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aDepartment of Biological, Environmental and Occupational Health Sciences, University of Ghana, School of Public 
Health, Accra, Ghana; bDepartment of Environmental Health Sciences, University of Michigan, Ann Arbor, MI, USA; 
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ABSTRACT
This study examined the associations between PM (2.5 and 10) and global 
DNA methylation among 100 e-waste workers and 51 non-e-waste work
ers serving as controls. Long interspersed nucleotide repetitive elements- 
1 (LINE-1) was measured by pyrosequencing. Personal PM2.5 and PM10 
were measured over a 4-hour work-shift using real-time particulate moni
tors incorporated into a backpack . Linear regression models were used to 
assess the association between PM and LINE-1 DNA methylation. The 
concentrations of PM2.5 and PM10 were significantly higher among the 
e-waste workers than the controls (77.32 vs 34.88, p < 0.001 and 210.21 vs 
121.92, p < 0.001, respectively). PM2.5 exposure was associated with 
increased LINE-1 CpG2 DNA methylation (β = 0.003; 95% CI; 0.001, 0.006; 
p = 0.022) but not with the average of all 4 CpG sites of LINE-1. In 
summary, high levels of PM2.5 exposure was associated with increased 
levels of global DNA methylation in a site-specific manner.
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Introduction

Particulate matter (PM) is a heterogeneous mixture of chemicals and fine/ultrafine particles 
suspended in the air that originate from multiple sources, such as combustion products from 
biomass burning for household use, vehicular emissions, and soil particles from road dust (Pipal 
et al. 2011). In addition, occupational activities such as agriculture, construction, and mining 
present another essential source of PM exposure (Garcia et al. 2013; Kim et al. 2015; Gautam 
et al. 2016). Furthermore, the informal electronic waste (e-waste) recycling industry; where proper 
regulation and controls are lax or absent and worker protection is often inadequate, has emerged as 
a significant source of occupational particulate matter (PM) air pollution, especially in developing 
countries (Bi et al. 2010).

Particulate matter varies significantly in composition and particle size. The major components of 
PM include nitrates; sulfates; elemental and organic carbon; organic compounds (e.g. PAHs); 
biological compounds (e.g. endotoxin, cell fragments); and metals (e.g. iron, copper, nickel, zinc, 
and vanadium) (Kim et al. 2015; Gao et al. 2018). Based on particle size, PM is categorized into three 
major fractions: (i) coarse PM with aerodynamic diameter ≤ 10 µm (PM10), defined as inhalable 
particles that can penetrate the lungs, (ii) fine PM with aerodynamic diameter ≤ 2.5 µm (PM2.5), 
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defined as respirable and can enter the alveoli, and (iii) ultrafine PM with aerodynamic diameter ≤ 
0.1 µm (PM0.1) (Pipal et al. 2011; Sun et al. 2018). The toxicity of PM is highly correlated with 
particle size, where smaller particles are associated with increased toxicity (Stanek et al. 2011).

Combustion products from e-waste burning generate fine PM, which is linked to pulmonary and 
cardiovascular diseases (Franchini and Mannucci 2012; Jin et al. 2015; Kuang et al. 2019). A recent 
study revealed elevated ambient PM levels at the Agbogbloshie e-waste site over background levels 
(Kwarteng et al. 2020). Another study by Amoabeng Nti et al. (2020) showed an association between 
PM and adverse respiratory effects in e-waste workers compared to controls. However, the 
biological Pathway for PM-related morbidities is not fully understood, and epigenetic alterations 
such as DNA methylation may partly mediate the adverse effects of PM on health (Wang et al. 2012; 
Li et al. 2017).

DNA methylation, the covalent addition of a methyl group to the 5ʹ carbon of cytosine in a CpG 
dinucleotide, is the most stable and best-studied epigenetic mark that often responds to environ
mental stimuli and is critical in regulating gene expression and maintaining chromosomal integrity 
(Jamebozorgi et al. 2018; Lei et al. 2018). Most studies have focused on the influence of PM on either 
global methylation or gene-specific methylation (Baccarelli et al. 2009; Madrigano et al. 2011; Kile 
et al. 2013). The Long interspersed nucleotide elements-1 (LINE-1) are often used as surrogates for 
global DNA methylation measurement, given their relatively uniform spread across the genome 
(Yang et al. 2004). They are repetitive elements or transposons, constitute approximately 18% of the 
human genome, and are usually heavily methylated to suppress retrotransposition (Perera et al. 
2020). Because DNA methylation marks are labile and respond to environmental stimuli, LINE-1 
methylation is often used as an epigenetic biomarker of effect where low methylation levels correlate 
with genome instability (Rozek et al. 2014).

Available evidence suggests that alterations in DNA methylation pathways such as inhibition, 
DNMTs activity, or promotion of ten-eleven translocation (TET) enzyme activity may contribute to 
DNA methylation changes induced by PM. For example, PM2.5 decreased LINE-1 DNA methyla
tion, decreased DNMT1 and increased DNMT3B (Ruiz-Hernandez et al. 2015). Additionally, 
a decrement in global DNA methylation (%5mC) and DNMT3B was associated with elevated PM 
levels in coke oven workers (Wang et al. 2020). Furthermore, elderly men from the Normative 
Aging Study (n = 549), who were deficient in methyl-nutrients, were more susceptible to PM- 
induced global DNA hypomethylation and subsequent adverse health outcomes (Baccarelli et al. 
2008). Demographic and lifestyle factors such as age, cigarette smoking, and alcohol consumption 
may also influence DNA methylation efficiency (Rakyan et al. 2010; Teschendorff et al. 2010). 
Available data suggest that LINE-1 hypomethylation is associated with various pathological condi
tions, including cardiovascular diseases and cancer (Kemp and Longworth 2015; Hossain et al. 
2017). However, recent evidence also suggests that global DNA hypermethylation is associated with 
myopia (Hsi et al. 2019) and Head and Neck Squamous Carcinoma (Akinmoladun et al. 2020).

The Agbogbloshie e-waste recycling site in Ghana has been cited as one of the largest and most 
studied e-waste sites in Africa (Pascale et al. 2018). Open burning of e-waste at low temperatures to 
recover valuable materials is a major recycling activity at the Agbogbloshie site, which usually 
produces PAHs via incomplete combustion (Kwarteng et al. 2020). The composition of PM is 
complex, as adsorbed compounds such as PAHs can influence DNA methylation (Alvarado-Cruz 
et al. 2017). For example, among male non-smoking coke-oven workers in Poland, PAH exposure 
and (BaP) DNA adducts were positively associated with LINE-1 methylation (Pavanello et al. 2009). 
E-waste workers and individuals who live near e-waste recycling sites are directly exposed to these 
air pollutants mainly through inhalation (Leung 2019).

Although considerable research has been done on the role of PM on global DNA methylation, 
data regarding associations of occupational PM exposure and PM-related chemicals such as PAH 
and DNA methylation are limited (Sun et al. 2018). Furthermore, it is still not known whether 
occupational PM causes hyper- or hypomethylation globally (Tarantini et al. 2009; Fan et al. 2014). 
For example, Tarantini et al. (2009) found an inverse association between PM10 and both LINE-1 
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and Alu methylation among steelworkers in Italy. However, Fan et al. (2014) reported a positive 
association between PM2.5 and LINE-1 methylation among occupational welders in the U.S. 
Additionally, less attention has been paid to the informal e-waste recycling industry where there 
are no proper pollution control measures. The primary exposure among e-waste recyclers results 
from burning e-waste in open air to recover metals and other valuable materials (Figure 1). In these 
informal settings, exposures are likely to be two to three times higher than in more formal settings, 
where modern industrial processes are used. Furthermore, PM’s composition generated due to 
e-waste recycling may be different from PM from other sources.

This study has two primary objectives: 1. to measure and compare the concentrations of personal 
PM2.5 and PM10 between e-waste workers and controls, 2. to determine whether PM2.5 and PM10 
are associated with global (LINE-1) DNA methylation. Therefore, in the present study, we 
hypothesized that PM2.5 and PM10 concentrations were significantly higher among e-waste workers 
than among controls and were associated with the alteration of global DNA methylation measured 
through the LINE-1 gene.

Materials and methods

Study area

The study was conducted in two locations: the e-waste site in Agbogbloshie and in Madina 
Zongo, a control site. These study sites were previously described (Laskaris et al. 2019; Amoabeng 
Nti et al. 2020). Briefly, the Agbogbloshie e-waste recycling site is one of the busiest sites of its 
kind in the world and has become a hub of the informal e-waste sector in Ghana and many other 
formal and informal businesses (Srigboh et al. 2016; Simon 2018). It is located in central Accra 
and rated as the most contaminated site on earth (Amoyaw-Osei et al. 2011; Blacksmith Institute 
2013). The e-waste workers are mostly young men who migrated from the northern part of 
Ghana in search of employment opportunities. These workers’ main job types include collecting, 
dismantling, and open burning of the e-waste (Acquah et al. 2019). These activities are carried out 
with little or no worker protection, exposing workers to multiple pollutants, including PM of 
varying sizes.

