Sample functional 

annotation cluster (FAC) heat 

maps between the e-waste 

exposed group and the reference 

group. Displayed are the 

differential genes and associated 

annotations for FAC cluster 6 (A) 

(most significant enrichment 

cluster) and FAC cluster 12 (B) 

(most critical enrichment cluster of 

our interest) determined from the 

identified differential methylation of 

gene sets. Each green square 

block represents a corresponding 

gene-term association positively 

reported, while each black square 

block is a corresponding gene-

term association not reported yet. 

Clusters were enriched through 

selecting the overrepresented annotation that conveyed the broadest biologic meaning within 

each FAC. 

 

3.3. Functional annotation clustering (FAC) analyses  

In order to gain better insight into the biological functions of these differentially 

methylated CpG sites and their associated genes, we conducted functional 

annotation clustering (FAC) analyses by David Database (6.7, 

http://david.abcc.ncifcrf.gov/home.jsp). Clusters are enriched through selecting the 

overrepresented annotation that convey the broadest biologic meaning within each 

FAC. In general, a smaller P value accompanies a more meaningful pathway 

enrichment cluster which is also more likely to occur abnormally (Uddin et al. 2010). 

The 79 differentially methylated genes were uploaded (selected “OFFCIAL_ 

GENE_SYMBOL”) as a gene list into DAVID and a functional annotation tool was 

adopted (Default setting and Classification Stringency: Medium). Figure 4 shows the 

http://david.abcc.ncifcrf.gov/home.jsp
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main results of the gene ontology (GO) functional enrichment analysis among the 

differentially methylated genes between the e-waste exposed and the reference 

neonates (P < 0.05). These results indicate that these differential genes mainly 

participate in biological processes including regulation of cell adhesion (Cluster 1, 

e.g. TDGF1, SMAD3, NID1), transmembrane transport (Cluster 4), cell 

morphogenesis involved in differentiation and neuron development (Cluster 12, e.g. 

BAI1, SLIT3, CTNNA2, TGFBR1, ANTXR1), regulation of apoptosis (Cluster 13), 

cation transport (Cluster 23); they also have some molecular functions in antiporter 

activity (Cluster 4, e.g. SLC8A1, SLC26A10, TMCO3) and calcium/metal ion binding 

(Cluster 6, e.g. SMOC2, SLC8A1, GALNTL4, SVIL, FAM20C, PADI2, NID1, ACTN3, 

SDF4, EFCAB4B, SLIT3), as well as in comprising cellular components of the 

plasma membrane (Cluster 14, 15) and actin cytoskeleton (Cluster 15, e.g. MYOM2, 

SVIL, ACTN3, SEPT9, CTNNA2) and mitochondrion (Cluster 22) (the complete set 

of all FAC analyses is shown in Table S3). Figure 3 (A) illustrates the most significant 

enrichment cluster, and Figure 3 (B) shows the most critical enrichment cluster of 

our interest, which contain the gene functional annotations and differentially 

methylated genes. The results of the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) and BIOCARTA pathway functional enrichment analysis indicates that these 

differentially methylated genes are involved in several biological pathways, including 

the KEGG pathway of Adherens junction (TGFBR1, SMAD3, ACTN3, CTNNA2) (P 

< 0.01), Amyotrophic lateral sclerosis (ALS) (MAP2K3, CCS, APAF1) (P < 0.05) as 

well as BIOCARTA pathway including NFkB activation by Nontypeable Hemophilus 

influenzae (MAP2K3, TGFBR1, SMAD3) (P < 0.05), TGF beta signaling pathway, 

and Role of Mitochondria in Apoptotic Signaling, Apoptotic Signaling in Response to 

DNA Damage and the Caspase Cascade in Apoptosis (Table S4). 
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Figure 4. Gene ontology (GO) functional enrichment analysis of differential methylation of 

genes between e-waste exposed newborns and reference newborns. Y axis represents 

differential gene ontology annotation terms, while X axis being the values of -log10 (P values) 

(P < 0.05). The smaller P value was accompanied with gene sets enriches in a more 

meaningful GO term.  

 

3.4. Bisulfite pyrosequencing validation 

We performed the bisulfite pyrosequencing experiment for 204 neonatal UCB 

samples to verify the differential methylation of CpG sites identified by Human 450K 

microarray analysis. The median methylation level of BAI1 (cg25614253) in the e-

waste exposed group was 8.00% (6.00%, 44.00%) which was higher than the 

reference group (7.00% (6.00%, 37.75%), P < 0.05). However, a lower median 

methylation level of CTNNA2 (cg20208879) was observed in the e-waste exposed 

group than in the reference group [62.00% (47.00%, 67.00%) vs. 64.00% (59.25%, 

69.00%), P < 0.05], which are respectively shown in Figure 5A and 5B.  
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Figure 5. Validation of BAI1 (cg25614253) (A) and CTNNA2 (cg20208879) (B) by bisulfite 

pyrosequencing in 204 neonatal UCB. Mann-Whitney U tests were used for comparisons of 

DNA methylation levels measured by pyrosequencing at each candidate CpG site between 

the e-waste exposed group and the reference group. *P < 0.05. 

3.5. Associations between heavy metal exposures and differential 

methylations in neonatal UCB for bisulfite pyrosequencing validation 

The results of the Spearman’s rank correlation analysis are presented in Table 3. 

It shows a positive correlation between neonatal UCB Mn levels and Cr levels (P < 

0.05), while the neonatal UCB Pb levels were inversely correlated with Cd levels (P 

< 0.01). For the CpG site (cg25614253) of BAI1, a positive correlation was observed 

between UCB Pb levels and its methylation level (P < 0.05). However, we noticed 

that UCB Pb levels were negatively associated with the CTNNA2 (cg20208879) 

methylation level (P < 0.01). There was no significant correlation between neonatal 

UCB Cd, Mn and Cr levels and the methylation levels of the two CpGs. Multiple linear 

regression models were applied to assess the associations between heavy metal 

exposures and differential methylations in neonatal UCB samples, which were 

adjusted for maternal age, pre-pregnant BMI and alcohol drinking, gestational age, 

family member smoking during pregnancy, neonatal gender and birth BMI (Table 4). 

For the CpG site (cg20208879) of CTNNA2, an increase in UCB Pb levels was 

associated with a 1.20 (β = -1.297, 95% CI, -2.135 to -0.265) decrease in methylation 

level of neonatal UCB. 
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Table 3. Spearman’s correlation between heavy metal levels and methylation levels of BAI1 

(cg25614253) and CTNNA2 (cg20208879). 

* P < 0.05; ** P < 0.01. 

 

Table 4. Multiple linear regression analysisa for associations between heavy metal levels and 

two differentially-methylated genes in neonatal UCB. 

 BAI1 methylation 

(cg25614253) 

CTNNA2 methylation  

(cg20208879) 

β (95% CI) β (95% CI) 

UCB Pb -0.054 (-1.496, 1.388) -1.200 (-2.135, -0.265)* 

UCB Cd -1.490 (-9.662, 6.683) 1.497 (-3.802, 6.796) 

UCB Mn -0.053 (-0.291, 0.186) -0.001 (-0.155, 0.154) 

UCB Cr 0.041 (-0.748, 0.831) -0.141 (-0.653, 0.371) 

* P < 0.05. 

a Adjusted for maternal age, pregnant BMI and drinking alcohol, gestational age, family 

member smoking during pregnancy, neonatal gender and birth BMI. 

4. Discussion 

This study explored the effects of maternal exposure to a variety of environmental 

heavy metals originating from e-waste during pregnancy, revealing differential DNA 

methylation patterns at an epigenome-wide level in UCB of newborns prenatally 

exposed to e-waste pollutions. Through Human 450K Beadchip analysis, we 

identified 125 CpGs with differential methylation which are mainly involved in multiple 

biological processes including calcium ion binding, cell adhesion, embryonic 

morphogenesis, as well as in signaling pathways related to NFkB activation, 

  
UCB Pb 

level  

UCB Cd 

level  

UCB Mn 

level  

UCB Cr 

level  

BAI1 

methylation  

 CTNNA2 

methylation  

UCB Pb level 1.000 - - - - - 

UCB Cd level  -0.219** 1.000 - - - - 

UCB Mn level  0.109 -0.096 1.000 - - - 

UCB Cr level  0.042 0.024 0.171* 1.000 - - 

BAI1 methylation  0.162* 0.098 -0.035 0.035 1.000 - 

CTNNA2 methylation  -0.191** -0.022 0.019 -0.039 -0.013 1.000 
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adherens junction, TGF beta and apoptosis. Furthermore, two differentially 

methylated CpG sites of BAI1 and CTNNA2 genes involved in brain neuronal 

development identified from the microarray were validated. Both of them were 

correlated to neonatal UCB Pb levels. 

We selected the UCB samples for Human 450K methylation BeadChip analysis 

mainly according to their corresponding Pb concentrations in each group. The UCB 

Pb concentration in the e-waste polluted area, Guiyu was 15.894 μg/dL, which was 

nearly 9 times higher than in the reference group (1.795 μg/dL). From previous 

studies we know that the child blood Pb concentration was higher than the reference 

level of 5 ug/dL (U.S. Centers for Disease Control and Prevention (CDC), (Betts 

2012). In addition, Pb exposure levels exceeding the concentration of 10 ug/dL could 

result in the impairment of neurodevelopment, impose adverse effects on cognitive 

function, and cause behavioral disturbances, as well as attention deficits in early 

childhood (Zeng et al. 2016a). Our previous studies conducted in the e-waste 

recycling area confirmed that higher UCB Pb levels in neonates were associated 

with lower neonatal behavioral neurological assessment (NBNA) scores (Li et al. 

