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a b s t r a c t

Lead (Pb) and polycyclic aromatic hydrocarbon (PAH) exposure is positively associated with cardiovas-
cular disease (CVD), and the possible potential mechanism may be caused by damage to the endothelium
by modulation of inflammatory processes. No comprehensive research shows co-exposure of Pb and PAH
on cardiovascular endothelial inflammation in electronic waste (e-waste) exposed populations. Given
this, the aim of this study is to provide evidence for a relationship between Pb and PAH co-exposure and
cardiovascular endothelial inflammation, in an e-waste-exposed population, to delineate the link be-
tween a potential mechanism for CVD and environmental exposure. We recruited 203 preschool children
(3e7 years) were enrolled from Guiyu (e-waste-exposed group, n¼ 105) and Haojiang (reference group,
n¼ 98). Blood Pb levels and urinary PAH metabolites were measured. Percentages of T cells, CD4þ T cells
and CD8þ T cells, complete blood counts, endothelial inflammation biomarker (serum S100A8/A9), and
other inflammatory biomarkers [serum interleukin (IL)-6, IL-12p70, gamma interferon-inducible protein
10 (IP-10)] levels were evaluated. Blood Pb, total urinary hydroxylated PAH (SOHPAH), total hydrox-
ynaphthalene (SOHNap) and total hydroxyfluorene (SOHFlu) levels, S100A8/A9, IL-6, IL-12p70 and IP-10
concentrations, absolute counts of monocytes, neutrophils, and leukocytes, as well as CD4þ T cell per-
centages were significantly higher in exposed children. Elevated blood Pb, urinary 2-
hydroxynaphthalene (2-OHNap) and SOHFlu levels were associated with higher levels of IL-6, IL-
12p70, IP-10, CD4þ T cell percentages, neutrophil and monocyte counts. Mediator models indicated that
neutrophils exert the significant mediation effect on the relationship between blood Pb levels and
S100A8/A9. IL-6 exerts a significant mediation effect on the relationship between blood Pb levels and IP-
10, as well as the relationship between urinary SOHFlu levels and IP-10. Our results indicate that children
with elevated exposure levels of Pb and PAHs have exacerbated vascular endothelial inflammation,
which may indicate future CVD risk in e-waste recycling areas.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Lead (Pb) and polycyclic aromatic hydrocarbons (PAHs) are the
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ntal Medicine and Develop-
ge, 22 Xinling Rd., Shantou,
major industrial and environmental contaminants, and have high
toxicity (Alabi et al., 2012; Garcia-Leston et al., 2012; Guo et al.,
2012; Xu et al., 2015; Zeng et al., 2016a). Pb exposure is thought
to be an important factor contributing to the development of car-
diovascular disease (CVD), including hypertension, arteriosclerosis
and coronary heart disease (Ding et al., 2016; Navas-Acien et al.,
2007; Prokopowicz et al., 2017; Vaziri, 2008). In addition, an
increasing number of studies show that PAH exposure is positively
associated with CVD, such as peripheral arterial disease, fatal
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ischemic heart disease and arteriosclerosis (Burstyn et al., 2005; Hu
et al., 2018; Xu et al., 2013a). However, the underlying mechanism
of the positive association of Pb or PAH exposure and CVD remain
unclear.

Several pieces of evidence have indicated that Pb can stimulate
mouse macrophages, human endothelial cells and peripheral blood
mononuclear cells to enhance the release of various pro-
inflammatory cytokines (Cheng et al., 2006; Guo et al., 1996;
Villanueva et al., 2000; Zeller et al., 2010). Possible underlying
mechanisms involving Pb include excessive Pb-induced reactive
oxygen species (ROS), which can activate numerous intracellular
signaling pathways, such as mitogen-activated protein kinases and
protein kinase C pathways, converging on nuclear factor-kB (NF-kB)
and inducing transcriptional events (Cheng et al., 2006; Liu et al.,
2012). Concomitantly, PAHs can bind to the aryl hydrocarbon re-
ceptor (AhR), a transcription factor involved in mediating the
toxicity of environmental toxins (Schmidt and Bradfield, 1996;
Veldhoen et al., 2008). Previous studies reported PAHs differentially
regulate cytokine production by activated leukocytes along the
inflammatory process involving both AhR-dependent and inde-
pendent pathways (Goulaouic et al., 2008; Ple et al., 2015).