Madina Zongo is an area of greater Accra, more than 10 km North-East of the Agbogbloshie 
e-waste recycling site. Previous studies have successfully recruited control participants from 
Kwabenya North, a suburb of Accra. Kwabenya residents are similar to the e-waste workers and 
residents of Madina Zongo with respect to age, length of time residing in the greater Accra area (and 

Figure 1. Burning activity at Agbogbloshie. (a) worker was wearing a backpack for monitoring his breathing zone PM pollution.
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region of the country from where they moved), socioeconomic position, religion and culture 
(Wittsiepe et al. 2017). There are no e-waste recycling activities in the area, and the individuals 
recruited were not involved in any e-waste work.

Study population

The study population originated from the GeoHealth-II study, a longitudinal cohort study, with the 
broad aims of increasing multidisciplinary understanding of the health risks at the Agbogbloshie 
e-waste site in central Accra, Ghana, and to use study findings to inform evidence-based policy 
development and implementation at the national, regional, and international level. The study 
population has been described previously (Takyi et al. 2020). Briefly, in March 2017, we organized 
a community assembly to engage and inform leaders of the study sites and potential study partici
pants about the study. Leaders and potential participants were given a detailed explanation of the 
study, its objectives and procedures, and the benefits and possible risks of participating in the study. 
If willing to be enrolled, participants were asked to provide written consent. The inclusion criteria 
were adult males aged 18 years and above who have worked at the e-waste site for at least six months. 
Similarly, participants from the control site (Madina Zongo) must have lived in the area for at least 
six months. The formula for calculating sample size for the analysis of longitudinal data by Diggle 
et al. (2002) was used to calculate the sample size required to achieve the desired power of 80% and 
α – level of 0.05 for the broader GEOHealth II study. A total of 151 participants were enrolled for the 
study at baseline, of which 100 were e-waste workers, and the remaining 51 served as the control 
group. For this current study, we restricted our analyses to the baseline sample. The Ethical and 
Protocol Review Committee at the College of Health Sciences, University of Ghana (protocol 
identification number CHS-ET/M.4-P 3.9/2015-2016) approved the GeoHealth-II study protocol.

Questionnaire survey

All participants answered a questionnaire that was administered by trained staff. Interviews were 
conducted in English and other local languages (Dagbani, Twi and Hausa). The interview included 
demographics (age, gender, religion/ethnicity, education, measures of socioeconomic position, 
location of birth and childhood, and location of all residences), information to assess past and 
current potential exposures to air pollutants (use of tobacco, exposure to indoor cooking using 
biomass fuels, type of housing, detailed job history), personal and family medical history (diagnosed 
illnesses, reported symptoms), and other related anthropometric measurements such as weight, 
height, and blood pressure.

Exposure assessment

A detailed description of personal PM measurements was previously described by Laskaris et al. 
(2019). In summary, personal PM of varying sizes (1, 2.5, 4, and 10) was collected simultaneously 
every minute from all participants using a battery-operated 5-channel optical particle counter 
(OPC; Aerocet 831, Met One Instruments, Inc, Oregon, USA) at a flow rate of 2.8 L/min. In 
addition, PM2.5 was collected on a 47 mm Teflon filters with a high flow (SKC, 10 L/min) impact 
sampler. The sampling pumps were carried in a backpack and worn by participants during the work 
shift. The inlet of the sampling pump was placed on a shoulder strap of the backpack to collect PM 
from each participant’s breathing zone. Five backpacks were used, allowing only five participants to 
be studied daily. The sampling time was set to 4 hours during peak working hours (8:00 am – 12:00 
noon) to ensure uninterrupted exposure assessment.

PM measurement for the controls was conducted in the same manner as with the e-waste 
workers. They wore the backpacks for 4 hours, usually between 8 am to 12 noon, while going about 
their routine activities. The overall sampling period lasted for six weeks (March 2017 to May 2017). 
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Before deployment, OPC batteries (including an auxiliary battery) were charged, flow rates were set 
and confirmed using a flowmeter (VFB-67, Dwyer Instrument Inc, IN, USA) connected to a HEPA 
capsule filter (Pall Gelman Science, Ann Arbor, Mi, USA), which also confirmed the ‘zero’ test. 
After sampling, flow rates were rechecked, and OPC data were downloaded to a laptop.

Blood sample collection

Each participant provided 10 ml of whole blood for DNA extraction and methylation analysis. 
Blood was collected by an experienced phlebotomist following sterile procedures via venepuncture 
of the antecubital fossa into EDTA tubes. The blood samples were aliquoted into 2.5 ml cryotubes 
and placed in a cooler with ice blocks and later transported to the University of Ghana for storage at 
−80°C until later transported on dry ice to the University of Michigan, USA for DNA extraction and 
methylation analysis.

Extraction of DNA from whole blood for LINE-1 methylation

DNA was extracted in the laboratory at the University of Michigan School of Public Health using 
the Qiagen DNA Blood Mini Kit (Qiagen, Valencia, C.A), following the manufacturer’s instruc
tions. The purity and quantity of DNA samples were assessed with the Qubit Broad Range Double- 
stranded DNA assay and Nanodrop Spectrophotometer through the University of Michigan DNA 
Sequencing Core. The extracted DNA was then stored at −20°C until LINE-1 methylation analysis 
was conducted.

LINE-1 methylation analysis

Sodium bisulfite conversion was performed on 300 ng of extracted genomic DNA using the Qiagen 
EpiTect Bisulfite Kit per the manufacturer’s protocols. PCR amplification was performed for the 
promoter region of LINE-1 using a previously published assay (Yang et al. 2004). In summary, 
15 µL of HotStarTaq Master Mix (Qiagen, Valencia, CA), water, and 15 µL desalted forward and 
reverse primers were combined to create a PCR master mix. Finally, 3 µL of bisulfite-converted 
DNA was added to each well to bring the final primer concentration to 0.2 mM and the total 
reaction volume to 30 µL. PCR cycling conditions were 95°C for 30 s, 50°C for 30 s, and 72°C for 60 
s for 35 cycles. PCR product quality was confirmed using 2% agarose gels and gel red staining. 
Following amplification, 12 µL of PCR product was combined with each sequencing primer and 
analyzed for CpG-specific methylation using the PyroMark MD System (Qiagen, Valencia, CA). 
Four bisulfite conversion controls (EpigenDX) and four pyrosequencing controls (Qiagen) were 
prepared at methylation levels of 0%, 30%, 60% and 100%. CpG site-specific methylation percen
tages (0–100%) were generated for each of the four CpG sites included in the assay. All samples on 
a plate were rerun if any of the controls failed, and samples were measured in duplicate.

Statistical analysis

The Shapiro-Wilk test was used to test the normality of PM2.5, PM10, and LINE-1 DNA methyla
tion. Demographic and other characteristic differences between e-waste workers and controls were 
presented as mean ± SD for continuous variables that exhibited normal distribution (age, BMI, 
hours worked/day, days worked/week) and compared by student t-test. All categorical variables 
were presented as numbers (percentages) and compared using the chi-squared test.

PM2.5 and PM10 were not normally distributed and were therefore presented as median (IQR) 
and compared between e-waste workers and controls by the non-parametric Mann-Whitney U test. 
To determine whether the specific job-tasks performed by e-waste workers were associated with PM 
exposure levels, the e-waste workers were categorized into three main groups based on their 
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primary job tasks as burners, dismantlers, and collectors to identify high-risk worker groups. We 
relied on self-reported primary job tasks since there were no documented job titles or task protocols 
at the informal e-waste site. They were categorized into the different job categories if they reported 
having been performing a specific task for approximately 70% of their time for the past month. 
Kruskal-Wallis test was used to compare the concentrations of PM across the primary job-tasks. 
The concentrations of PM2.5 and PM10 were compared to air quality guidelines reference values set 
by the World Health Organization (WHO) and the Ghanaian reference values set by the Ghana 
Standards Authority (GSA) (GSA, 2019). Differences between LINE-1 DNA methylation and 
specific CpG sites methylation of the LINE-1 gene were compared between the e-waste workers 
and controls using student t-test. Pearson correlation analysis was used to assess specific CpG sites’ 
correlations within the same repetitive element (LINE-1). We further performed bivariate analysis 
to evaluate the relationships between anthropometric and lifestyle factors, and LINE-1 methylation 
levels.

We used ordinary least square (OLS) regression models with robust standard errors to assess the 
association between the average breathing zone PM2.5 and PM10, and LINE-1 DNA methylation. 
Both mean percent methylation of four CpG sites of LINE-1, and methylation of specific CpG sites 
were modelled. Sensitivity analyses were performed using different variants of the outcome model 
(robust, and least absolute shrinkage and selection operator (LASSO) regressions) to compare with 
the results of OLS. Covariates included in the multivariable regression models (indoor use of 
biomass fuel for cooking, alcohol consumption, age, smoking status, and BMI) were based on 
evidence of their association with DNA methylation from previous studies (Alegría-Torres et al. 
2011). All statistical analyses were performed using Stata v15.1 (STATA Corp LLC. Texas, USA), 
and GraphPad Prism v8.3.1 was used to generate graphs. The results were considered statistically 
significant if p-values were ≤ 0.05.