2008a; Li et al. 2008b). Several other studies indicated that a high concentration of 

Pb exposure during early life could pose serious poisonous effects on brain 

neurodevelopment by changing its constructions and functions (Bellinger 2013; 

Kuehn 2012; Toscano and Guilarte 2005). Lots of environmental events (such as 

pollutants exposure) in early life could involve in changes of epigenetic marks, such 

as DNA methylation and histone modification, which lead to some possible links 

between heritable changes in gene expression and adult disease susceptibility and 

development (Marsit 2015). Thus, prenatal exposure to environmental chemicals 

may also be in this manner interacting with the epigenome of newborns which was 

associated with the outcomes of birth defects or health risk in childhood. Senut et al. 

found that genes involved in neurogenesis such as EFNA2, GRIK4, the motor 

neuron specification factor LHX3, the axonal guidance PLXN4, and the neuronal 

differentiation factor NEUROG1 were differentially methylated in Pb-exposed 
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differentiating human embryonic stem cells (Senut et al. 2014). Sen et al. identified 

two genes, NDRG4 (associated with reduced levels of Brain Derived Neurotrophic 

Factor (BDNF) in mouse) and NINJ2 (Nerve Injury Induced Protein 2, involved in 

regulation of injured sensory and enteric neurons) showed Pb dependent change in 

DNA methylation status in child’s neonatal blood spots exposed in-utero to high 

Blood Pb levels (≥ 5 μ g/dL) (Sen et al. 2015). In the current study, we observed the 

differential methylation of genes including TGFBR1, BAI1, SLIT3, ANTXR1, 

CTNNA2 which were involved in biological processes of axonogenesis, cell 

morphogenesis involved in neuro-differentiation, neuron projection morphogenesis 

and neuron development after GO enrichment analysis. However, our study did not 

show any overlapped differential methylation of genes on neuronal development with 

their research. As a matter of fact, we yet assessed other heavy metal levels after 

Human 450K methylation BeadChip analysis in the present study. We observed the 

significantly higher concentrations of Mn in the e-waste exposed group (61.62 ug/L) 

than in the reference group (42.81 ug/L). Recently, prenatal Mn exposure was 

reported to be linked with the childhood behavioral disinhibition in a population-

based study (Tarale et al. 2016). Mn exposure in placenta tissue is associated with 

some DNA methylation changed genes, such as CNP, EN1, ROBO3, ZNRF2, 

NEUROD etc. involved in neuro development and neurogenesis (Maccani et al. 

2015). It may be the differential methylation of genes identified from this study are 

products of mixed effects after prenatal exposure to environmental heavy metals, 

although we also found different neuro-differentiation, -morphogenesis and -

development related differential methylation of genes. 

Furthermore, we selected two of them (BAI1 and CTNNA2) to validate the 

differential methylations identified from the microarray by using bisulfite 

pyrosequencing in 204 neonatal UCB samples. From the previous studies (Mori et 

al. 2002; Nishimori et al. 1997; Paavola and Hall 2012), they confirmed that BAI1 is 

highly and specifically expressed in the normal brain. BAI1 participates in many 

biological processes including signal transduction, cell adhesion, release of 
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neurotransmitters and synapse formation. CTNNA2 is a large (about 1 Mb) and 

conserved gene on chromosome 2. This gene encodes αN-catenin, a sort of cell-

adhesion protein served as critical regulator of synaptic plasticity through binding 

with cadherins, actin cytoskeleton and a brain-expressed a-catenin essential for 

synaptic contact (Abe et al. 2004; Smith et al. 2005; Terracciano et al. 2011). In the 

current study, both Spearman’s rank correlation analysis and linear regression 

models confirmed that UCB Pb levels were negatively associated with the 

hypomethylated CpG site (cg20208879) of CTNNA2, while correlation analysis 

identified a significantly positive correlation between hypermethylated CpG site 

(cg25614253) of BAI1 and UCB Pb levels. In addition, it is showed that only the Pb 

concentration (not Cd, Mn or Cr) of UCB samples from the e-waste exposed group 

was significantly higher than in the reference group. These data suggest that 

maternal exposure to Pb through e-waste recycling may be associated with the 

changes in neonatal UCB of DNA methylation in genes involved in neural 

development pathways. This is also supported by previous research linking lead 

exposure to child neurodevelopment (Schneider et al. 2013). The results were also 

essentially consistent with the data from 450K methylation BeadChip analysis, since 

we noticed higher Pb and Mn exposure with hypermethylated BAI1 (cg25614253) 

and hypomethylated CTNNA2 (cg20208879). However, the methylation differences 

between differential methylation of the two CpGs are far larger in 450K methylation 

Beadchip analysis than in pyrosequencing analysis. It may be the outcomes of dose 

or mix effects of the heavy metals, since heavier Pb and Mn burden were noticed 

between the two groups in 450K methylation Beadchip analysis than in 

pyrosequencing validation analysis. 

In addition, more of other differential methylation of genes were also observed with 

higher concentrations of Pb and Mn in neonatal UCB from the e-waste exposed 

group after 450K methylation BeadChip analysis. They were mainly involved in 

multiple biological processes as well as many signaling pathways which were related 

to toxicity mechanism of Pb and Mn in organism. It is reported that one of the critical 
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aspects of Pb-caused damage in cellular physiology is that Pb can replace multiple 

polyvalent cations (such as calcium, zinc, and magnesium) in their binding sites. 

Diverse voltage- and ligand-gated ionic channels such as sodium (Na+), calcium 

(Ca2+) are susceptible to such interferences by Pb (Garzaet al. 2006). Mn could 

interfere with the Ca2+-activated ATP production through binding with Ca2+-sensitive 

sites in mitochondrial metabolic enzymes with more affinity than the Ca2+ itself 

(Gunter et al. 2006). In this study, we found that the genes enriched in Annotation 

Cluster 6: molecular functions of calcium ion binding, Annotation Cluster 23, 28: 

biological processes of cation transport and metal ion transport and molecular 

functions of metal ion transmembrane transporter activity and zinc ion binding, were 

differentially methylated between the e-waste exposed group and the reference 

group. Pb could affect the expression, synthesis, and conformational maturation of 

many cell adhesion signaling molecules, such as the neuronal cell adhesion 

molecule (Breen and Regan 1988; Davey and Breen 1998). In the current study, we 

found the differential methylation of genes enriched in Annotation Cluster 1, 16: 

biological processes of positive regulation of cell-substrate adhesion and cell 

adhesion, and KEGG pathway of Adherens junction. Pb can pass through placenta 

barrier and accumulate in fetus which impair the growth and development of infant. 

The genes enriched in Annotation Cluster 13: biological processes of embryonic 

morphogenesis and in utero embryonic development, were observed differentially 

methylated in e-waste exposed UCB samples with higher Pb and Mn levels 

compared with the reference group. In addition, Pb is a genotoxic agent and can 

induce DNA damage and chromosome abnormalities (Cheng et al. 2012). Pb mainly 

concentrates in the mitochondria via inhibiting the calcium uptake from outside and 

promoting calcium release from inside (Lidsky and Schneider 2003; Parr and Harris 

1976). Pb is also able to promote the release of cytochrome C into the cytoplasm via 

opening the mitochondrial permeability-transition pore, finally activates apoptotic cell 

death (He et al. 2000). Mn could also induce oxidative stress to cause cell death via 

apoptosis. Mitochondria are an important cellular target in neurotoxicity of Mn. 
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Exposure to Mn causes the release of cytochrome C from mitochondria followed by 

subsequent loss of mitochondrial electrical potential. Mitochondrial accumulation of 

manganese results in inhibiting the oxidative phosphorylation and generating the 

reactive oxygen species (Chtourou et al. 2011). In this study, the genes enriched in 

Annotation Cluster 9, 13, 22: biological processes of response to hypoxia and 

oxygen levels, regulation of apoptosis and programmed cell death; cellular 

components of mitochondrion, mitochondrial membrane and envelope; and 

BIOCARTA pathway including Role of mitochondria in apoptotic signaling, apoptotic 

signaling in response to DNA damage and caspase cascade in Apoptosis, were 

differentially methylated in neonatal UCB of e-waste exposed group with higher 

prenatal Pb and Mn exposures. Thus, these results indicated that maternal exposure 

to environmental heavy metals during pregnancy may be associated with the 

changes in neonatal UCB of DNA methylation in genes involved in their toxicities 

related mechanisms. In this regard, we think that these external environmental 

exposures from mothers during pregnancy may affect the DNA methylation patterns 

of newborn internal. Likely, the variability in methylation of peripheral blood might 

reflect the cellular response to stimulator, including environmental toxicants. 

However, future targeted mechanistic research needs to be conducted and validated 

in more of the above differential methylation of genes with more large-scale 

population.  

Several limitations in the current study should be considered. The e-waste 

recycling area is a very complicated and mixed environment, in which we cannot 

evaluate all the other environmental pollutants, such as organic pollutants, which is 

only present in limited amounts in the UCB samples. This may weaken the effects 

explained by heavy metal exposures. Also, the limited sample size restricts the 

statistical power to seek for more concentrated and accurate differences in 

methylation between e-waste exposed groups and reference groups although we 

validated some results in a relatively enlarged population. In addition, the DNA 

collected to assess the methylation was extracted from the whole UCB of newborns, 
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which is a mixture of multiple blood cell types, so the altered DNA methylation 

patterns associated with heavy metal exposures may only signify a variability in 

blood cell composition in this study. Finally, we investigated DNA methylation in 

peripheral blood which may not be the most relevant target tissue for 

neurodevelopmental outcomes. It might be the largest limitation in this study.  