Inflammatory cytokines play a role in inflammatory cell and
inflammatory biomarker accumulation (Moser and Willimann,
2004; Nicaise et al., 2017; Taub et al., 1993), which may aggravate
endothelial inflammation and damage in CVD (Peng et al., 2013).
Gamma interferon-inducible protein 10 (IP-10), an important in-
flammatory chemokine of the CXC chemokine family, is secreted by
immune cells (e.g. neutrophils, eosinophils, monocytes) and
nonimmune cells (e.g. endothelial, epithelial, and fibroblasts) in
response to such inflammatory stimuli as interferon-g (IFN-g),
interleukin (IL)-1, and tumor necrosis factor (TNF)-a (Lee et al.,
2009; Liu et al., 2011). IP-10 has been found to be the main che-
moattractant for T lymphocytes and monocytes as well as poten-
tiates T cell adhesion to endothelium (Taub et al., 1993, 1996). The
S100A8/A9 heterodimer (also called calprotectin), is a vascular-
specific inflammatory biomarker, is secreted from myeloid cells
stimulated by inflammatory cytokines, and can be released during
the interaction of activated phagocytes with activated endothelium
(Eue et al., 2000; Frosch et al., 2000; Pruenster et al., 2015; Rammes
et al., 1997; Suryono et al., 2003; Tardif et al., 2015). S100A8/A9 can
be a useful biomarker of cardiovascular endothelial inflammation,
and has been implicated in endothelial cell apoptosis (Viemann
et al., 2007), endothelial dysfunction (Bhattacharjee et al., 2012;
Viemann et al., 2005; Wang et al., 2014), leukocyte recruitment and
adhesion (Croce et al., 2009; Ehlermann et al., 2006; Eue et al.,
2000; Ryckman et al., 2003; Viemann et al., 2005), and intimal
hyperplasia (Croce et al., 2009; Hokamura et al., 2010; Inaba et al.,
2009), which is among the early steps leading to atherosclerosis.
Taken collectively, current evidence shows possible potential
mechanism of Pb- and PAH-induced CVD may be caused by the
damage to the endothelium through modulation of inflammatory
processes.

Guiyu is one of the largest electronic waste (e-waste) destina-
tions and recycling areas in the world (Wu et al., 2010). Informal e-
waste dismantling and recycling result in release of Pb and PAHs
into the air, sediment and soil (Deng et al., 2006; Wong et al., 2007;
Zheng et al., 2016). Our previous studies found elevated Pb levels in
umbilical cord blood, placenta and child blood (Huo et al., 2014; Lu
et al., 2018; Xu et al., 2016), as well as high PAH concentrations in
umbilical cord blood and child venous blood (Xu et al., 2013b,
2015). Moreover, our recent research has shown that environ-
mental PM10, PM2.5, NO2, SO2, and CO are significantly higher in
Guiyu, and air pollution has a clear adverse effect on heart rate and
plasma norepinephrine in children (Cong et al., 2018). At the same
time, another recent study by our laboratory has shown increased
child blood Pb levels are positively associated with elevated serum
TNF-a, IL-6, IL-8, and plasma lipoprotein-associated phospholipase
A2 concentrations, aberrant blood pressure and disordered lipid
parameters in Guiyu children (Lu et al., 2018). However, co-
exposure of Pb and PAHs on cardiovascular endothelial inflamma-
tion in e-waste-exposed populations has yet to be demonstrated.
We predict that the vascular endothelial function in children living
in e-waste recycling areas may be affected as a result of elevated Pb
and PAH co-exposure by modulation of endothelial inflammatory
processes. Therefore, the goal of the present study is to provide
evidence for a relationship between Pb and PAH co-exposure and
cardiovascular endothelial inflammation in e-waste exposed pop-
ulations, which may be a potential mechanism for CVD that have
been linked to environmental exposure.
2. Methods