Results

Characteristics of e-waste workers and controls

The demographic characteristics of the study participants have been described previously (Laskaris 
et al. 2019). Briefly, the e-waste workers were significantly younger (mean age = 25.4 years) 
compared to the controls (mean = 32.5 years). Even though the BMI of both the e-waste and the 
controls were within normal weight according to the World Health Organization (WHO) para
meters, the BMI of the controls (mean = 23.8) was significantly higher than that of the e-waste 
workers (mean = 21.6, Table 1). The e-waste workers worked for an average of 9 hours per day, 
6 days per week, with 59.8% of them living and working on the e-waste site while the rest lived off- 
site, but within 1 km of Agbogbloshie (40.2%). Significant differences were observed in educational 
level between the e-waste workers and the controls: 25.0% of the e-waste workers had no formal 
education at all (vs 13.7% of the controls), 33.0% had up to middle/junior high school (vs 25.5% of 
the controls), and only 16.0% had secondary school education or higher (vs 51.0% of the controls). 
The majority of the participants were Muslims, and over 80% earned 20–80 Ghanaian Cedi (GHS); 
the equivalence of 5–15 USD per day. The prevalence of smoking was not statistically different 
between the e-waste workers (28.0%) and non-e-waste workers (15.7%, Table 1). The indoor use of 
biomass for fuel was significantly higher in the controls (31.4%) than the e-waste workers (14.0%).

Particulate matter (PM) exposure of e-waste workers and controls

The median concentrations of PM2.5 and PM10 were significantly higher among the e-waste 
workers than the controls (PM2.5: median (interquartile range) 77.32(34.08) µg/m3 vs 34.88 
(16.55) µg/m3, p < 0.001 and PM10: median (interquartile range) 210.21 (93.32) µg/m3 vs 
121.92 (82.93) µg/m3, p < 0.001, respectively) (Figure 2(a,b)). The median concentrations of 
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PMs obtained for both the e-waste and the controls exceeded the World Health Organization 
(WHO) Air Quality Guideline (AQG) for short-term exposure of 25 µg/m3 and 50 µg/m3 for 
PM2.5 and PM10 respectively (Table S1). Further comparison with the Ghanaian Ambient Air 
Quality Standards for short-term exposure, the median concentration of PM2.5 and PM10 among 
the e-waste workers exceeded the reference values of 35 µg/m3 and 70 µg/m3, respectively. 
However, the concentrations of PM2.5 (34.88 µg/m3) in the controls was lower than the 
Ghanaian standards 35 µg/m3, whereas PM10 (121.92 µg/m3) concentration was higher than the 
Ghanaian standards of 70 µg/m3 (Table S1).

Particulate matter exposure of e-waste workers by primary job-tasks performed

Comparing the e-waste workers based on their primary job-tasks, participants were categorized into 
three main groups: burners, dismantlers, and collectors. There was a statistically significant 
difference in the median PM2.5 and PM10 exposure between the groups as determined by the 
Kruskal-Wallis test (p = 0.013 and p = 0.027, respectively). Dunn’s post hoc test revealed that the 

Table 1. Characteristics of e-waste workers (n = 100) and controls (n = 51) enrolled for the study, March 2017-May 2017 at 
Agbogbloshie and Madina Zongo, Accra, Ghana.

Total E-waste workers Controls p-value

Characteristics n = 151 n = 100 c n = 51 c

BMI (kg/m2), mean(±SD) 22.4(3.2) 21.6(2.7) 23.8(3.5) <0.001a

Age (years), mean(±SD) 27.8(8.6) 25.4(6.3) 32.5(10.4) <0.001a

Workdays/week, mean(±SD) NA 6.0(1.0) NA
Hours work/day, mean(±SD) NA 9.3(2.5) NA
Sleep location, n(%) 

On the site 
≤1 km off-site

NA 
NA

58(59.8) 
39(40.2)

NA 
NA

Education, n(%) 
No formal education 
Primary 
Middle/JHS 
Secondary/SHS+

32(21.2) 
31(20.5) 
46(30.6) 
42(27.8)

25(25.0) 
26(26.0) 
33(33.0) 
16(16.0)

7(13.7) 
5(9.8) 

13(25.5) 
26(51.0)

<0.001b

Marital status, n(%) 
Single 
Married

73(48.7) 
77(51.3)

43(43.4) 
56(56.6)

30(58.8) 
21(41.2)

0.074b

Income, n(%) 
GHC 20–80 
GHC 81–140 
> GHC 140

120(80.5) 
10(6.7) 

19(12.8)

81(81.8) 
9(9.1) 
9(9.1)

n = 50 
39(78.0) 

1(2.0) 
10(20.0)

0.059b

Indoor use of biomass 
Yes 
No

30(19.9) 
121(80.1)

14(14.0) 
86(86.0)

16(31.4) 
35(68.6)

0.011b

Alcohol use, n(%) 
Regular 
Former 
Never

18(1.9) 
12(8.0) 

121(80.1)

15(15.0) 
9(9.0) 

76(76.0)

3(87.7) 
3(8.2) 

45(6.1)

0.183b

Smoking, n(%) 
Yes 
No

36(23.8) 
115(76.2)

28(28.0) 
72(72.0)

8(15.7) 
43(84.3)

0.093b

E-waste job category, n(%) 
burners 
dismantlers 
collectors/sorters

NA 
NA 
NA

32(32.0) 
49(49.0) 
19(19.0)

NA 
NA 
NA

Abbreviations: SD = standard deviation, N = Total number of participants, n(%) = frequency(percent frequency), JHS = junior high 
school, SHS = senior high school. a p-values obtained by t-test, b p-values obtained by chi-square test, csome figures may not 
add up to the total numbers because of missing values, bold p-values are statistically significant
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medians of both PM2.5 and PM10 were significantly higher among burners than among collectors 
(p = 0.009 and p = 0.029, respectively). No significant differences were observed when burners were 
compared to dismantlers for PM2.5 and PM10 exposure (Figure 3(a,b)).

LINE-1 DNA methylation in e-waste workers and controls

Overall, there were no significant differences (p = 0.950) between LINE-1 methylation (%) in the 
e-waste workers and controls (Figure 4(a)). An average of 85.16 ± 1.32% was obtained for the 
e-waste workers compared to 85.17 ± 1.11% for the controls. However, non-e-waste workers had 
significant hypomethylation compared to e-waste workers at the CpG1 site (p = 0.034), but not at 
other CpG sites in LINE-1 (Figure 4(b)).

The correlation of methylation among CpG sites for LINE-1 was explored (Table S2). The results 
showed a trend in positive significant correlation between consecutive CpG sites. A positive 
correlation was observed between CpG1 and CpG2 (r = 0.43), CpG2 and CpG3 (r = 0.39), and 
then CpG3 and CpG4 (r = 0.30), all P ≤ 0.05.

Figure 2. Particulate matter exposure between e-waste and controls. Data are presented as the median (interquartile range). (a) 
PM2.5, and (b) PM10, * = p ≤ 0.05, p-values are obtained by Mann-Whitney-U test.

Figure 3. Particulate matter concentration across primary job tasks performed by e-waste workers showing high median 
concentration in burners, (a) PM2.5, (b) PM10. Data are presented as the median (interquartile range), * = p ≤ 0.05 and ns = non- 
significant. P-values obtained by the Kruskal-Wallis and Dunn’s post-hoc tests.
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Figure 4. LINE-1 methylation at a: average methylation of CpG sites in LINE-1 b: CpG position 1, c: CpG position 2, d: CpG position 
3, and e: CpG position 4; among e-waste workers at Agbogbloshie and controls at Madina Zongo. * = p ≤ 0.05 between groups.
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Relationship between LINE-1 methylation and anthropometric and lifestyle factors

The mean methylation of LINE-1 between e-waste workers and controls was assessed based on 
anthropometric and lifestyle factors such as age, BMI, smoking, alcohol consumption, and indoor 
use of biomass fuel for cooking via one-way analysis of variance (ANOVA) (Table 2). LINE-1 
methylation was not related to age, BMI, smoking, alcohol consumption, or indoor use of biomass 
fuel for cooking amongst either group (pall > 0.05).

Associations between global DNA methylation and PM exposure

In linear regression models controlling for confounders (indoor use of biomass fuel for cooking, 
age, cigarette smoking, alcohol consumption, smoking status, location of study (Agbogloshie or 
Madina Zongo), and BMI), the DNA methylation levels were not significantly different between the 
e-waste workers and controls when the total sample was analyzed. The associations between both 
PM2.5 and PM10, and LINE-1 DNA methylation were positive but not statistically significant 
(βPM2.5 = 0.003; 95% CI; −0.001, 0.009, p = 0.159), and (βPM10 = 0.002; 95% CI; −0.001, 0.004, 
p = 0.121), respectively (Table 3). However, a significant positive association was observed between 
PM2.5 and LINE-1 CpG2 when the specific CpG sites were evaluated (β = 0.003; 95% CI; 0.001, 
0.006; p = 0.022). This estimate suggests that a 1 µg/m3 increase in PM2.5 resulted in a an increase of 
0.003 in percent LINE-1 CpG2 DNA methylation (Table 3). Sensitivity analyses using different 
variants of the outcome model (robust and cross-fit partialling-lasso regressions) all showed similar 
trends in the associations between DNA methylation and PM exposure (Table 3). In addition, linear 

Table 2. Relationship between LINE-1 methylation and anthropometric and lifestyle factors between e-waste 
workers at Agbogbloshie (n = 100) and controls at Madina Zongo (n = 51).