 

5. Conclusion  

We identified differential methylation patterns in neonatal UCB between the e-

waste exposed group and the reference group, which may be due to the fact that 

pregnant women living in the e-waste recycling area were subjected to heavier 

burdens of heavy metal exposures during pregnancy. We validated differential 

methylation of two CpGs of BAI1 and CTNNA2 involved in brain neuronal 

development in newborns which were associated with the maternal Pb exposure. 

This study provides more insight on the possible role of epigenetic-modified changes 

in impairment of fetal development under maternal exposure to e-waste-originated 

heavy metals, particularly Pb. Future research is aimed at further elucidating the 

potential roles of the differential methylation patterns in neonatal birth outcomes, 

which will help us better understand the interaction among maternal heavy metal 

exposures, epigenetic changes and the developmental origins of disease in 

newborns from an e-waste recycling area. 
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Supplementary Information 

 

Table S1. Primers for bisulfite pyrosequencing. 

Gene primers sequence 

BAI1 

(cg25614253) 

cg25614253-F GTGTTTGGGTAGTTTTTTAGTGTTGAT 

cg25614253-R-bio ACCCCATAAAATCTATAATAAAAACAACTT 

cg25614253-S TGGGTAGTTTTTTAGTGTTGATA 

CTNNA2 

(cg20208879) 

cg20208879-F AGGGTTTTTTAGAATTGTGATTAAAGTA 

cg20208879-R-bio TTTACCCCCCTTATAACTACAAACT 

cg20208879-S AAATGGTTTTTTAGAGGTT 

 

 

Table S2. Demographic characteristics and heavy metal levels of neonatal UCB from 

the e-waste exposed group and the reference group for Human 450K methylation 

analysis (n=24).  

Variable  Exposed group 

 (n=12) 

Reference group 

 (n=12) 

P-value 

Maternal characteristics 

Age (years) 29.2 ± 3.6 27.5 ± 4.7 0.342a 

Pre-pregnant BMI (kg/m2) 20.07 ± 2.89 19.89 ± 2.88 0.881a 

Family member smoking during pregnancy [n (%)] 0.408b 

Yes 6 (50.00) 8 (66.67) 

No 6 (50.00) 4 (33.33) 

Newborn characteristics 

Gender [n (%)] 0.673b 

Male 8 (66.67) 7 (58.33) 

Female 4 (33.33) 5 (41.67) 

Birth BMI (kg/m2) 12.87 ± 1.14 12.56 ± 1.41 0.566a 

Lead levels (μg/dL) 15.89 ± 3.77 1.80 ± 0.41 <0.001a 

Cadmium levels (μg/L) 0.17 ± 0.05 0.20 ± 0.20 0.060a 

Manganese levels (μg/L) 61.62 ± 14.08 42.81 ± 14.25 0.004a 

Chromium levels (μg/L) 3.38 ± 2.47 5.48 ± 5.63 0.348 a 
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aIndependen t-sample t-test; bChi-square test; The values are expressed as mean ± 

SD or percentage; P-value, statistical significance of the differences between two 

groups. 

 

Table S3 and S4, please see online: 

https://www.sciencedirect.com/science/article/abs/pii/S0013935119300076?via%3Dihub 
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Abstract 

Background: Exposure to atmospheric fine particle matter (PM2.5) pollution and the 

absorbed pollutants is known to contribute to numerous adverse health effects in 

children including to growth. 

Objective: The aim of this study was to evaluate exposure levels of atmospheric 

PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) in an electronic waste (e-

waste) polluted town, Guiyu, and to investigate the associations between PM2.5-PAH 

exposure, insulin-like growth factor 1 (IGF1) levels and child growth. 

Methods: This study recruited 238 preschool children (3-6 years of age), from 

November to December 2017, of which 125 were from Guiyu (an e-waste area) and 

113 were from Haojiang (a reference area). Levels of daily PM2.5 and PM2.5-bound 

∑16 PAHs were assessed to calculate individual chronic daily intakes (CDIs). IGF1 

and IGF-binding protein 3 (IGFBP3) concentrations in child plasma were also 

measured. The associations and further mediation effects between exposure to 

PM2.5 and PM2.5-bound PAHs, child plasma IGF1 concentration, and child height 

were explored by multiple linear regression models and mediation effect analysis.  

Results: Elevated atmospheric PM2.5-bound ∑16 PAHs and PM2.5 levels were 

observed in Guiyu, and this led to more individual CDIs of the exposed children than 

the reference (all P < 0.001). The median level of plasma IGF1 in the exposed group 

was lower than in the reference group (91.42 ng/mL vs. 103.59 ng/mL, P < 0.01). 

IGF1 levels were negatively correlated with CDIs of PM2.5, but not with CDIs of PM2.5-

bound ∑16 PAHs after adjustment. An increase of 1 μg/kg of PM2.5 intake per day 

was associated with a 0.012 cm reduction of child height (95% CI: -0.014, -0.009), 

and similarly, an elevation of 1 ng/kg of PM2.5-bound ∑16 PAHs intake per day was 

associated with a 0.022 cm decrease of child height (95% CI: -0.029, -0.015), both 

after adjustment of several potential confounders (age, gender, family cooking oil, 

picky eater, eating sweet food, eating fruits or vegetables, parental education level 

and monthly household income). The decreased plasma IGF1 concentration 

mediated 15.8% of the whole effect associated with PM2.5 exposure and 23.9% of 
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the whole effect associated with PM2.5-bound ∑16 PAHs exposure on child height. 

Conclusion: Exposure to atmospheric PM2.5-bound ∑16 PAHs and PM2.5 is 

negatively associated with child height, and is linked to reduced IGF1 levels in 

plasma. This may suggest a causative negative role of atmospheric PM2.5-bound 

exposures in child growth. 

Key words: Child growth; E-waste exposure; Insulin-like growth factor 1; PM2.5; 

PM2.5-bound PAHs 
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1. Introduction 

Electronic waste (e-waste) is a general term for all types of discarding electronic 

consumer devices. The process of dismantling e-waste, including directly open-air 

burning, grinding and melting, and burying leads to the generation of large amounts 

of particulate matter, heavy metals and organic pollutants. These are eventually 

released into the local atmosphere, water and soil (Huo et al., 2007; Qin et al., 2019). 

As a major constitution of particulate matter (PM) in the atmosphere, PM2.5 (fine PM, 

< 2.5 μm in aerodynamic diameter) is mainly derived from natural and anthropogenic 

activities. It leads to serious environmental issues, especially in e-waste recycling 

area (Zheng et al., 2016). Exposure to higher concentrations of PM2.5 in ambience 

contributes to numerous adverse health effects in children (Feng et al., 2016). 

Various other chemical pollutants, such as organic compounds and heavy metals 

can adhere to PM2.5 and are eventually turned into PM2.5-bound pollutants, posing 

further threats to population health (Hueglin et al., 2005; Turpin et al., 2001). 

Polycyclic aromatic hydrocarbons (PAHs) as a class of toxic organic pollutants are 

distributed ubiquitously in the environment. They can be transported over long 

distances in the atmosphere in gaseous form or bound to particulate matter (Ma et 

al., 2011; Yan et al., 2015). It is well known that PAHs are considered to be endocrine 

disruptors, so that prenatal and childhood exposure to PAHs could impede child 

height (Jedrychowski et al., 2015; Xu et al., 2015; Zhang et al., 2016). As PM2.5 may 

behave similarly to gas molecules, it has the ability to penetrate into the human 

respiratory system, reaching the region of pulmonary gas exchange, and even being 

translocated through the lungs to the circulatory system (Kim et al., 2015; Ramírez 

et al., 2011). Therefore, PM2.5 may be considered to be a concentrated source of 

PAHs, and subsequently, PM2.5-bound PAHs may be considered to have more 

serious impact on population health. Being smaller and having a higher physiology 

and activity level, children are a sub-population highly susceptible to the potentially 

harmful effects induced by atmospheric PM2.5 exposure (Oliveira et al., 2019; Salvi, 

2007). Several recent epidemiological studies have confirmed that atmospheric 



PM2.5-bound PAHs on IGF1 and child growth 

137 
 

pollutants can interfere with child growth, showing associations between exposure 

to atmospheric PM2.5 with child height, BMI, overweight and obesity (de Bont et al., 

2019; Huang et al., 2019, 2018). However, these studies only showed the 

correlations between atmospheric PM2.5 and child growth. Investigations on the 

association analysis of atmospheric PM2.5-bound pollutants with child growth and the 

potential biological mechanism under this association are still limited.  

Insulin-like growth factor 1 (IGF1) is considered to be an endocrine hormone, so 

that the concentration of IGF1 in the blood can mediate linear growth (Savage et al., 

2013). This is due mainly to IGF1 in the bloodstream promoting the proliferation of 

growth plate chondrocytes, which are important in regulating linear growth 

(Daughaday, 2000). IGF binding protein 3 (IGFBP3), as a major sort of IGFBP 

complexes, can modulate the bioavailability of free IGF1 in human plasma, which 

indirectly affect the linear growth (Laron, 2001). Also, IGFBP3 has the capability of 

regulating growth in an IGF1-independent manner (Puche et al., 2012). Large 

numbers of experimental animal studies and human population studies have 

reported that several environmental chemical pollutants, such as lead, arsenic, 

benzopyrene, dibenzofurans, dioxins, and polychlorinated biphenyls, can interfere 

with normal production of IGF1 in children and newborns (Ahmed et al., 2013; 

Fleisch et al., 2013; Scarth, 2006; Tomei et al., 2004; Wang et al., 2005). However, 

these studies were limited to investigate the effects of toxic environmental exposure 

on IGF1, which did not link IGF1 with the linear growth.  