2.1. Study area and participants

We recruited 203 preschool children 3e7 of age from Guiyu
(n¼ 105), an e-waste recycling town (Li et al., 2018; Wu et al.,
2012), and Haojiang (n¼ 98) from November to December 2016.
Haojiang was chosen as a reference area because it lies approxi-
mately 31.6 km to the east of Guiyu and has no record of e-waste
recycling, but is similar to Guiyu in terms of cultural background,
lifestyle, socioeconomic status and population (Liu et al., 2018;
Zeng et al., 2016b; Zhang et al., 2018). Guardians or parents of all
children administered a detailed questionnaire regarding infor-
mation on potential routes of exposure to e-waste, Pb and PAH, as
well as general demographic information. The questionnaire
covered child demographic (e.g. age, gender, family member daily
smoking), parental socioeconomic (e.g. education, and monthly
household income), child dietary habits (e.g. eating daily products,
and canned food), child behavior habits (e.g. biting pencils or
erasers, washing hands before eating and contact with e-waste),
family dwelling environment (e.g. distance from home to a road,
and home close to e-waste within 50m) and family medical and
health histories. The subjects included in this study met the
following criteria: 1) residence in the local areas for more than 1
year, 2) no absentee record for infectious diseases, any immune
related diseases, and CVDwithin 1 month before sample collection,
and 3) no consumption of drugs or antibiotics within 1 month
before sample collection. This study procedure was approved by
the Human Ethics Committee of Shantou University Medical Col-
lege (SUMC-2015-19) and informed consent was obtained from
guardians or parents of the participants of all studies.
2.2. Sample collection

A 2.5mL sample of peripheral venous blood was drawn from
each child into a Pb-free tube that contained EDTA as an antico-
agulant and was utilized for routine blood testing by an automated
Sysmex XT-1800i hematology analyzer (Sysmex Corporation, Kobe,
Japan) and blood Pb testing by graphite furnace atomic absorption
spectrometry (GFAAS, Jena Zeenit 650, Germany). Another 2.5mL
blood was collected, in a separate Vacutainer tube (Chengdu Rich
Science Industry Co, China), for clotting and separation of serum.
The 1.5mL of blood was collected in a Vacutainer tube containing
EDTA for flow cytometry analysis. Serumwas stored at �70 �C until
assay for cytokines, chemokines and S100A8/A9. Urine samples
(the first urine after getting up in the morning) measuring 15mL
were collected into a polypropylene conical centrifuge tube (BD,
New Jersey, USA) and stored at �20 �C until analysis for PAH
metabolites.
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2.3. Measurement of blood Pb concentrations

Blood Pb levels were determined by graphite furnace atomic
absorption spectrometry (Jena Zenit 650, Germany). Details for
detection methods were described according to our previous
publications (Yang et al., 2013; Zhang et al., 2017). The limit of
detection (LOD) of this methodwas 0.051 mg/dL. The accuracy of the
method was verified by recoveries between 95% and 107% from the
spiked blood samples.

2.4. Measurement of PAH metabolites in urine

For details of chemicals and standard, sample preparation, see
Supplementary Methods. Urinary PAH metabolites [1-
hydroxynaphthalene (1-OHNap), 2-hydroxynaphthalene (2-
OHNap), 9-hydroxyfluorene (9-OHFlu), 2-hydroxyfluorene (2-
OHFlu), 4-hydroxyphenanthrene (4-OHPhe), 9-
hydroxyphenanthrene (9-OHPhe), 2-hydroxyphenanthrene (2-
OHPhe) and 1-hydroxypyrene (1-OHPyr)] were determined by a
gas chromatography/mass spectrometry GC/MS (7890A-5975C
Agilent Technologies), with electron ionization used in selected ion
monitoring mode. Methods for QA/QC were based on our previ-
ously published methods with minor modifications (Guo et al.,
2012; Xu et al., 2015). In Table S1, recoveries of the spiking blanks
for individual PAHs varied from 84.56% to 117.38%. Relative stan-
dard deviation (RSD) insured the reproducibility of recovery results
and ranged (%) from 0.71% to 4.74%. Nine-concentration (0.25, 0.5,1,
2, 4, 8, 16, 32 and 64 mg/L) calibration curves showed excellent
linearity (r2> 0.995).