LINE-1 methylation

Variable E-waste workers (n = 100) Controls (n = 51) p-value

Age (years) 
≤20 
21–30 
31-40 
>40

85.2(1.2) 
85.1(1.4) 
85.3(1.3) 

85.73(2.0)

85.4(0.6) 
85.3(1.3) 
84.8(1.2) 
85.2(1.0)

0.817 
0.520 
0.399 
0.541

Smoking 
Yes 
No

85.2(1.3) 
85.2(1.3)

85.1(0.7) 
85.2(1.2)

0.805 
0.892

Alcohol intake 
occasional/regular 
former 
never

85.4(1.5) 
84.2(2.5) 
85.2(1.3)

85.6(1.3) 
85.7(1.2) 
85.1(1.1)

0.797 
0.339 
0.744

BMI (kg/m2) 
Low weight 
Normal weight 
Overweight 
Obesity

84.6(1.2) 
85.2(1.3) 
84.9(1.3) 
85.7(0.0)

85.2(0.5) 
85.2(1.1) 
85.5(1.1) 
84.2(1.3)

0.492 
0.796 
0.307 
0.364

Indoor use of biomass 
Yes 
No

85.3(1.5) 
85.2(1.3)

84.9(1.1) 
85.3(1.1)

0.370 
0.574

Job category 
Burners 
Dismantlers 
Collectors/sorters

85.3(1.3) 
85.2(1.4) 
84.6(1.0)

NA 
NA 
NA

Body Mass Index (BMI) according to World Health Organization (WHO) parameters: low weight (≤18.5 kg/m2); 
normal weight (> 18.5 kg/m2 and ≤24.9 kg/m2); overweight (> 24.9 kg/m2, and ≤29.9 kg/m2), and obesity 
(≥30 kg/m2), P-values were obtained by the ANOVA test, NA: Not applicable. LINE-1 methylation presented as 
mean(±SD)
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regression models stratified by e-waste exposure status (e-waste workers/controls) showed similar 
estimates of the associations between PM2.5 and PM10 exposure and LINE-1 DNA methylation 
among only the e-waste workers (Table S3).

Associations between global DNA methylation and specific job tasks performed by e-waste 
recycler

We further evaluated the relationship between specific e-waste recycling tasks (burners, disman
tlers, and collectors) and LINE-1 methylation using OLS with robust SE and lasso regression 
models. We used the control group as a reference, while we controlling for age, bmi, smoking, 
alcohol use, indoor biomass fuel use, and PM exposure (Table 4). Results from the analyses showed 
that, compared to the controls, e-waste collectors had significantlty decreased LINE-1 methylation 
(β = −0.667; 95% CI; −1.266, −0.069; p = 0.029). This estimate suggest that, working as an e-waste 
collector results in 0.67 decrease in percent LINE-1 methylation compared to the non-e-waste 
workers.

Discussion

The current study examined the association between PM (2.5 and 10) exposure and global (LINE-1) 
DNA methylation among e-waste workers at Agbogbloshie and a control group at Madina Zongo in 
Accra, Ghana. We found significantly higher concentrations of breathing zone PM2.5 and PM10 in 
e-waste workers than the control group. Overall, LINE-1 methylation did not differ between the 
e-waste workers and controls. There was no significant association between LINE-1 DNA methyla
tion PM (2.5 and 10) exposure. However, PM2.5 showed a significant positive relationship with 
LINE-1 CpG2.

As expected, based on previous studies by Zhang (2017) and Zheng et al. (2015), PM2.5 and PM10 
were significantly higher among the e-waste workers compared to the controls. We found sub
stantially higher PM (2.5 and 10) exposure in workers who primarily burn e-waste compared to 
those engaged in other recycling activities such as collection. This finding is consistent with the 
finding of Bungadaeng et al. (2019), where open burning of e-waste in the Buriram Province of 
Thailand resulted in elevated levels of the average concentrations of PM2.5 and PM10 of 2774 µg/m3 

and 3215 µg/m3, respectively, in e-waste workers (N = 33). These high levels of PM among e-waste 
workers, particularly e-waste burners, might be attributed to the release of fumes and smoke from 
e-waste combustion as well as other mechanical processes (dismantling, sorting, shredding and 
transportation), which also releases dust into the ambient air (Kwarteng et al. 2020). The biomass 
burning of a nearby refuse pile, burning wood for commercial cooking near the e-waste site, as well 
as vehicle exhaust emission contribute to the higher levels of PM at the Agbogbloshie e-waste 
recycling site (Kwarteng et al. 2020). However, the fractions contributed by each activity at the site 
were not evaluated. Notably, almost all the PM measured in the controls exceeded the WHO 

Table 4. Relationship between e-waste recycling activities and LINE-1 DNA methylation non-e-waste workers as reference.

Covariates Linear regression with robust standard errors from OLS Cross-fit partialling-out Lasso regression
β(95% CI) P value β(95% CI) P value

Job category
Ref = control group
Burners −0.165(−0.865, 0.534) 0.641 0.114(−0.492, 0.721) 0.712
Dismantlers −0.153(−0.740, 0.433) 0.606 0.026(−0.498, 0.550) 0.923
Collectors −0.668(−1.266, 0.069) 0.029 −0.651(−1.200, −0.102) 0.020

*p < 0.05, β: average DNA methylation change, CI: Confidence Interval. Note: models adjusted for indoor use of biomass fuel for 
cooking, alcohol consumption, age, smoking, PM2.5, PM10 and BMI
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Ambient Air Quality Guidelines (WHO 2006). The high concentration of PM measured in the 
control group suggests a high background concentration of PM in urban Ghana. This can be 
attributed to the over-reliance on solid fuels for cooking, biomass burning, vehicular emissions, and 
road dust (Ofosu et al. 2012; Health Effects Institute 2019).

Global DNA methylation can provide insight into epigenetic regulation and further improve the 
mechanistic understanding between environmental or occupational PM exposure and disease, 
especially respiratory health effects development (Suhaimi et al. 2021) . In this study, we used 
LINE-1 methylation status as a proxy for global methylation. LINE-1 methylation has been linked 
to human diseases, especially cancers and other cardiopulmonary diseases, by decreasing genome 
stability with decreasing methylation levels. However, previous studies have linked both hyper
methylation and hypomethylation of LINE-1 to disease (Bollati et al. 2011; Liao et al. 2011; 
Kitkumthorn et al. 2012; Kerachian and Kerachian 2019).

Overall, LINE-1 methylation did not differ significantly between the e-waste and controls. Our 
data show that LINE-1 was heavily methylated in whole blood of e-waste workers (mean ±SD: 
85.16 ± 1.32%) and in controls (mean ± SD: 85.17 ± 1.11%) as compared to previous occupational 
exposure studies such as dental professionals (mean ± SD: 68.4 ± 3.7%) (Goodrich et al. 2013), coke 
oven workers (median: 59.0%) (Duan et al. 2013), and workers exposed to multi-wall carbon 
nanotubes (mean ±SD: 74.2 ± 1.4%) (Ghosh et al. 2017). The possible explanation for the lack of 
difference in LINE-1 methylation between the e-waste workers and controls might be the choice of 
our comparator group since the categorization of hyper- or hypomethylation is dependent on the 
methylation levels of the comparator group (Phetliap et al. 2018). For example, the differences in 
age between the e-waste workers and controls could affect our comparison of their methylation 
levels. However, the average age of the e-waste workers (25.4 ± 6.3 years) and controls 
(32.5 ± 10.4 years) are not in the category of vulnerable window including the elderly (Bollati 
et al. 2009), and children and adolescents (Burris et al. 2011), where environmental exposures 
greatly affect the epigenome.

In the present study, the association of PM(2.5 and 10) and LINE-1 methylation was not 
statistically significant, even though positive trends were observed. Our findings are consistent 
with a previous study where the investigators examined a cohort of 38 male welders in the USA, and 
found that occupational exposure to PM2.5 was not significantly associated with LINE-1 and Alu 
methylations (Kile et al. 2013.). Our inability to detect significant associations may be due to low 
statistical power to detect any differences. In addition, our analysis was based on DNA methylation 
derived from whole blood which may not be the most appropriate target tissue for assessing the 
effect of PM exposure compared to DNA derived from other tissues such as the lung. However, the 
collection of such specific organ tissues are invasive (McCullough et al. 2017); therefore, DNA 
methylation derived from blood is a widely used surrogate tissue (Gondalia et al. 2019).

A similar study performed by Fan et al. (2014) among 66 welders found a significant positive 
association between PM2.5 and LINE-1 methylation. In addition, Mishra et al. (2021) in their pilot 
study found an increase in LINE-1 DNA methylation among individuals exposed to high levels of 
air pollution. However, several other studies have reported inverse relationships between PM and 
DNA methylation in both occupational and environmental settings. For instance, Tarantini et al. 
(2009) found a decrease in LINE-1 methylation with PM10 exposure in peripheral blood samples of 
steel production plant workers in Italy. A similar association has been reported in Thailand, where 
decreased LINE-1 methylation was associated with working in an industrial estate with elevated air 
pollution levels (Peluso et al. 2012). Additionally, a decrement in LINE-1 methylation was reported 
in a cohort of 718 elderly participants exposed to PM2.5 in the Boston area Normative Aging Study 
(Baccarelli et al. 2009). A recent systematic review and meta-analysis by Wu et al. (2021) found an 
inverse association between PM2.5 and global DNA methylation in adults. The variability of results 
seen in studies where PM alter DNA methylation could be attributed to PM’s source and composi
tion. For example, Tarantini and co-workers measured PM in steelworkers (Tarantini et al. 2009), 
Fan et al. (2014) measured PM concentrations in welders, while this present study measured PM 
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from e-waste recyclers. Different sources of may result in different complex mixtures of toxic 
organic chemicals which in turn might have different biological effects (Peluso et al, 2012). For 
example, welders may be exposed to high levels of metals (Ding et al. 2016), while PM generated 
through e-waste recycling comprises a relatively lower concentration of metals (Bi et al. 2010). The 
discrepancies in findings may also reflect the variability of epigenetic responses to environmental 
exposure since factors such as ethnicity, occupation, or tissue type may influence the effect of the 
same pollutant on the epigenome (Jamebozorgi et al. 2018). Also worthy of note is that DNA 
methylation may be dependent on othe factors such as timing and length of exposure, routes of 
exposure, and host genetics (Ji and Hershey 2012), and thefore could contribute to the variability 
observed from different studies. The mechanism of these contributory factors therefore require 
further studies and clarification.