From our previous studies, concentrations of environmental organic pollutants, 

such as PAHs, polychlorinated dioxins/furans, polybrominated diphenyl ethers, 

polychlorinated biphenyls, and heavy metals (including lead cadmium, arsenic, 

mercury) were apparently higher in atmospheric sample from an e-waste polluted 

town, Guiyu. Guiyu is famous for original and crude e-waste processing activities for 

over 40 years, which are commonly performed in thousands of small-scale family-

run workshops (Qin et al., 2019). More importantly, adverse health outcomes related 

to elevated levels of PM2.5 and PM2.5-bound heavy metals have also been reported 
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in this area (Qin et al., 2019; Zheng et al., 2016). Therefore, based on a preschool 

children cohort, the objective of this study was to estimate the ambient exposure of 

PM2.5 and further PM2.5-bound PAHs on preschool children from a typical e-waste 

polluted area, as well as to further investigate the associations with IGF1 level and 

child height. 

 

2. Materials and methods 

2.1. Study areas and population 

This study recruited two hundred and thirty-eight preschool children (3- to 6- years 

of age) from November to December 2017. One hundred and twenty-five participants 

from a kindergarten in Guiyu and another one hundred and thirteen participants from 

a kindergarten in Haojiang (a place without e-waste pollution and located 

approximately 31.6 km to the east of Guiyu) comprised the e-waste exposed 

population and the reference population, respectively. The two locations are small 

regions in southeast coastal of China, Shantou, Guangdong province (Figure 1). 

Compared to Guiyu (the exposed area), Haojiang (the reference area) is mainly with 

intertidal mudflat culture, tourism and marine product processing which is far less 

contaminated. Besides, they share a similar population density, lifestyle and cultural 

background, as we described previously (Dai et al. 2019). A predesigned 

questionnaire including information on socio-demographic characteristics and 

lifestyle factors was completed by the children’s parent (or guardian) after their 

informed consent. All children included in this study were three to six years old, 

available for blood plasma sample analysis and without infectious, respiratory 

diseases or any known diseases. All protocols in this investigation were approved by 

the Human Ethics Committee of Shantou University Medical College 

(SUMC2013XM-0076), China.  
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Figure 1. Location of the study areas. 

2.2. Plasma biomarker analysis 

Peripheral venous blood samples were obtained from each child and collected into 

K3-EDTA anticoagulant tubes by well-trained nurses. Each tube of blood samples 

was rapidly put on ice and transferred to the laboratory within two hours. After 15 

min of centrifuging speed at 3000×g in a 4 °C centrifugal machine, 100 mL of the 

separated plasma was stored at -70 °C until the IGF1 and IGFBP-3 analysis. 

Plasma IGF1 and IGFBP3 concentrations were measured by the Human IGF1 

Quantikine ELISA kit and Human IGFBP3 Quantikine ELISA Kit (R&D Systems), 

respectively, following the manufacturer’s instructions. All absorbance in a microplate 

reader was measured at 450 nm (wavelength correction set to 540 nm) and the 

calculation for their concentrations were based on standard curves of excellent 

linearity (r2 over 0.990). Threshold sensitivities for plasma IGF1 and IGFBP-3 were 

0.056 ng/mL and 0.14 ng/mL, respectively. Assay ranges for plasma IGF1 and 
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IGFBP-3 were 0.1 - 6 ng/mL and 0.8 - 50 ng/mL, respectively. 

2.3. Evaluation of exposure to atmospheric PM2.5 and PM2.5-bound PAHs 

pollution 

2.3.1. Atmospheric PM2.5 pollution evaluation 

Air pollution data (including PM2.5) from the local environmental monitoring station 

can be used to evaluate the general daily exposure of all participants living within a 

15 km radius of this monitoring station (Delfino et al., 2002; Wiwatanadate, 2014). 

According to the address of home and kindergarten of the participated children, as 

well as the geographic coordinates of environmental monitoring station, all the 

participating children lived within an eight kilometers radius of their corresponding 

environmental monitoring station, as we estimated previously (Cong et al., 2018; 

Zhang et al., 2019). Therefore, daily PM2.5 data of twenty-four hours from August 

2017 to January 2018 in Chaonan district (covering Guiyu) and Haojiang district were 

collected from the National Environmental Protection Agency (NEPA) of China 

(http://106.37.208.233:20035/) for evaluation of local atmospheric PM2.5 pollution. 

These data were determined and uploaded by the Chaonan and the Haojiang 

environmental monitoring stations. 

2.3.2. Evaluation of PM2.5-bound PAHs pollution  

Atmospheric PM2.5 samples were collected five times a week from October 2017 

to January 2018. Each collection started at 6:00 pm of one day and finished at 4:00 

pm of the next day (22 hours). The collecting sites were set on the roof of 5-storey 

residential buildings. One was located within 50 m from an e-waste disposal site in 

Guiyu (23°19′32′′N,116°22′25′′E), and the other was situated at a reference area 

(without e-waste pollution) in Haojiang (23°20′20.6′′N,116°40′13.7′′E). PM2.5 samples 

were collected using 47 mm Whatman QMA quartz filters (2.2 μm pore size; GE Inc, 

UK) with an American MiniVol Tactical Air Sampler (Airmetrics, Eugene, OR, USA). 

Before and after each sample collection, we used a flow meter to calibrate the flow 

rate to within 5 ± 0.5 L/min. A field blank sample was taken for every ten samples to 

ensure the process error was subtracted for the subsequent analysis.  
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One half of each of the two quartz filters with PM2.5 samples collected in two 

adjacent days was cut into pieces and mixed well. The pieces were ultrasonically 

extracted three times (20 min each time) by addition of 10 mL of a 2:2:1 (volume 

ratio) hexane/dichloromethane/acetone solution in an ultrasonic cleaner. Ultrasonic 

extracts were filtered through a multilayer silica gel column (including 1 g anhydrous 

sodium sulfate; 12 g neutral silica, activated at 180 oC for 12 hours before use; 6 g 

neutral alumina, activated at 250 oC for 12 hours) and eluted with 30 mL 

hexane/dichloromethane (3:7 v/v). The elution was concentrated in the water bath to 

approximately 2 mL, and then evaporated to dryness using a nitrogen stream. After 

that, 50 μL hexane was poured in for re-solubilization. A PAH standard mixture 

solution comprised of sixteen United States Environmental Protection Agency (U.S. 

EPA) priority PAH congeners, namely acenaphthene, acenaphthylene, anthracene, 

benzo[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[g,h,i]perylene, 

benzo[k]fluoranthene, chrysene, dibenzo[a,h]anthracene, fluoranthene, fluorene, 

indeno[1,2,3-c,d]pyrene, naphthalene, pyrene, and phenanthrene, were purchased 

from o2si (Charleston, SC, USA). The working standard solution was prepared 

avoiding light exposure, each stock solution was put into a brown volumetric flask 

and mixed well, stored at 4 oC until use. Quantitative analysis was performed using 

an isotopic internal standard method. Fifty microliters of internal standard (1 ppm) 

was added to the above 50 μL resolubilized solution (containing samples), and then 

they were ultimately analyzed using an Agilent 7890A-5975C gas chromatography-

mass spectrometry (GC/MS, Agilent Technologies, America) with an electron 

ionization (EI) ion source. Solid phase extraction (SPE) cartridges (Supelclean™, 

LC-18, USA) were utilized for cleanup. The calibration curves displayed excellent 

linearity (r2 ranged from 0.996 to 0.999), relative standard deviation (RSD%) was 

within 0.3% - 15.7% and recoveries for surrogate standard ranged from 76% to 114%. 

2.3.3. Evaluation of individual daily exposures of atmospheric PM2.5 and PM2.5-bound 

PAHs  

The guidelines for population health risk assessment of respiratory exposure to 
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atmospheric PM2.5 and pollutants in PM2.5 have been detailed in previous 

investigations (Betha et al., 2013; Zhang et al., 2019; Zheng et al., 2016). This 

assessment depends mainly on the daily intake of the air pollutants via the 

respiratory system in each individual, and their body weight. Based on this method, 

we estimated the daily child exposures to PM2.5 and PM2.5-bound PAHs through 

calculating the individual chronic daily intake (CDI) of the air pollutants. In brief, we 

used this formula: individual CDI = (TD × IR) / BW; TD = C × E. In the formula, TD 

is the total dose (ng·m−3) of the exposure; IR represents the inhalation rate (m3·day 

−1) of each individual; BW is the body weight (kg); C represents the median value of 

the daily PM2.5 level (the exposure time covering three months before and one month 

after the PM2.5 sample collection in this study) or total PM2.5-bound PAHs 

concentrations in the PM2.5 samples, and E describes the deposition fraction of 

particles by size. The value of E is deducted and calculated according to a computer-

based model, LUDEP 2.07, while other parameters in this equation were obtained 

from the reference for 5-year-old child, as detailed before (ICRP, 1994; Zhang et al., 

2019; Zheng et al., 2016). Additionally, daily time of outdoor exposure in this model 

were utilized to estimate the corresponding child IR according to the estimates of 

child outdoor playing time (Zhang et al., 2019; Zheng et al., 2016). 

2.4. Outcome assessment 

Physical measurements, including the height and weight of children were 

performed and recorded by trained staff according to a standard protocol. Height 

was measured in centimeters (cm) and weight in kilograms (kg), all data were 

exacted to one decimal point. Body mass index (BMI) was calculated using the 

standard formula: BMI (kg/m2) = weight (kg) / [height (m)]2. 