2.5. Blood cell examination and flow cytometry analysis

Blood cell counts were immediately determined by an auto-
mated Sysmex XT-1800i hematology analyzer (Sysmex Corpora-
tion, Kobe, Japan). The percentage of CD3þ (T cells),
CD3þCD4þCD8� (CD4þ T cells) and CD3þCD8þCD4� (CD8þ T cells)
was determined using monoclonal antibodies: CD3-APC-CY7, CD4-
PE-CF594, CD8-BV510 (BD Bioscience, USA), as detailed in previous
studies by our laboratory (Cao et al., 2018; Zhang et al., 2016). Cells
were analyzed by flow cytometry (FACS Navio FC, Beckman Coulter,
Fullerton, CA, USA), and data were analyzed using Kaluza 3.0
analysis software (Beckman Coulter) (Fig. S1).

2.6. Cytokine, chemokine and S100A8/A9 assays

Multiple cytokine/chemokine concentrations in serum were
determined by a ProcartaPlex Human Cytokine & Chemokine Panel
1A (eBioscience, USA). All analytical processes were performed
according to instructions of the manufacturer. Data were collected
with a Luminex 200 device (Luminex, USA). The sensitivity of IL-6,
IL-12p70 and IP-10 was 0.4, 0.04, and 0.3 pg/mL, respectively.
Serum S100A8/A9 levels were measured using a Human S100A8/
S100A9 Heterodimer Quantikine ELISA kit (R&D Systems Inc., USA)
according the manufacturer's protocol. The minimum detectable
dose (MDD) of human S100A8/S100A9 ranged from 0.005 to
0.215 ng/mL. The mean MDD was 0.086 ng/mL. The accuracy of the
results was validated by determination of S100A8/A9 in the certi-
fied reference standard (Human S100A8/S100A9 Heterodimer
Controls, R&D Systems, Catalog # QC223).

2.7. Statistical analysis

All statistical analyses were conducted with the Statistical
Package for the Social Sciences (SPSS), version 19.0 statistical
software (IBM Corporation, NJ, USA), PROCESS (Hayes) and
GraphPad Prism 5.0 software (GraphPad, San Diego, CA). The
independent-sample t-test, Mann-Whitney U test, and chi-square
test were used to compare two groups. Median and interquartile
range (IQR) were used to describe blood Pb levels, urinary PAH
metabolite concentrations, serum levels of S100A8/A9, inflamma-
tory cell (neutrophil, monocyte, and leukocyte) counts and cyto-
kine/chemokine concentrations. Mean and standard deviation (SD)
were used to depict the percentage of CD4þ T cells and CD8þ T cells.
The relationship between two sets of data (e.g. blood Pb levels,
urinary PAH metabolite concentrations, S100A8/A9 levels, inflam-
matory cells, and cytokines/chemokines) was analyzed by the
Spearman's correlation test. In addition, Spearman rank correlation
analyses were used to evaluate the relationship between blood Pb
and urinary PAH metabolite concentrations, and the potential risk
factors in the questionnaire. Multiple linear regression analyses for
the contributions of Pb, PAH, and mixed Pb and PAHs to inflam-
matory biomarkers in children have been performed. To examine
the effects of mediators on the associations between blood Pb
levels/urinary PAH metabolites and inflammatory biomarkers,
multiple mediator analyses were carried out as previously
described (Hayes et al., 2011; Preacher and Hayes, 2008). A P< 0.05
was considered statistically significant.

3. Results

3.1. General characteristics of the study population

Tables 1 and S2 summarize the demographic characteristics of
the children in this study. Weight, height and body mass index
(BMI) of the children in the exposed groupwere lower than those in
the reference group (16.68 ± 2.48 kg vs. 18.81± 3.78 kg,
104.70± 7.08 cm vs. 108.71± 6.97 cm, 15.17± 1.18 kg/m2 vs.
15.80± 2.03 kg/m2, respectively, all P< 0.01). Family income,
smoking by a family member, child contact with e-waste, father or
mother's work related to e-waste, and e-waste contamination
occur within 50m around the living house were statistically
different between the two groups (P< 0.05). However, no signifi-
cant difference in the mean age and gender distribution of the
children was observed in the two groups (P> 0.05).

3.2. Blood Pb levels and urinary PAH metabolites and related factors

The median blood Pb level was significantly higher in children
from the exposed group than that from the reference group
(7.232 mg/dL vs. 3.912 mg/dL) (P< 0.01, Table 1). The median blood
Pb level in e-waste-exposed children (7.232 mg/dL) exceeded the
5.0 mg/dL threshold limit determined by the U.S. Center for Disease
Control and Prevention (CDC) (Betts, 2012). Furthermore, we found
blood Pb levels exceeded 5 mg/dL in 86.5% (90/104) of the children
from the exposed group but only in 20.8% (20/96) of the children
from the reference group. Spearman correlation analysis was used
to evaluate correlations between blood Pb levels and the investi-
gated factors (Table S3). The child being born in the local area and
child contact with e-waste had the highest correlation with child
blood Pb levels (rs¼ 0.358, and rs¼ 0.308, both P< 0.01).