Previous studies have shown that LINE-1 specific CpG sites by default differ in methylation 
levels (Sharma et al. 2019) and respond differentially to environmental factors (Goodrich et al. 
2015). This suggests that a site-specific approach to assessing environmental pollutants and 
epigenetic modifications is critical in understanding the biological mechanism of exposure- 
outcome relationships (Hanna et al. 2012; Goodrich et al. 2015). This present study found 
a significant positive association between PM2.5 and LINE-1 CpG2 site. The results suggest that 
a 1 µg/m3 resulted in a 0.003 increase in LINE-1 CpG2 DNA methylation percent. This finding 
should be taken with caution because, even though specific CpG sites methylation levels provide 
a limited assessment of the region of interest (Hanna et al. 2012), the evidence available suggests 
that alteration of one of the four CpG sites may alter the overall LINE-1 DNA methylation (Hata 
and Sakaki 1997).

We also evaluated the relationship between specific e-waste job tasks performed by e-waste 
workers and LINE-1 methylation. We found a significant decline in LINE-1 methylation among 
e-waste collectors compared to those in the control group. This finding should be taken with 
caution since the difference could be derived from the relative small sample size in each job 
category, which may increase the likelihood of chance finding due to the effect of multiple 
comparison analysis.

The mechanism linking PM and DNA methylation is not fully understood. Exposure to high PM 
concentrations increases reactive oxygen species (ROS) generation (Gurgueira et al. 2002), and 
subsequent DNA damage, such as strand brakes (James et al. 2003). DNA damage increases DNA 
methyltransferase (DNMT) activities with high affinity to DNA repair sites that methylate adjacent 
CpG nucleotides (James et al. 2003; Cuozzo et al. 2007). The increased DNMT activity secondary to 
DNA damage may increase LINE-1 CpG methylation levels (Bollati et al. 2011), as observed in the 
increased level of LINE-1 CpG2 methylation in this study. Recent reports showed that cells exposed 
to PM resulted in the upregulation of all three DNA methyltransferases (DNMT1, 3a 3b), positively 
corresponding with a considerable increase in global DNA methylation (Sunil et al. 2017; Bhargava 
et al. 2019; Mishra et al. 2021).

This study has some limitations. First, dietary intake data on folic acid, choline, vitamin B12, and 
betaine, which could affect DNA methylation (Terry et al. 2011), was not measured in this study. In 
addition, we measured PM for 4 hours of the worker’s work-shift, which may not be representative 
of the overall 8-hour occupational exposure. However, since there were no regulations and 
documented work schedules in place, the 4-hours monitoring in the informal e-waste site was 
sufficient to monitor participants during their active work hours. Furthermore, workers involved in 
e-waste recycling are faced with a myriad of exposures, including PAHs (Feldt et al. 2014), metals 
(Wittsiepe et al. 2017), and other persistent organic pollutants (POPs) (Wittsiepe et al. 2015). We 
are, therefore, not able to rule out the effects of other exposures other than PM on LINE-1 in our 
population.
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Our study’s significant strength is that it is one of the first to examine the association between 
PM and repetitive elements DNA methylation in electronic waste recyclers in Ghana. Furthermore, 
the Agbogbloshie e-waste recycling site is arguably one of the most contaminated, best researched, 
and most easily accessible site worldwide and therefore represents a good place to investigate 
pollution exposure to workers and associated adverse health outcomes.

Conclusions

In conclusion, we did not observe a significant difference in the methylation of the repetitive 
element (LINE-1) between the e-waste and controls. Our results showed that PM is was not 
significantly associated with LINE-1 methylation. However, PM2.5 exposure was positively asso
ciated with LINE-1 CpG2 methylation. These findings suggest that alteration in DNA methylation 
of transposable elements such as LINE-1 with environmental exposures is multidirectional and may 
vary by specific sites. Future studies should examine other epigenetic modifications such as histone 
modifications or gene-specific methylations and further assess whether these associations mediate 
PM’s effects on adverse health outcomes.

Acknowledgments

The authors wish to thank all the study participants and the supporting staff of the GEOHealth II project. The authors 
also acknowledge the University of Michigan sequencing core for running the LINE-1 pyrosequencing. Pre- 
Publication Support Service (PREPSS) supported the development of this manuscript by providing pre-publication 
peer-review and copy editing.

Disclosure Statement

The authors declare no conflict of interest.

Funding

This research was supported by the ½ West Africa-Michigan CHARTER in GEO-Health with funding from the 
United States National Institutes of Health/Fogarty International Center (US NIH/FIC) (paired grant no 
1U2RTW010110-01/5U01TW010101) and Canada’s International Development Research Center (IDRC) (grant 
no. 108121-001);United States National Institutes of Health/Fogarty International Center [1U2RTW010110-01/ 
5U01TW010101];Canada’s International Development Research Center [108121-001].

References

Acquah A, D’Souza C, Martin B, Arko-Mensah J, Nti AA, Kwarteng L, Takyi S, Quakyi IA, Robins TG, 
Fobil JN. 2019. Processes and challenges associated with informal electronic waste recycling at 
Agbogbloshie, a suburb of Accra, Ghana. Proc Human Factors Ergon Soc Annu Meet. 63(1):938–942. 
doi:10.1177/1071181319631219.

Akinmoladun V, Edem F, Popoola O, Arinola O. 2020. Global DNA methylation profile of head and neck squamous 
carcinoma patients at the university college hospital, Ibadan, Nigeria. Int Res J Oncol. 3(2):13–19.

Alegría-Torres JA, Baccarelli A, Bollati V. 2011. Epigenetics and lifestyle. Epigenomics. 3(3):267–277. doi:10.2217/ 
epi.11.22.

Alvarado-Cruz I, Sánchez-Guerra M, Hernández-Cadena L, De Vizcaya-Ruiz A, Mugica V, Pelallo-Martínez NA, 
Solís-Heredia MDJ, Byun H-M, Baccarelli A, Quintanilla-Vega B. 2017. Increased methylation of repetitive 
elements and DNA repair genes is associated with higher DNA oxidation in children in an urbanized, industrial 
environment. Mutat Res/Genet Toxicol Environ Mutagen. 813:27–36. doi:10.1016/j.mrgentox.2016.11.007.

Amoabeng Nti AA, Arko-Mensah J, Botwe PK, Dwomoh D, Kwarteng L, Takyi SA, Acquah AA, Tettey P, Basu N, 
Batterman S. 2020. Effect of particulate matter exposure on respiratory health of e-waste workers at agbogbloshie, 
Accra, Ghana. Int J Environ Res Public Health. 17(9):3042. doi:10.3390/ijerph17093042.

Amoyaw-Osei Y, Agyekum OO, Pwamang JA, Mueller E, Fasko R, Schluep M. 2011. Ghana e-waste country 
assessment. SBC E-waste Africa Project. 66:111.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 15

https://doi.org/10.1177/1071181319631219
https://doi.org/10.2217/epi.11.22
https://doi.org/10.2217/epi.11.22
https://doi.org/10.1016/j.mrgentox.2016.11.007
https://doi.org/10.3390/ijerph17093042


Baccarelli A, Cassano PA, Litonjua A, Park SK, Suh H, Sparrow D, Vokonas P, Schwartz J. 2008. Cardiac autonomic 
dysfunction: effects from particulate air pollution and protection by dietary methyl nutrients and metabolic 
polymorphisms. Circulation. 117(14):1802–1809. doi:10.1161/CIRCULATIONAHA.107.726067.

Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, Suh HH, Zanobetti A, Sparrow D, Vokonas PS, 
Schwartz J. 2009. Rapid DNA methylation changes after exposure to traffic particles. Am J Respir Crit Care Med. 
179(7):572–578. doi:10.1164/rccm.200807-1097OC.

Bhargava A, Shukla A, Bunkar N, Shandilya R, Lodhi L, Kumari R, Mishra PK, Rahman A, Chaudhury K, Tiwari R. 
2019. Exposure to ultrafine particulate matter induces NF-κβ mediated epigenetic modifications. Environ Pollut. 
252:39–50. doi:10.1016/j.envpol.2019.05.065

Bi X, Simoneit BRT, Wang Z, Wang X, Sheng G, Fu J. 2010. The major components of particles emitted during 
recycling of waste printed circuit boards in a typical e-waste workshop of South China. Atmos Environ. 44 
(35):4440–4445. doi:10.1016/j.atmosenv.2010.07.040.