2.5. Covariates 

Data on socio-demographic characteristics and lifestyle factors were obtained 

from the questionnaire finished by the children’s guardians. Since described in 

several studies that smoking, dietary and lifestyle factors can affect IGF1 and IGFBP-

3 levels (Baibas et al., 2003; DeLellis et al., 2004; Kaklamani et al., 1999), these 
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included questions on child eating and behavior habits, dwelling environment and 

disease situations over the past month of the participated child, in addition to 

maternal educational level, family member daily smoking and monthly household 

income. Particularly, to evaluate child eating habits, the type of family cooking oil 

(mainly animal oil; mainly plant oil; both animal and plant oil; rarely use of cooking 

oil), child is a picky eater (yes or not), the frequency of child eating sweet food and 

eating fruits or vegetables (everyday; 1-3 times a week; 1-3 times a month; < 1 time 

a month) as potential confounders were detailed in the questionnaire.  

2.6. Statistical analysis 

Daily PM2.5, PM2.5-bound PAHs and plasma biomarker concentrations were 

presented as mean ± standard deviation (SD) or median [interquartile range (IQR): 

the 25th percentile, the 75th percentile] as appropriate, while the composition ratios 

of categorical variables were expressed as percentage. Comparative analysis of the 

differences in continuous variables between the two study groups were analysed 

with Mann-Whitney U test and independent-sample t tests as appropriate, whereas 

Pearson chi-square was utilized for categorical variables. Spearman rank correlation 

analysis was applied to explore the correlations between individual CDIs of PM2.5 

and PM2.5-bound PAHs and their potentially influencing factors. Multivariable linear 

regression models and the models of adjustment for confounders of age, gender, 

height, weight, BMI, family cooking oil, picky eater, eating sweet food, eating fruits 

or vegetables, maternal education levels and family member daily cigarette 

consumption were used to evaluate associations of individual CDIs of PM2.5 and 

PM2.5-bound ∑16 PAHs with child plasma IGF1 and IGFBP3 concentrations, as well 

as the associations of child plasma IGF1 and IGFBP3 concentrations with child 

height. A causal mediation model was further applied using the testing approach 

proposed by Baron et al. to assess the child plasma IGF1 levels on the associations 

between PM2.5 CDIs, CDIs of PM2.5-bound ∑16 PAHs, and child height with 

confounding factors adjusted (Baron and Kenny, 1986). Atmospheric exposure, 

growth outcomes and covariates with missing data were cases-listwise excluded and 
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not imputed in the above linear regression and mediation models. All statistical 

analyses were performed using SPSS 20.0 for Windows (Chicago, IL, USA) and 

GraphPad Prism 5.0 (GraphPad, CA). Statistical significance test cutoff was 0.05 for 

a two-tailed test.  

 

3. Results 

3.1. General characteristics of the two study populations 

A total of two hundred and thirty-eight preschool children participated in this 

investigation. Table 1 lists characteristics of the participants from the reference group 

(n = 113) and exposed group (n = 125). The mean age of the exposed group was 

4.7 ± 0.7 years and in the reference group, Haojiang, was 4.8 years (SD ± 0.7). 

Compared with the reference group, children in the exposed group were shorter and 

weighted less (104.18 cm vs.108.56 cm, P < 0.001 and 16.57 kg vs. 18.21 kg, P < 

0.001). No significant difference was found for age, gender ratio, or BMI between 

children in Guiyu and Haojiang (P > 0.05). However, the two study groups had 

different age distributions and eating habits (such as household cooking oil 

consumption, eating sweets, fruits or vegetables and picky eating) (P < 0.001). 

Moreover, children of the two groups played and lived in different surroundings and 

conditions (such as open windows in the living place, using an air-conditioner with 

the window closed, outdoor playing time, e-waste pollution within 50m away from 

residence, distance of residence away from road and family member daily smoking) 

(P < 0.01). In comparison with the reference group, parents of the exposed children 

had a lower education level and less household income per month (P < 0.01).  
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Table 1. Demographic characteristics of preschool children in the reference area (Haojiang) 

and the exposed area (Guiyu). 

Characteristics Reference group 

(n=113) 

Exposed group 

(n=125) 

Statistics P-value 

Age 4.8 ± 0.8 4.7 ± 0.7 t = 0.756 0.450 a 

Age group [n (%)] χ2 = 10.197 0.017 b 

3- year-old  28 (24.8) 18 (14.5) 

  

4- year-old  36 (31.9) 64 (51.6) 

  

5- year-old 40 (35.4) 33 (26.6) 

  

6- year-old  9 (8.0) 9 (7.3) 

  

Gender (boys/girls) 62/51 64/61 χ2 = 0.190 0.663 b 

Height (cm) 108.56 ± 6.64 104.18 ± 6.18 t = 4.931 0.000 a 

Weight (kg) 18.21 ± 2.77 16.57 ± 2.18 t = 5.075 0.000 a 

BMI (body mass index, kg/m2) 15.40 ± 1.35 15.14 ± 1.16 t = 1.547 0.123 a 

Household cooking oil consumption [n (%)] χ2 = 37.72 0.000 b 

mainly animal oil 4 (3.5) 15 (12.1) 

  

mainly plant oil 72 (63.7) 31 (25.0) 

  

both animal and plant oil 37 (32.7) 76 (61.3) 

  

rarely cooking oil 0 (0.0) 2 (1.6) 

  

Picky eater (yes/no) 64/49 45/75 χ2 = 7.810 0.005 b 

Eating sweet food [n (%)] χ2 = 27.809 0.000 b 

everyday 10 (8.8) 44 (35.2) 

  

1-3 times a week 70 (61.9) 66 (52.8) 

  

1-3 times a month 30 (26.5) 14 (11.2) 

  

< 1 time a month 3 (2.7) 1 (0.8) 

  

Eating fruits or vegetables [n (%)] χ2 = 26.948 0.000 b 

everyday 88 (77.9) 58 (46.4) 

  

1-3 times a week 22 (19.5) 56 (44.8) 

  

1-3 times a month 3 (2.7) 5 (4.0) 

  

< 1 time a month 0 (0.0) 6 (4.8) 

  

Family member daily smoking [n (%)] χ2 = 14.515 0.006 b 

Non-smoking 53 (46.9) 34 (27.6) 

  

-2 cigarettes 16 (14.2) 11 (8.9) 

  

-10 cigarettes 18 (15.9) 31 (25.2) 

  

-20 cigarettes 20 (17.7) 33 (26.8) 
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>20 cigarettes 6 (5.3%) 14 (11.4) 

  

Open windows in the living place [n (%)] χ2 = 19.736 0.000 b 

often 111 (100) 103 (83.7) 

  

sometimes 0 (0) 19 (15.4) 

  

never 0 (0) 1 (0.8) 

  

Using an air-conditioner with 

the windows closed (yes/no) 

88/10 67/45 χ2 = 22.767 0.000 b 

Child outdoor playing time [n (%), hour] χ2 = 56.055 0.000 b 

≤0.5 3 (2.7) 19 (15.6) 

  

-1 25 (22.1) 41 (33.6) 

  

-2 47 (41.6) 35 (28.7) 

  

-3 19 (16.8) 21 (17.2) 

  

>3 19 (16.8) 6 (4.9) 

  

E-waste pollution within 50m 

away from the residence 

(yes/no) 

112/1 81/39 χ2 = 38.713 0.000 b 

Distance of residence away from the road [n (%), m] χ2 = 85.443 0.000 b 

<10 4 (3.5) 56 (46.3) 

  

-50 22 (19.5) 29 (24.0) 

  

-100 23 (20.4) 26 (21.5) 

  

>100 64 (56.6) 10 (8.2) 

  

Maternal educational level [n (%)] χ2 = 50.497 0.000 b 

Middle school or lower 30 (26.6) 89 (71.8) 

  

Secondary school 17 (15.0) 12 (9.7) 

  

High school 18 (15.9) 6 (4.8) 

  

College/University 48 (42.5) 17 (13.7) 

  

Monthly household income [n (%), yuan] χ2 = 14.114 0.003 b 

<3000 14 (12.4) 25 (21.7) 

  

-4500 17 (15.0) 24 (20.9) 

  

-6000 19 (16.8) 30 (26.1) 

  

>6000 63 (55.8) 36 (31.3) 

  

Values are expressed as mean ± SD or percentage.  

a Analyzed by Independent-sample t-test. 

b Analyzed by Pearson chi-square test. 

 



PM2.5-bound PAHs on IGF1 and child growth 

147 
 

3.2. Atmospheric PM2.5 pollution, concentration of PM2.5-bound ∑16 PAHs and 

related factors influencing individual CDI 

In Figure 2, the distribution of atmospheric PM2.5 pollution and total PAH exposure 

in PM2.5 between the e-waste-polluted area and reference area are compared. 

Furthermore, it compares the chronic daily intake (CDI) of individual children in the 

two groups. The median concentration for the exposed area is significantly elevated 

in comparison with the reference area (33.43 μg/m3 vs. 23.50 μg/m3, P < 0.001) 

(Figure 2A, Table S1). The median PM2.5-bound ∑16 PAH levels of the exposed area 

was 7.28 (IQR: 5.03, 11.25) ng/m3 which was two point nine times higher than the 

reference area (2.47 (IQR: 1.34, 4.81) ng/m3) (P < 0.001) (Figure 2B, Table S1). 