PAHmetabolite concentrations in urine of children from the two
groups are presented in Tables 1 and S4. Children from the exposed
group had significantly higher concentrations of 2-OHNap, 9-
OHFlu, 2-OHFlu, total hydroxylated PAHs (SOHPAHs), total
hydroxynaphthalene (SOHNap) and total hydroxyfluorene
(SOHFlu) in urine compared with the reference group (all P< 0.01).
However, the concentration of 9-OHPhe in the urine of exposed
childrenwas lower. Child contact with e-waste and use of the house
as a family workshop had the highest correlationwith child urinary
PAH metabolite concentrations (Table S3).



Table 1
General characteristics of the study population in the exposed and reference groups.

Characteristics N Reference group N Exposed group P-value

Age (years, Mean± SD) 98 4.78± 0.90 105 4.64± 0.87 0.248a

Gender [n (%)] 98 105 0.607b

Male 53 (54.1) 53 (50.5)
Female 45 (45.9) 52 (49.5)

BMI (kg/m2, Mean± SD) 97 15.80± 2.03 105 15.17± 1.18 0.008a

Blood Pb levels (mg/dL) [median (IQR)] 96 3.912 (3.058e4.717) 104 7.232 (5.670e8.885) 0.000c

>5 mg/dL 20 (20.8) 90 (86.5) 0.000b

<5 mg/dL 76 (79.2) 14 (13.5)
SOHNap (mg/L) [median (IQR)] 98 3.040 (2.360e4.725) 103 4.020 (2.820e6.120) 0.004c

SOHFlu (mg/L) [median (IQR)] 98 0.853 (0.703e0.928) 103 1.020 (0.822e1.214) 0.000c

SOHPhe (mg/L) [median (IQR)] 98 0.994 (0.918e1.155) 103 0.980 (0.912e1.072) 0.160c

SOHPAHs (mg/L) [median (IQR)] 98 5.789 (4.675e7.129) 103 6.322 (5.104e9.092) 0.005c

BMI, body mass index; IQR, interquartile range; SOHNap, combined sum of the two examined naphthalene metabolites; SOHFlu, combined sum of the two examined fluorene
metabolites; SOHPhe, combined sum of the three examined phenanthrene metabolites; SOHPAHs, combined sum of the eight examined PAH metabolites.

a Analysis by independent-sample t-test for differences between the exposed and reference groups.
b Analysis by chi-square test for differences between two groups.
c Analysis by the Mann-Whitney U test. P< 0.05 were considered statistically significant.
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In order to gain a better understanding of the correlation be-
tween blood Pb levels and urinary PAH metabolites, the Spearman
correlation coefficient matrix was calculated (Table S5). The con-
centrations of blood Pb levels were positively associated with uri-
nary 2-OHNap, 9-OHFlu, 2-OHFlu, SOHNap and SOHFlu levels
(rs¼ 0.149, rs¼ 0.151, rs¼ 0.289, rs¼ 0.141, rs¼ 0.253, respectively;
all P< 0.05).
3.3. Indices of inflammatory biomarkers in peripheral blood

Monocytes, neutrophils, leukocytes, and T cell subsets were
estimated and are expressed in Fig. 1. Higher median absolute
values were observed for neutrophils, monocytes, and leukocytes of
children in the exposed group compared with the reference group
(3.95� 109/L vs. 3.37� 109/L, 0.50� 109/L vs. 0.43� 109/L,
8.65� 109/L vs. 7.42� 109/L, all P< 0.01). There were higher CD4þ T
cell percentages of children in the exposed group (mean 56.52%)
than those in the reference group (mean 52.53%) (P< 0.01).