Blacksmith Institute. 2013. The world’s worst 2013: the top ten toxic threats cleanup, progress, and oongoing 
challenges. Retrieved from https://www.worstpolluted.org/docs/TopTenThreats2013.pdf 

Bollati V, Galimberti D, Pergoli L, Dalla Valle E, Barretta F, Cortini F, Scarpini E, Bertazzi PA, Baccarelli A. 2011. 
DNA methylation in repetitive elements and Alzheimer disease. Brain Behav Immun. 25(6):1078–1083. 
doi:10.1016/j.bbi.2011.01.017.

Bollati V, Schwartz J, Wright R, Litonjua A, Tarantini L, Suh H, Sparrow D, Vokonas P, Baccarelli A. 2009. Decline in 
genomic DNA methylation through aging in a cohort of elderly subjects. Mech Ageing Dev. 130(4):234–239. 
doi:10.1016/j.mad.2008.12.003.

Bungadaeng S, Prueksasit T, Siriwong W. 2019. Inhalation exposure to respirable particulate matter among workers 
in relation to their e-waste open burning activities in Buriram Province, Thailand. Sustain Environ Res. 29(1):26. 
doi:10.1186/s42834-019-0030-7.

Burris HH, Rifas-Shiman SL, Baccarelli A, Boeke CE, Kleinman K, Wen X, . . . Gillman MW (2011). Associations of 
LINE-1 (“Global”) DNA methylation with preterm birth in a prospective cohort study. In Paper presented at the 
Journal of Developmental Origins of Health and Disease. Boston Convention and Exhibition Center

Cuozzo C, Porcellini A, Angrisano T, Morano A, Lee B, Di Pardo A, Messina S, Iuliano R, Fusco A, Santillo MR. 2007. 
DNA damage, homology-directed repair, and DNA methylation. PLoS Genet. 3(7):e110. doi:10.1371/journal. 
pgen.0030110.

Diggle P, Diggle PJ, Heagerty P, Liang K-Y, Heagerty PJ, Zeger S. 2002. Analysis of longitudinal data. UK: Oxford 
University Press.

Ding R, Jin Y, Liu X, Zhu Z, Zhang Y, Wang T, Xu Y. 2016. Characteristics of DNA methylation changes induced by 
traffic-related air pollution. Mutat Res/Genet Toxicol Environ Mutagen. 796:46–53. doi:10.1016/j. 
mrgentox.2015.12.002.

Duan H, He Z, Ma J, Zhang B, Sheng Z, Bin P, Lin H, Niu Y, Dong H, Lin H. 2013. Global and MGMT promoter 
hypomethylation independently associated with genomic instability of lymphocytes in subjects exposed to 
high-dose polycyclic aromatic hydrocarbon. Arch Toxicol. 87(11). doi:10.1007/s00204-013-1046-0

Fan T, Fang SC, Cavallari JM, Barnett IJ, Wang Z, Su L, Byun H-M, Lin X, Baccarelli AA, Christiani DC. 2014. Heart 
rate variability and DNA methylation levels are altered after short-term metal fume exposure among occupational 
welders: a repeated-measures panel study. BMC Public Health. 14(1):1279. doi:10.1186/1471-2458-14-1279.

Feldt T, Fobil JN, Wittsiepe J, Wilhelm M, Till H, Zoufaly A, Goen T. 2014. High levels of PAH-metabolites in urine 
of e-waste recycling workers from Agbogbloshie, Ghana. Sci Total Environ. 466-467(369–376):369–376. 
doi:10.1016/j.scitotenv.2013.06.097

Franchini M, Mannucci PM. 2012. Air pollution and cardiovascular disease. Thromb Res. 129(3):230–234.
Gao J, Wang K, Wang Y, Liu S, Zhu C, Hao J, Tian H, Hua S, Tian H. 2018. Temporal-spatial characteristics and 

source apportionment of PM2. 5 as well as its associated chemical species in the Beijing-Tianjin-Hebei region of 
China. Environ Pollut. 233:714–724. doi:10.1016/j.envpol.2017.10.123.

Garcia J, Bennett DH, Tancredi D, Schenker MB, Mitchell D, Reynolds SJ, Mitloehner FM. 2013. Occupational 
exposure to particulate matter and endotoxin for California dairy workers. Int J Hyg Environ Health. 216 
(1):56–62. doi:10.1016/j.ijheh.2012.04.001.

Gautam S, Kumar P, Patra AK. 2016. Occupational exposure to particulate matter in three Indian opencast mines. Air 
Qual Atmos Health. 9(2):143–158. doi:10.1007/s11869-014-0311-6.

Ghosh M, Öner D, Poels K, Tabish AM, Vlaanderen J, Pronk A, Godderis L, Lan Q, Vermeulen R, Bekaert B. 2017. 
Changes in DNA methylation induced by multi-walled carbon nanotube exposure in the workplace. 
Nanotoxicology. 11(9–10):1195–1210. doi:10.1080/17435390.2017.1406169.

Gondalia R, Baldassari A, Holliday KM, Justice AE, Méndez-Giráldez R, Stewart JD, Whitsel EA, Yanosky JD, 
Brennan KJM, Engel SM. 2019. Methylome-wide association study provides evidence of particulate matter air 
pollution-associated DNA methylation. Environ Int. 132:104723. doi:10.1016/j.envint.2019.03.071

Goodrich JM, Basu N, Franzblau A, Dolinoy DC. 2013. Mercury biomarkers and DNA methylation among Michigan 
dental professionals. Environ Mol Mutagen. 54(3):195–203. doi:10.1002/em.21763.

16 I. ISSAH ET AL.

https://doi.org/10.1161/CIRCULATIONAHA.107.726067
https://doi.org/10.1164/rccm.200807-1097OC
https://doi.org/10.1016/j.envpol.2019.05.065
https://doi.org/10.1016/j.atmosenv.2010.07.040
https://www.worstpolluted.org/docs/TopTenThreats2013.pdf
https://doi.org/10.1016/j.bbi.2011.01.017
https://doi.org/10.1016/j.mad.2008.12.003
https://doi.org/10.1186/s42834-019-0030-7
https://doi.org/10.1371/journal.pgen.0030110
https://doi.org/10.1371/journal.pgen.0030110
https://doi.org/10.1016/j.mrgentox.2015.12.002
https://doi.org/10.1016/j.mrgentox.2015.12.002
https://doi.org/10.1007/s00204-013-1046-0
https://doi.org/10.1186/1471-2458-14-1279
https://doi.org/10.1016/j.scitotenv.2013.06.097
https://doi.org/10.1016/j.envpol.2017.10.123
https://doi.org/10.1016/j.ijheh.2012.04.001
https://doi.org/10.1007/s11869-014-0311-6
https://doi.org/10.1080/17435390.2017.1406169
https://doi.org/10.1016/j.envint.2019.03.071
https://doi.org/10.1002/em.21763


Goodrich JM, Sánchez BN, Dolinoy DC, Zhang Z, Hernández-Ávila M, Hu H, Peterson KE, Téllez-Rojo MM. 2015. 
Quality control and statistical modeling for environmental epigenetics: a study on in utero lead exposure and DNA 
methylation at birth. Epigenetics. 10(1):19–30. doi:10.4161/15592294.2014.989077.

GSA. 2019. Environment and health protection requirements for ambient air quality and point source/stack 
emissions. http://services.gsa.gov.gh/standards/standards.php?sno=GS%201236:2019 .

Gurgueira SA, Lawrence J, Coull B, Murthy GK, González-Flecha B. 2002. Rapid increases in the steady-state 
concentration of reactive oxygen species in the lungs and heart after particulate air pollution inhalation. 
Environ Health Perspect. 110(8):749–755. doi:10.1289/ehp.02110749.

Hanna CW, Bloom MS, Robinson WP, Kim D, Parsons PJ, vom Saal FS, Taylor JA, Steuerwald AJ, Fujimoto VY. 
2012. DNA methylation changes in whole blood is associated with exposure to the environmental contaminants, 
mercury, lead, cadmium and bisphenol A, in women undergoing ovarian stimulation for IVF. Human Reprod. 27 
(5):1401–1410. doi:10.1093/humrep/des038.

Hata K, Sakaki Y. 1997. Identification of critical CpG sites for repression of L1 transcription by DNA methylation. 
Gene. 189(2):227–234. doi:10.1016/S0378-1119(96)00856-6.

Health Effects Institute. 2019. Contribution of household air pollution to ambient air pollution in Ghana: using 
available evidence to prioritize future action. MA:Health Effects Institute Boston.

Hossain K, Suzuki T, Hasibuzzaman M, Islam MS, Rahman A, Paul SK, Tanu T, Hossain S, Saud ZA, Rahman M. 
2017. Chronic exposure to arsenic, LINE-1 hypomethylation, and blood pressure: a cross-sectional study in 
Bangladesh. Environ Health. 16(1):20. doi:10.1186/s12940-017-0231-7.

Hsi E, Wang Y-S, Huang C-W, Yu M-L, Juo S-H-H, Liang C-L. 2019. Genome-wide DNA hypermethylation and 
homocysteine increase a risk for myopia. Int J Ophthalmol. 12(1):38.