Likewise, the median individual CDI of PM2.5 in the exposed children was largely 

increased when compared to the reference children (1186.76 μg/kg·day vs. 794.45 

μg/kg·day, P < 0.001) (Figure 2C, Table S1). Compared to reference children, the 

median individual CDI of PM2.5-bound ∑16 PAH in exposed children has also 

significantly increased (261.70 ng/kg·day vs. 81.66 ng/kg·day, P < 0.001) (Figure 2D, 

Table S1). Additionally, Spearman correlation analysis indicated that individual CDI 

of PM2.5 was positively correlated to open windows in living place, using an air-

conditioner with the windows closed, having e-waste pollution within 50m away from 

the residence and family member daily smoking (r = 0.262, 0.233, 0.336 and 0.189; 

respectively, all P < 0.01), whereas negative correlations were found between 

individual CDI of PM2.5 and child outdoor playing time and distance of residence 

away from the road (r = -0.158, P < 0.05; r = -0.430, P < 0.001, respectively) (Table 

2). Likewise, individual CDI of PM2.5-bound ∑16 PAHs was also positively correlated 

with open windows in the living place, using an air-conditioner with the windows 

closed, having e-waste pollution within 50m away from the residence and family 

member daily smoking (r = 0.265, 0.247, 0.348 and 0.195, respectively, all P < 0.001), 

while it negatively correlated to child outdoor playing time and distance of residence 

away from the road (r = -0.179, -0.450; both P < 0.01, respectively) (Table 2). 
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Figure 2. Comparisons of atmospheric PM2.5 and PM2.5-bound ∑16 PAHs concentrations in 

two study areas, individual chronic daily intakes of PM2.5 and PM2.5-bound ∑16 PAHs in 

preschool children from an e-waste recycling area (exposed group) and a reference area 

(reference group). Figure A-D, analyzed by the Mann-Whitney U test, ***Significant at P < 

0.001 and data showed as median (IQR).  

Table 2. Spearman correlation analysis between individual CDIs of PM2.5 and PM2.5-bound 

∑PAHs and their influencing factors.  

Investigated factors CDI (PM2.5)  CDI (PM2.5-bound 

∑PAHs) 

r P r P 

Family member daily smoking 0.189 0.004  0.195 0.003 

Open windows in the living place 0.262 0.000 0.265 0.000 

Using an air-conditioner with the windows closed 0.233 0.001 0.247 0.000 

Child outdoor playing time -0.158 0.016 -0.179 0.006 

E-waste pollution within 50m away from the residence 0.336 0.000 0.348 0.000 

Distance of residence away from the road -0.430 0.000 -0.450 0.000 
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3.3. Plasma IGF1, IGFBP3 concentrations and associations with individual 

CDIs of PM2.5 and PM2.5-bound ∑16 PAHs  

As shown in Figure 3A, the plasma IGF1 concentration of exposed children was 

significantly lower than the reference group (median: 103.59 ng/mL vs. 91.42 ng/mL, 

Table S2, P < 0.01). When the comparisons were further stratified by age group, 

plasma IGF1 levels in children of age 4 group (median: 85.48 vs. 97.90 ng/mL, P < 

0.01) and age 6 group (median: 93.93 vs. 148.56 ng/mL, P < 0.05) were reduced 

significantly in the exposed area (Figure 3A Table S2). However, there was no 

significant difference in child plasma IGFBP3 levels even if the data was stratified by 

age group, between the two groups (Figure 3B, Table S2, P > 0.05). 

Multivariable linear regression analysis indicated that individual PM2.5 CDIs were 

negatively associated with plasma IGF1 levels [B (95% CI) = -0.041 (-0.056, -0.026), 

P < 0.001] in an unadjusted model (Table 3). After further adjustment for age, gender, 

height, weight, BMI, family cooking oil, picky eater, eating sweet food, eating fruits 

or vegetables, maternal education levels and family member daily cigarette 

consumption, individual PM2.5 CDIs remained negatively associated with plasma 

IGF1 levels [B (95% CI) = -0.025 (-0.048, -0.003), P < 0.05]. Similarly, more individual 

CDIs of PM2.5-bound ∑PAHs were associated with the reduced plasma IGF1 levels 

in unadjusted regression analysis [B (95% CI) = -0.092 (-0.133, -0.050), P < 0.001]. 

However, in an adjusted linear regression model, only the trend that was negative 

associated between the CDIs of PM2.5-bound ∑16 PAHs and plasma IGF1 levels [B 

(95% CI) = -0.049 (-0.102, 0.005), P = 0.073 < 0.1]. 
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Figure 3. Comparisons of plasma levels of IGF1 and IGFBP3 in the e-waste exposed children 

and the reference children. Figure A, analyzed by the Mann-Whitney U test, **Significant at P 

< 0.01, *Significant at P < 0.05, and data showed as median (IQR); Figure B, analyzed by the 

Independent-sample t-test, data presented as mean ± SD. 

 

Table 3. Associations of individual CDI (PM2.5), CDI (PM2.5-bound ∑PAHs) with plasma IGF1 

levels in preschool children. 

Plasma 

IGF1 

Individual CDI (PM2.5) P-

value 

Individual CDI  

(PM2.5-bound ∑PAHs) 

P-

value 

B (95% CI) β B (95% CI) β 

Model 1 -0.041 (-0.056, -

0.026) 

-0.350 0.000 -0.092 (-0.133, -

0.050) 

-0.285 0.000 

Model 2 -0.022 (-0.042, -

0.002) 

-0.185 0.028 -0.041 (-0.084, 

0.002) 

-0.127 0.064 

Model 3 -0.026 (-0.048, -

0.004) 

-0.212 0.021 -0.050 (-0.100, 

0.000) 

-0.155 0.049 

Model 4 -0.025 (-0.048, -

0.003) 

-0.209 0.029 -0.049 (-0.102, 

0.005) 

-0.151 0.073 

Model 1: data analysis without adjustment. 

Model 2: data analysis with adjustment of age, gender, height, weight and BMI. 

Model 3: data analysis with adjustment of age, gender, height, weight, BMI, family cooking oil, 

picky eating, eating sweets, eating fruits or vegetables. 

Model 4: data analysis with adjustment of age, gender, height, weight, BMI, family cooking oil, 

picky eating, eating sweets, eating fruits or vegetables, maternal education levels and family 

member daily cigarette consumption. 

Note: IGF1, insulin growth factor 1; B, unstandardized coefficient; CI, confidence interval; β, 

standardized coefficient. 

 

3.4. Mediation analysis of child plasma IGF1 levels on the association between 

individual PM2.5 CDIs, CDIs of PM2.5-bound ∑16 PAHs and child height.  

Mediation analysis of child plasma IGF1 levels on the association between the 

CDIs of PM2.5 and PM2.5-bound ∑16 PAHs and child height are shown in Figure 4A 

and Figure 4B, after adjustment of potential confounders (age, gender, family 
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cooking oil, picky eater, eating sweet food, eating fruits or vegetables, parental 

education level and monthly household income). Each 1 ng/mL plasma IGF1 level 

increase was associated with an elevation of 0.106 cm in height (95% CI: 0.081, 

0.131). A 1 μg/kg·day PM2.5 increase was associated with a reduction of 0.012 cm in 

height (95% CI: -0.014, -0.009) and a 1 ng/kg·day elevation of ∑16 PAHs in PM2.5 

was correlated with a 0.022 cm decrease in height (95% CI: -0.029, -0.015). A 

decreased IGF1 concentration mediated 15.8% of the whole effect associated with 

PM2.5 exposure on child height, as well as mediated 23.9% of the whole effect 

associated with PM2.5-bound PAHs exposure on child height. 

 

Figure 4. Mediation effect assessments of plasma IGF1 level on the association of exposure 

to atmospheric PM2.5 and PM2.5-bound PAHs with child height. Figure A, showed mediation 

effect of plasma IGF1 level on the association of exposure to atmospheric PM2.5 with child 

height, ***P < 0.001; Figure B, showed mediation effect of plasma IGF1 level on the 

association of exposure to PM2.5-bound PAHs with child height, ***P < 0.001. 

 

4. Discussion 

This study explored the effects of exposure to atmospheric PM2.5 and PM2.5-bound 

of a total of 16 PAHs in a typical e-waste recycling area on preschool child growth. 

We observed several important findings from this study. First, preschool children 

living in the e-waste recycling area have higher concentrations of individual CDIs of 

air pollutants (both PM2.5 and PM2.5-bound PAHs), which are negatively associated 

with child height. Exposure to PM2.5-bound PAHs has more serious effects on child 

growth. Second, a mediation effect analysis indicated that these negative 
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associations are both mediated by a lower plasma IGF1 concentration. Our present 

study, to the best of our knowledge, is the first to emphasize the importance of 

decreased plasma IGF1 level on the association of exposure to atmospheric PM2.5 

(particularly PM2.5-bound PAHs) with child growth. 

The atmospheric PM2.5 exposure level in the exposed area was much higher than 

in the reference area. This is consistent with the results from our prior studies (Cong 

et al., 2018; Zeng et al., 2016; Zhang et al., 2019; Zheng et al., 2016). Moreover, the 

median PM2.5 concentrations in Guiyu town exceeded the normal standards of 

atmospheric PM2.5 (25 μg/m3 24-hour mean) reported in World Health Organization 

at 2018, while these did not exceed in the reference area. We further observed an 

approximately three-fold higher median concentration of PM2.5-bound Σ16 PAHs 

(regarded as priority pollutants by the U.S. EPA) in the e-waste-exposed area when 

compared with the reference area. This result indicates that more PAHs are 

absorbed in PM2.5 in the exposed area than in the reference area, which is in line 

with the higher levels of PAH pollution observed in this environment (Xu et al., 2016, 

2015; Zheng et al., 2019). These higher levels of atmospheric pollutants in Guiyu 

town could be explained by the use of processes including grinding and melting, 

open-air burning, residue and ash dumping in e-waste dismantling and recycling 

sectors, which could promote greater particle emissions into the air and deteriorate 

the ambient atmosphere. Guiyu children with heavier burdens for chronic daily intake 

of PM2.5 and PM2.5-bound PAHs could also be a reflection of the poor residential 

environment and lifestyle, which may enhance the possibility of atmospheric 

exposure.  

A Spanish study found that exposure to atmospheric PM2.5 is associated with 

higher odds of overweight or obesity in childhood, which indicates a negative impact 

of the PM2.5 exposure on child growth (de Bont et al., 2019). Recent studies also 

indicate air pollution containing NO2, PM2.5-10 and PM10 mass lead to higher levels of 

osteocalcin and C-terminal telopeptide of type I collagen (bone turnover markers) in 

serum of the 10 year-old children, which could influence child bone development (Liu 
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et al., 2015). The results of the present study showed that higher exposures of both 

atmospheric PM2.5 and PM2.5-bound PAHs were negatively associated with child 

physical growth, which is not only in agreement with the results from the childhood 

exposure study, but also is supported by the child height being negatively associated 

with their peripheral blood Σ16 PAH levels (after adjustment for age, gender, and 

child milk products consumption) in our previous investigation (Xu et al., 2015). 

Although the specific biological mechanisms concerning exposure to atmospheric 

PM2.5 and further PM2.5-bound PAHs on child growth are largely unknown, some 

reasonable mechanisms can be hypothesized. As IGF1 is a major regulator of 

childhood growth, the possibility exists that environmental contaminants such as 

atmospheric PM2.5 could interrupt the growth hormone (GH)/IGF1 axis. Results from 

the present study showed that children from the e-waste-exposed group experienced 

higher exposure levels of atmospheric PM2.5 and also had lower IGF1 concentrations 

in their plasma, while the plasma IGFBP3 concentrations did not vary in two groups. 

Furthermore, our study reported that elevated concentrations of atmospheric PM2.5 

was associated with lower child plasma IGF1 (after adjustment for potential 

confounders). However, there was no significant association between exposure to 

atmospheric PM2.5 and child plasma IGFBP3 level (data not shown). This may 

indicate a regulatory role of IGF1 in atmospheric PM2.5 exposure-associated growth 

impairment of preschool children. 

As more toxic chemical substances are dispersed in the air of the e-waste 

dismantling areas, more environmental poisonous substances (such as the heavy 

metals and organic pollutants) could bound to PM2.5 in the atmosphere. In this case, 

exposure to atmospheric PM2.5 represents a mixed exposure of pollutants. Several 

human population studies have indicated that these environmental chemical 

pollutants could interrupt tissues or organs to abnormally synthesize and secrete 

IGF1 or its gene expression to regulate growth and development via the IGF axis. 

Reduction of IGF1 levels in children with growth hormone deficiency is reported to 

be associated with blood lead concentration (Xu et al., 2014). Arsenic exposure is 
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correlated to child growth impairment, which can be partly mediated through lower 

the IGF1 levels (Ahmed et al., 2013). Childhood exposure to phthalates is negatively 

associated with IGF1 and child growth (Boas et al., 2010; Wu et al., 2017). High 

levels of PAH benzo-α-pyrene (BαP) in human placental trophoblast cells leads to 

reduction of IGF1 expression, and BαP could directly affect these placental 

trophoblast cells and contribute to intrauterine growth restriction or other 

developmental abnormalities and diseases (Fadiel et al., 2013). In the present study, 

we noticed that elevated levels of total PM2.5-bound (a total of 16 PAHs, including 

BαP) correlated with lower IGF1 levels, although after adjusting for the confounders 

of age, sex, smoking status, smoking, diet and lifestyle, there was only a negative 

trend in the association. In addition, these higher exposures were directly correlated 

with the decrease in child height, respectively. Furthermore, a birth cohort study 

reported that exposure to PM2.5 in utero is positively correlated to the dysregulated 

methylation of the critical genes involved circadian pathway, which reveals a 

potential biological mechanism for associations between this exposure and fetal 

growth restriction (Nawrot et al., 2018). However, another analogous study found 

that maternal exposure to PM2.5 during pregnancy is associated with reduced fetal 

growth, which is mediated by the elevated levels of hemoglobin in mothers (Liao et 

al., 2019). Although neonatal growth could be totally different from childhood growth, 

these studies did not investigate in depth the potential mechanism linking PM2.5 

exposure with the growth. The results of mediation analysis in the present study 

showed that the decreased IGF1 concentration could mediate 15.8% of the whole 

effect associated with atmospheric PM2.5 exposure, but 23.9% of the whole effect 

associated with PM2.5-bound PAHs exposure on child height. Hence, in our study, 

higher concentrations of PM2.5 in atmosphere (particularly PM2.5-bound PAHs) 

decreases the IGF1 levels (without varying IGFBP3 levels) in peripheral blood which 

could negatively regulate the GH/IGF1 axis. Then, less IGF1 is expressed in the 

growth plate and fewer growth plate chondrocytes proliferate, which ultimately 

contributes to reduced child height (Sanderson, 2014).  
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There are several strengths in this study. Firstly, we measured the levels of a total 

of 16 PAHs in PM2.5 and combined this data with the daily PM2.5 data from the NEPA 

of China to better assess the adverse effects of PM2.5 exposure on preschool child 

health in a typical e-waste recycling area. Secondly, we further investigated the 

mediation role of plasma IGF1 level on the association between exposure to total 

PM2.5-bound PAHs (not just atmospheric PM2.5 exposure in general) and child growth. 

Thirdly, we measured inner biomarkers to evaluate the ambient exposures which 

was more accurate than the association studies merely focused on the outer 

monitoring data. 

Some limitations of this study still need to be considered. Firstly, the study sample 

size was relatively small, and accurate individual exposures of PM2.5 and PM2.5-

bound PAHs using personal monitoring equipment or sensors were difficult to obtain 

because of the age of the study objects. Secondly, our study is fundamentally a 

cross-sectional study, although casual mediation effects were observed, and 

longitudinal and large-scale population studies investigating the exposure effects of 

atmospheric PM2.5 and the bound pollutants in PM2.5 on growth are needed. Thirdly, 

other chemical compounds such as heavy metals and other organic pollutants could 

also bound to PM2.5 and could be possible confounders. This may partly affect the 

observed associations in this study. 

5. Conclusions 

Our study shows higher concentrations of PM2.5, as well as of PM2.5-bound ∑16 

PAHs in the atmosphere of the e-waste polluted area. This may lead to a heavier 

burden of CDIs in preschool children from this area. Negative associations were 

found between exposure to atmospheric PM2.5-bound ∑16 PAHs, PM2.5 and child 

height, and are linked to reduced IGF1 levels in plasma. This may suggest a 

causative negative role of atmospheric PM2.5-bound exposures in child growth. 

Future research is needed to validate the findings in the large-scale population with 

consideration of the atmospheric exposures in different environments.  
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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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Nederlandse samenvatting 

Inleiding 

Bevolkingsonderzoek laat zien dat blootstelling aan schadelijke stoffen uit de 

omgeving in het vroege leven (tijdens de zwangerschap of na de geboorte) de 

ontwikkeling en groei gedurende de levensloop beïnvloeden. Een voorbeeld hiervan 

is dat nakomelingen van een moeder die gerookt heeft tijdens de zwangerschap, 

een groter risico hebben op het krijgen van de rook gerelateerde ziekte COPD 

(chronisch obstructieve longziekte), later in het leven. Roken is een risico factor voor 

een groot aantal ziekten, zoals verschillende vormen van kanker, hart en vaatziekten, 

dementie en diabetes. In Nederland rookt ongeveer 25% van de bevolking en 

daarmee is roken verantwoordelijk voor >20.000 sterfgevallen per jaar.  

In China is het aantal vrouwen dat zelf rookt erg laag maar daar wordt de bevolking 

met name blootgesteld aan schadelijke stoffen die vrijkomen door het steeds 

groeiende aantal auto’s en de vervuilende industrie. Een voorbeeld hiervan is de 

recycling industrie, waarbij vaak op primitieve en onveilige wijze, zoals verbranding, 

elektronica wordt gerecycled. Daarbij komt een mengsel van chemicaliën vrij die 

bekend staan om hun schadelijke effecten op de gezondheid zoals lood, cadmium 

en chroom. Daarmee lopen zwangere vrouwen en jonge kinderen in gebieden waar 

elektronica recycling (e-waste) plaatsvindt een groot risico op het krijgen van 

gezondheidsproblemen. 

 

Algemene doel van het onderzoek 

Het doel van het onderzoek was het in kaart brengen van de schadelijke effecten 

van blootstelling van zwangere moeders en/of het nageslacht aan giftige stoffen 

zoals sigarettenrook of stoffen die vrijkomen tijdens de recycling van elektronisch 

afval. Dit is onderzocht in muismodellen (blootstelling aan sigarettenrook) en in 

pasgeborenen en kleuters uit een Chinese bevolkingsstudie (blootstelling aan e-

waste). 
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Roken tijdens de zwangerschap 

Helaas rookt 10% van de zwangere vrouwen, ondanks vele aanwijzingen dat dit 

schadelijk is voor de groei en ontwikkeling van het ongeboren kind, de foetus. 

Bevolkingsonderzoek laat zien dat kinderen van moeders (maar ook vaders) die 

rookten tijdens de zwangerschap een grotere kans hebben op het krijgen van 

luchtweginfecties in de long, benauwdheid en astma. Dit komt doordat prenatale 

blootstelling aan sigarettenrook de longontwikkeling van de ongeboren vrucht 

verstoort waardoor deze kinderen met een slechtere longfunctie geboren worden. 