Jamebozorgi I, Majidizadeh T, Pouryagoub G, Mahjoubi F. 2018. Aberrant DNA methylation of two tumor 
suppressor genes, p14 ARF and p15 INK4b, after chronic occupational exposure to low level of benzene. 
Int J Occup Environ Med. 9(3 July):1317–1351. doi:10.15171/ijoem.2018.1317.

James SJ, Pogribny IP, Pogribna M, Miller BJ, Jernigan S, Melnyk S. 2003. Mechanisms of DNA damage, DNA 
hypomethylation, and tumor progression in the folate/methyl-deficient rat model of hepatocarcinogenesis. J Nutr. 
133(11):3740S–3747S. doi:10.1093/jn/133.11.3740S.

Ji H, Hershey GKK. 2012. Genetic and epigenetic influence on the response to environmental particulate matter. 
J Allergy Clin Immunol. 129(1):33–41. doi:10.1016/j.jaci.2011.11.008.

Jin L, Qiu J, Zhang Y, Qiu W, He X, Wang Y, Sun Q, Li M, Zhao N, Cui H. 2015. Ambient air pollution and congenital 
heart defects in Lanzhou, China. Environ Res Lett. 10(7):074005. doi:10.1088/1748-9326/10/7/074005.

Kemp JR, Longworth MS. 2015. Crossing the LINE toward genomic instability: LINE-1 retrotransposition in cancer. 
Front Chem. 3:68. doi:10.3389/fchem.2015.00068.

Kerachian MA, Kerachian M. 2019. Long interspersed nucleotide element-1 (LINE-1) methylation in colorectal 
cancer. Clinica Chimica Acta. 488:209–214. doi:10.1016/j.cca.2018.11.018

Kile ML, Fang S, Baccarelli AA, Tarantini L, Cavallari J, Christiani DC. 2013. A panel study of occupational exposure 
to fine particulate matter and changes in DNA methylation over a single workday and years worked in boilermaker 
welders. Environ Health. 12(1):47. doi:10.1186/1476-069X-12-47.

Kim K-H, Kabir E, Kabir S. 2015. A review on the human health impact of airborne particulate matter. Environ Int. 
74:136–143. doi:10.1016/j.envint.2014.10.005

Kitkumthorn N, Keelawat S, Rattanatanyong P, Mutirangura A. 2012. LINE-1 and Alu methylation patterns in lymph 
node metastases of head and neck cancers. Asian Pacific J Can Prev. 13(9):4469–4475. doi:10.7314/ 
APJCP.2012.13.9.4469.

Kuang H, Li Y, Jiang W, Wu P, Tan J, Zhang H, Pang Q, Ma S, An T, Fan R. 2019. Simultaneous determination of 
urinary 31 metabolites of VOCs, 8-hydroxy-2′-deoxyguanosine, and trans-3′-hydroxycotinine by UPLC-MS/MS: 
13C- and 15N-labeled isotoped internal standards are more effective on reduction of matrix effect. Anal Bioanal 
Chem. 411(29):7841–7855. doi:10.1007/s00216-019-02202-5.

Kwarteng L, Baiden EA, Fobil J, Arko-Mensah J, Robins T, Batterman S. 2020. Air quality impacts at an E-waste site 
in Ghana using flexible, moderate-cost and quality-assured measurements. GeoHealth. 4(e2020GH000247). 
doi:10.1029/2020GH000247

Laskaris Z, Milando C, Batterman S, Mukherjee B, Basu N, O’neill MS, Robins TG, Fobil JN. 2019. Derivation of 
time-activity data using wearable cameras and measures of personal inhalation exposure among workers at an 
informal electronic-waste recovery site in Ghana. Ann Work Exposures Health. 63(8):829–841. doi:10.1093/ 
annweh/wxz056.

Lei X, Muscat JE, Zhang B, Sha X, Xiu G. 2018. Differentially DNA methylation changes induced in vitro by 
traffic-derived nanoparticulate matter. Toxicology. 395:54–62. doi:10.1016/j.tox.2017.11.005.

Leung AOW. 2019. Chapter 15 - environmental contamination and health effects due to E-waste recycling. In: 
Prasad MNV, Vithanage M, editors. Electronic waste management and treatment technology. Butterworth- 
Heinemann; Kidlington, United Kingdom; p. 335–362.

Li J, Li WX, Bai C, Song Y. 2017. Particulate matter-induced epigenetic changes and lung cancer. Clin Respir J. 11 
(5):539–546. doi:10.1111/crj.12389.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 17

https://doi.org/10.4161/15592294.2014.989077
http://services.gsa.gov.gh/standards/standards.php?sno=GS%201236:2019
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1093/humrep/des038
https://doi.org/10.1016/S0378-1119(96)00856-6
https://doi.org/10.1186/s12940-017-0231-7
https://doi.org/10.15171/ijoem.2018.1317
https://doi.org/10.1093/jn/133.11.3740S
https://doi.org/10.1016/j.jaci.2011.11.008
https://doi.org/10.1088/1748-9326/10/7/074005
https://doi.org/10.3389/fchem.2015.00068
https://doi.org/10.1016/j.cca.2018.11.018
https://doi.org/10.1186/1476-069X-12-47
https://doi.org/10.1016/j.envint.2014.10.005
https://doi.org/10.7314/APJCP.2012.13.9.4469
https://doi.org/10.7314/APJCP.2012.13.9.4469
https://doi.org/10.1007/s00216-019-02202-5
https://doi.org/10.1029/2020GH000247
https://doi.org/10.1093/annweh/wxz056
https://doi.org/10.1093/annweh/wxz056
https://doi.org/10.1016/j.tox.2017.11.005
https://doi.org/10.1111/crj.12389


Liao LM, Brennan P, van Bemmel DM, Zaridze D, Matveev V, Janout V, Moore LE, Bencko V, Navratilova M, 
Szeszenia-Dabrowska N. 2011. LINE-1 methylation levels in leukocyte DNA and risk of renal cell cancer. PLoS 
ONE. 6(11):e27361–e27361. doi:10.1371/journal.pone.0027361.

Madrigano J, Baccarelli A, Mittleman MA, Wright RO, Sparrow D, Vokonas PS, Tarantini L, Schwartz J. 2011. 
Prolonged exposure to particulate pollution, genes associated with glutathione pathways, and DNA methylation in 
a cohort of older men. Environ Health Perspect. 119(7):977–982. doi:10.1289/ehp.1002773.

McCullough SD, Dhingra R, Fortin MC, Diaz-Sanchez D. 2017. Air pollution and the epigenome: a model relation
ship for the exploration of toxicoepigenetics. Curr Opin Toxicol. 6:18–25. doi:10.1016/j.cotox.2017.07.001

Mishra PK, Bunkar N, Singh RD, Kumar R, Gupta PK, Tiwari R, Lodhi L, Bhargava A, Chaudhury K. 2021. 
Comparative profiling of epigenetic modifications among individuals living in different high and low air pollution 
zones: a pilot study from India. Environ Adv. 4:100052. doi:10.1016/j.envadv.2021.100052

Ofosu FG, Hopke PK, Aboh IJ, Bamford SA. 2012. Characterization of fine particulate sources at Ashaiman in 
Greater Accra, Ghana. Atmos Pollut Res. 3(3):301–310. doi:10.5094/APR.2012.033.

Pascale A, Bares C, Laborde A (2018). E-waste: Environmental and Health Challenges.
Pavanello S, Bollati V, Pesatori AC, Kapka L, Bolognesi C, Bertazzi PA, Baccarelli A. 2009. Global and gene-specific 

promoter methylation changes are related to anti-B [a] PDE-DNA adduct levels and influence micronuclei 
levels in polycyclic aromatic hydrocarbon-exposed individuals. Int J Cancer. 125(7):1692–1697. doi:10.1002/ 
ijc.24492.

Peluso M, Bollati V, Munnia A, Srivatanakul P, Jedpiyawongse A, Sangrajrang S, . . . Baccarelli AA. 2012. DNA 
methylation differences in exposed workers and nearby residents of the Ma Ta Phut industrial estate, Rayong, 
Thailand. Int J Epidemiol. 41(6):1753–1760. doi:10.1093/ije/dys129.

Perera BP, Faulk C, Svoboda LK, Goodrich JM, Dolinoy DC. 2020. The role of environmental exposures and the 
epigenome in health and disease. Environ Mol Mutagen. 61(1):176–192. doi:10.1002/em.22311.

Phetliap W, Geater A, Rozek LS, Oshikawa S, Helmick K, Rentschler K, . . . Thaicharoen S. 2018. Global DNA 
methylation (LINE-1) associated with exposure to arsenic-contaminated environment and with type of arsenical 
skin lesions in Thailand. Human Ecol Risk Assess: An Int J. (1–18).

Pipal AS, Kulshrestha A, Taneja A. 2011. Characterization and morphological analysis of airborne PM2. 5 and PM10 
in Agra located in north central India. Atmos Environ. 45(21):3621–3630. doi:10.1016/j.atmosenv.2011.03.062.

Rakyan VK, Down TA, Maslau S, Andrew T, Yang T-P, Beyan H, Valdes AM, McCann OT, Finer S, Valdes AM. 
2010. Human aging-associated DNA hypermethylation occurs preferentially at bivalent chromatin domains. 
Genome Res. 20(4):434–439. doi:10.1101/gr.103101.109.