Daarnaast is in bevolkingsonderzoek en proefdier modellen aangetoond dat vroege 

blootstelling aan sigarettenrook effect heeft op de expressie van genen die belangrijk 

zijn voor groei en een juiste ontwikkeling van de long. Dit zijn grotendeels dezelfde 

genen als die belangrijk zijn bij veroudering later in het leven. Vroege blootstelling 

heeft hiermee potentiële gevolgen op lange termijn die van invloed kunnen zijn voor 

de ontstaansmechanismen van een longziekte op de volwassen leeftijd. Het risico 

op COPD wordt verder nog verhoogd als vroeg blootgestelde personen zelf ook 

gaan roken of op latere leeftijd blootgesteld worden aan omgevingsrook of andere 

luchtvervuiling. De mechanismen hierachter zijn nog niet volledig begrepen, maar 

onderzoek heeft laten zien dat roken tijdens de zwangerschap effect heeft op de 

genetische code, het DNA, van het pasgeboren kind. Het blijkt dat bepaalde 

gebieden in het DNA die genen harder of juist zachter laten werken, verstoord zijn 

in kinderen van rokende moeders. Kleine wijzigingen in de structuur van het DNA, 

waaronder de toevoeging van een extra methyl groep, genaamd methylatie zou 

hieraan ten grondslag kunnen liggen. Dit kan als gevolg hebben dat genen harder 

of juist zachter gaan werken en dat er daardoor meer of minder van een bepaald 

eiwit gemaakt wordt in kinderen van rokende moeders. Dit effect kan ook 

onderliggend kan zijn aan de verstoorde orgaan ontwikkeling van het ongeboren 

kind. 
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Hoofdstuk 2 beschrijft een experimenteel muizenonderzoek waarin het patroon 

van DNA methylatie in het gebied van het IGF1 gen (Insulineachtige groeifactor-1) 

werd onderzocht tijdens de zwangerschap (in de foetus), direct na de bevalling in 

pasgeboren muizen en in volwassen muizen., Daarnaast is ook het effect van rook 

blootstelling tijdens de zwangerschap onderzocht. Het IGF1 gen speelt een 

belangrijke rol bij ontwikkeling, groei en veroudering. We vonden dat het patroon van 

DNA methylatie in de drie verschillende ontwikkelingsstadia in de long anders was 

dan het patroon in de lever, d.w.z. we vonden een algemene toename van methylatie 

in de tijd (volwassen stadium) in de long maar een afnemende methylatie in de lever. 

Deze bevinding toont aan dat de methylatie van een specifiek gen tijdens de 

levensloop orgaan-specifiek is. Bovendien ontdekte we rook-geïnduceerde 

veranderingen van IGF DNA methylatie alleen in de volwassen long en niet in de 

volwassen lever. Daarnaast was het effect van roken tijdens de zwangerschap het 

meest uitgesproken in de longen van foetussen en pasgeboren muizen vergeleken 

met volwassen muizen. Een andere interessante bevinding was dat de rook-

geïnduceerde veranderingen in IGF1 methylatie het sterkst waren in vrouwtjes 

muizen  

 

In hoofdstuk 3 bestudeerden we de effecten van sigarettenrook blootstelling in 

volwassen muizen (postnataal) op kenmerken van longveroudering en COPD. 

Hierbij lag de focus op de rol van de IGF1-signaalroute en we stelden de vraag of 

roken tijdens de zwangerschap (prenatale rook blootstelling) de effecten van de 

postnatale rook blootstelling verergerde. We vonden dat muizen met postnatale rook 

blootstelling minder SIRT1-positieve cellen hadden in de long dan controle muizen. 

SIRT1 is een eiwit dat beschermd tegen veroudering. Daarnaast verminderde 

postnatale rookblootstelling, in tegenstelling tot wat we hadden verwacht, ook de 

gen-expressie van de verouderingsgenen p53, p21 en stimuleerde het KI67 

(kenmerk voor cel proliferatie). Rook blootstelling stimuleerde ook de expressie van 

keratine 5, het kenmerk voor de stamcel in de luchtwegen. Interessant genoeg 
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vonden we dit alleen in nakomelingen van niet-rokende moeders en dit zou kunnen 

betekenen dat alleen nakomelingen van niet-rokende moeders in staat zijn om 

beschadigd longweefsel te repareren. Postnatale rook blootstelling verhoogde ook 

het aantal stamcellen in het longweefsel, zonder extra effect van prenatale rook 

blootstelling. Met betrekking tot de typische kenmerken van COPD resulteerde 

postnatale rook blootstelling tot verlittekening van het longweefsel (verdikking van 

de spierlaag rond de luchtwegen, ongeacht prenatale blootstelling), terwijl prenatale 

blootstelling de afzetting van collageen III rond bloedvaten juist verminderde. 

Postnatale rook blootstelling ging gepaard met meer IGF1 expressie en IGF1 

positieve cel aantallen, ongeacht prenatale blootstelling. Samenvattend, effecten 

geïnduceerd door postnatale rook blootstelling werden niet tot nauwelijks verergerd 

door prenatale blootstelling. 

 

De volgende twee hoofdstukken beschrijven studies die zijn uitgevoerd bij 

pasgeborenen en kleuters uit een Chinese bevolkingsstudie. In deze studie werden 

de effecten van blootstelling aan giftige stoffen uit het milieu onderzocht, afkomstig 

van Guiyu. Dit is een berucht gebied in Haojiang, China, waar recycling van 

elektronica afval (e-waste) plaatsvindt. Effecten in deze kinderen werden vergeleken 

met kinderen die in Shantou wonen waar geen elektronica afval wordt gerecycled. 

Deze effecten werden onderzocht tijdens twee cruciale stadia van menselijke 

ontwikkeling, namelijk de foetale fase tijdens de zwangerschap en tijdens de 

kindertijd.  

 

Elektronica afval, zwangerschap en blootstelling op de kinderleeftijd 

Bij het recyclen van elektronica afval (e-waste) komt een mengsel vrij van een groot 

aantal chemicaliën die bekend staan om hun schadelijke effecten op de gezondheid 

zoals lood, kwik, cadmium, chroom en het kankerverwekkende polychloorbifenyl 

(pcb). Naar schatting wordt 20-50 miljoen ton potentieel giftig afval wereldwijd elk 

jaar geproduceerd. Veel ervan wordt op stortplaatsen in China, Ghana, Nigeria, India, 
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Thailand, de Filippijnen en Vietnam op een onveilige manier gerecycled. Daarmee 

lopen zwangere vrouwen en jonge kinderen in ontwikkelingslanden waar primitieve 

elektronica recycling plaatsvindt een groot risico op het krijgen van 

gezondheidsproblemen. Blootstelling aan elektronica afval kan leiden tot een 

verstoorde hormoonhuishouding, verminderde schildklierfunctie, veranderingen in 

gedrag, verminderde longfunctie en verschillende vormen van kanker. Zwangere 

vrouwen die blootgesteld zijn hebben een hogere kans op het krijgen van een 

spontane abortus, doodgeboorte, en te vroeggeboren kinderen die kleiner zijn en 

een lager geboortegewicht hebben. Daarnaast bleken mensen die elektronica afval 

recyclen een grotere kans te hebben op schade van het DNA dan controle personen 

uit dezelfde regio. 

 

In Hoofdstuk 4 laten we zien dat blootstelling van de moeder aan e-waste het 

DNA-methylatiepatroon van 79 genen veranderde in navelstrengbloed. Deze 79 

genen zijn betrokken bij meerdere biologische processen, waaronder embryonale 

ontwikkeling en celdood. Onder hen zijn twee genen die beide betrokken zijn bij het 

proces van zenuwceldifferentiatie en -ontwikkeling. Verandering van de methylatie 

van beide genen was geassocieerd met blootstelling van de moeder aan lood (Pb). 

Dit geeft aan dat blootstelling van de foetus aan zware metalen afkomstig van e-

waste kan leiden tot veranderingen in het DNA van verschillende genen die 

betrokken zijn bij de ontwikkeling van de foetus.  

 

Hoofdstuk 5 beschrijft een onderzoek naar de blootstelling van e-waste in 

schoolgaande kinderen in Guiyu. Bij deze kinderen werd de groei gemeten en de 

IGF1 concentratie in bloed. IGF1 is een groeihormoon dat belangrijk is bij de groei 

en ontwikkeling van kinderen. De kinderen die in Guiyu wonen werden vergeleken 

met kinderen die in een omgeving wonen zonder e-waste industrie. Kinderen in 

Guiyu hadden lagere IGF1 concentraties in bloed dan de referentiekinderen. 

Bovendien was de mate van e-waste blootstelling, gemeten als een hoeveelheid 
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toxische stoffen in het bloed, negatief geassocieerd met de IGF1 concentratie in het 

bloed en de lengte van de kinderen. Deze studie geeft aan dat blootstelling aan e-

waste is geassocieerd met de aantasting van de groei van kinderen en het mogelijke 

mechanisme hiervan kan zijn via het beïnvloeden van de IGF1-as.  

 

In hoofdstuk 6 worden de resultaten bediscussieerd in een algemene discussie.  

 

Algemene conclusie van dit proefschrift 

De studies die beschreven staan in dit proefschrift laten zien dat blootstelling aan 

giftige stoffen tijdens de zwangerschap en de vroege kinderjaren, de groei en 

ontwikkeling beïnvloedt. Dit is geassocieerd met een verstoorde DNA methylatie in 

cellen in het bloed, de long en de lever. Daarnaast stimuleerde rook blootstelling van 

volwassen muizen gedurende 3 maanden de toename van het aantal 

ontstekingscellen in de long, weefselverlittekening, veroudering en longweefsel 

herstel. Dit effect werd niet of nauwelijks verder versterkt door blootstelling tijdens 

de zwangerschap. 

Jonge kinderen die opgroeien in een vervuild gebied waar giftige stoffen vrijkomen 

na het onveilig recyclen van elektronica afval bleken een verstoorde groei en 

methyleringspatroon te hebben in bloed. Dit kan gevolgen hebben voor de 

gezondheid van deze kinderen, op de korte of lange termijn. 
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