Rozek LS, Dolinoy DC, Sartor MA, Omenn GS. 2014. Epigenetics: relevance and implications for public health. Annu 
Rev Public Health. 35:105–122. doi:10.1146/annurev-publhealth-032013-182513

Ruiz-Hernandez A, Kuo -C-C, Rentero-Garrido P, Tang W-Y, Redon J, Ordovas JM, Navas-Acien A, Tellez-Plaza M. 
2015. Environmental chemicals and DNA methylation in adults: a systematic review of the epidemiologic 
evidence. Clin Epigenetics. 7(1):55. doi:10.1186/s13148-015-0055-7.

Sharma A, Jamil MA, Nuesgen N, Dauksa A, Gulbinas A, Schulz WA, El-Maarri O, El-Maarri O. 2019. Detailed 
methylation map of LINE-1 5′-promoter region reveals hypomethylated CpG hotspots associated with tumor 
tissue specificity. Mol Genet Genomic Med. 7(5):e601. doi:10.1002/mgg3.601.

Simon S (2018). From Europe, to the Agbogbloshie Scrapyard.
Srigboh RK, Basu N, Stephens J, Asampong E, Perkins M, Neitzel RL, Fobil J. 2016. Multiple elemental exposures 

amongst workers at the Agbogbloshie electronic waste (e-waste) site in Ghana. Chemosphere. 164 
(SupplementC):68–74. doi:10.1016/j.chemosphere.2016.08.089.

Stanek LW, Brown JS, Stanek J, Gift J, Costa DL. 2011. Air pollution toxicology—a brief review of the role of the 
science in shaping the current understanding of air pollution health risks. Toxicol Sci. 120(suppl_1):S8–S27. 
doi:10.1093/toxsci/kfq367.

Suhaimi NF, Jalaludin J, Bakar SA. 2021. Deoxyribonucleic acid (DNA) methylation in children exposed to air 
pollution: a possible mechanism underlying respiratory health effects development. Rev Environ Health. 36 
(1):77–93. doi:10.1515/reveh-2020-0065.

Sun B, Shi Y, Yang X, Zhao T, Duan J, Sun Z. 2018. DNA methylation: a critical epigenetic mechanism underlying the 
detrimental effects of airborne particulate matter. Ecotoxicol Environ Saf. 161:173–183. doi:10.1016/j. 
ecoenv.2018.05.083

Sunil VR, Vayas KN, Fang M, Zarbl H, Massa C, Gow AJ, Lioy PJ, Kipen H, Laumbach RJ, Lioy PJ. 2017. World Trade 
Center (WTC) dust exposure in mice is associated with inflammation, oxidative stress and epigenetic changes in 
the lung. Exp Mol Pathol. 102(1):50–58. doi:10.1016/j.yexmp.2016.12.005.

Takyi SA, Basu N, Arko-Mensah J, Dwomoh D, Nti AAA, Kwarteng L, Acquah AA, Robins TG, Fobil JN. 2020. 
Micronutrient status of electronic waste recyclers at agbogbloshie, Ghana. Int J Environ Res Public Health. 17 
(24):9575. doi:10.3390/ijerph17249575.

Tarantini L, Bonzini M, Apostoli P, Pegoraro V, Bollati V, Marinelli B, Cantone L, Rizzo G, Hou L, Schwartz J. 2009. 
Effects of particulate matter on genomic DNA methylation content and iNOS promoter methylation. Environ 
Health Perspect. 117(2):217–222. doi:10.1289/ehp.11898.

18 I. ISSAH ET AL.

https://doi.org/10.1371/journal.pone.0027361
https://doi.org/10.1289/ehp.1002773
https://doi.org/10.1016/j.cotox.2017.07.001
https://doi.org/10.1016/j.envadv.2021.100052
https://doi.org/10.5094/APR.2012.033
https://doi.org/10.1002/ijc.24492
https://doi.org/10.1002/ijc.24492
https://doi.org/10.1093/ije/dys129
https://doi.org/10.1002/em.22311
https://doi.org/10.1016/j.atmosenv.2011.03.062
https://doi.org/10.1101/gr.103101.109
https://doi.org/10.1146/annurev-publhealth-032013-182513
https://doi.org/10.1186/s13148-015-0055-7
https://doi.org/10.1002/mgg3.601
https://doi.org/10.1016/j.chemosphere.2016.08.089
https://doi.org/10.1093/toxsci/kfq367
https://doi.org/10.1515/reveh-2020-0065
https://doi.org/10.1016/j.ecoenv.2018.05.083
https://doi.org/10.1016/j.ecoenv.2018.05.083
https://doi.org/10.1016/j.yexmp.2016.12.005
https://doi.org/10.3390/ijerph17249575
https://doi.org/10.1289/ehp.11898


Terry MB, Delgado-Cruzata L, Vin-Raviv N, Wu HC, Santella RM. 2011. DNA methylation in white blood cells: 
association with risk factors in epidemiologic studies. Epigenetics. 6(7):828–837. doi:10.4161/epi.6.7.16500.

Teschendorff AE, Menon U, Gentry-Maharaj A, Ramus SJ, Weisenberger DJ, Shen H, Campan M, Noushmehr H, 
Bell CG, Maxwell AP. 2010. Age-dependent DNA methylation of genes that are suppressed in stem cells is 
a hallmark of cancer. Genome Res. 20(4):440–446. doi:10.1101/gr.103606.109.

Wang T, GN Garcia J, Zhang W. 2012. Epigenetic regulation in particulate matter-mediated cardiopulmonary 
toxicities: a systems biology perspective. Curr Pharmacogenomics Pers Med (Formerly Current 
Pharmacogenomics). 10(4):314–321. doi:10.2174/187569212803901792.

Wang Y, Wang T, Xu M, Yu H, Ding C, Wang Z, Duan H, Li Y, Niu Y, Yan R. 2020. Independent effect of main 
components in particulate matter on DNA methylation and DNA methyltransferase: a molecular epidemiology 
study. Environ Int. 134:105296. doi:10.1016/j.envint.2019.105296

WHO. 2006. Air quality guidelines — global update 2005. Bonn: World Health Organization Regional Office for 
Europe. http://www.euro.who.int/__data/assets/pdf_file/0005/78638/E90038.pdf?ua=1 .

Wittsiepe J, Feldt T, Till H, Burchard G, Wilhelm M, Fobil JN. 2017. Pilot study on the internal exposure to heavy 
metals of informal-level electronic waste workers in Agbogbloshie, Accra, Ghana. Environ Sci Pollut Res Int. 24 
(3):3097–3107. doi:10.1007/s11356-016-8002-5.

Wittsiepe J, Fobil JN, Till H, Burchard G-D, Wilhelm M, Feldt T. 2015. Levels of polychlorinated dibenzo-p-dioxins, 
dibenzofurans (PCDD/Fs) and biphenyls (PCBs) in blood of informal e-waste recycling workers from 
Agbogbloshie, Ghana, and controls. Environ Int. 79:65–73. doi:10.1016/j.envint.2015.03.008.

Wu Y, Qie R, Cheng M, Zeng Y, Huang S, Guo C, Zhou Q, Li Q, Tian G, Han M. 2021. Air pollution and DNA 
methylation in adults: a systematic review and meta-analysis of observational studies. Environ Pollut. 284:117152. 
doi:10.1016/j.envpol.2021.117152

Yang AS, Estécio MR, Doshi K, Kondo Y, Tajara EH, Issa JPJ. 2004. A simple method for estimating global DNA 
methylation using bisulfite PCR of repetitive DNA elements. Nucleic Acids Res. 32(3):e38–e38. doi:10.1093/nar/ 
gnh032.

Zhang M (2017). Air pollution and human health risk assessment in e-waste recycling sites and urban indoor 
environment in South China.

Zheng X, Xu X, Yekeen TA, Zhang Y, Chen A, Kim SS, Reponen T, Ho S-M, Lee S-A, Reponen T. 2015. 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. 16(2):388–397. doi:10.4209/aaqr.2014.11.0292.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH 19

https://doi.org/10.4161/epi.6.7.16500
https://doi.org/10.1101/gr.103606.109
https://doi.org/10.2174/187569212803901792
https://doi.org/10.1016/j.envint.2019.105296
http://www.euro.who.int/__data/assets/pdf_file/0005/78638/E90038.pdf?ua=1
https://doi.org/10.1007/s11356-016-8002-5
https://doi.org/10.1016/j.envint.2015.03.008
https://doi.org/10.1016/j.envpol.2021.117152
https://doi.org/10.1093/nar/gnh032
https://doi.org/10.1093/nar/gnh032
https://doi.org/10.4209/aaqr.2014.11.0292

	Abstract
	Introduction
	Materials and methods
	Study area
	Study population
	Questionnaire survey
	Exposure assessment
	Blood sample collection
	Extraction of DNA from whole blood for LINE-1 methylation
	LINE-1 methylation analysis
	Statistical analysis

	Results
	Characteristics of e-waste workers and controls
	Particulate matter (PM) exposure of e-waste workers and controls
	Particulate matter exposure of e-waste workers by primary job-tasks performed
	LINE-1 DNA methylation in e-waste workers and controls
	Relationship between LINE-1 methylation and anthropometric and lifestyle factors
	Associations between global DNA methylation and PM exposure
	Associations between global DNA methylation and specific job tasks performed by e-waste recycler

	Discussion
	Conclusions
	Acknowledgments
	Disclosure Statement
	Funding
	References