Serum IL-6, IL-12p70 and IP-10 levels were determined (Fig. 2A).
We found that serum IL-6, IL-12p70 and IP-10 concentrations of
children were significantly higher in the exposed group compared
to the reference group (10.00 pg/mL vs. 1.61 pg/mL, 0.35 pg/mL vs.
0.09 pg/mL, 51.52 pg/mL vs. 36.50 pg/mL, all P< 0.01). As shown in
Fig. 2B, the serum S100A8/A9 level was significantly higher in
exposed children than in reference children (1067.51 ng/mL vs.
843.86 ng/mL) (P< 0.05).
Fig. 1. Immune cell counts and percentages in child peripheral blood between the two
groups. A, show the percentage of CD4þ and CD8þ T cells; B, represent innate immune
cell counts. A: exposed group, n¼ 65; reference group, n¼ 67; B: exposed group,
n¼ 105; reference group, n¼ 97. A: results are presented as mean ± SD; analysis by
independent-sample t-test; B: results are presented as median; analysis by the Mann-
Whitney U test. Values of **P< 0.01 were considered statistically significant.
3.4. Association between Pb, PAH exposure and inflammatory
biomarkers

Inflammatory cells (neutrophils and monocytes) and inflam-
matory cytokines/chemokines (IL-6, IL-12p70, and IP-10) were
correlated with blood Pb levels and urinary PAH metabolite con-
centrations (Fig. 3). Blood Pb levels were positively related to serum
IL-6, IL-12p70, IP-10 concentrations, and neutrophil and monocyte
counts (rs¼ 0.600, rs¼ 0.616, rs¼ 0.470, rs¼ 0.148 and rs¼ 0.195,
respectively; all P< 0.05). Urinary SOHFlu levels were positively
associated with serum IL-6, IL-12p70 and IP-10 concentrations
(rs¼ 0.289, rs¼ 0.297, rs¼ 0.219, respectively; all P < 0.01). Urinary
2-OHNap levels were positively correlated with CD4þT cell per-
centages (rs¼ 0.188, P< 0.05, data not shown).



Fig. 2. Levels of pro-inflammatory cytokines and S100A8/A9 in child peripheral blood
from e-waste-exposed and reference groups. A: exposed group, n¼ 80; reference
group, n¼ 76; Data are presented by medians. B: exposed group, n¼ 105; reference
group, n¼ 98. Results are presented as medians (minimum, maximum). A and B: P-
values are the result of a Mann-Whitney U test. Values of *P < 0.05 and **P< 0.01 were
considered statistically significant. IL, interleukin; IP-10, gamma interferon-inducible
protein 10.
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3.5. Correlations between inflammatory cells/cytokines and
endothelial inflammatory biomarkers

The inflammatory cells (neutrophils, monocytes and CD4þ T
cells) and inflammatory cytokines (IL-6, IL-12p70) were further
assessed to link with chemokine IP-10 and endothelial inflamma-
tory biomarker S100A8/A9 (Fig. 3). IP-10 was positively associated
with levels of IL-6, IL-12p70, monocyte counts and CD4þT cell
percentages (rs¼ 0.673, rs¼ 0.634, rs¼ 0.276, and rs¼ 0.249,
respectively; all P< 0.01). S100A8/A9 was positively associated
with levels of IL-6, IL-12p70, monocyte and neutrophil counts
(rs¼ 0.176, rs¼ 0.162, rs¼ 0.449 and rs¼ 0.549, respectively; all
P< 0.05).
3.6. Multiple mediator model

To examine the effects of mediators, multiple mediator models
were examined, as shown in Table 2. The direct effect and indirect
relationships of blood Pb levels with S100A8/A9, blood Pb levels
with IP-10, as well as urinary SOHFlu levels with IP-10, were
employed. In the model of the relationship of blood Pb levels with
S100A8/A9, bias corrected 95% CIs indicate a significant total indi-
rect effect [B (95% CI)¼ 0.1388 (0.0065, 0.2865)], and an indirect
effect through neutrophils was significant [0.0831 (0.0089,
0.1897)]. However, other parameters of the mediators (IL-6, IL-
12p70 and monocytes), direct effect or contrasts were insignifi-
cant (all CIs crossed zero). These results indicate neutrophils are the
exclusive mediator of the association between blood Pb levels and
S100A8/A9. In the model of the relationship of blood Pb levels with
IP-10, bias corrected 95% CIs indicate a significant total indirect
effect [0.1227 (0.0800, 0.1751)] and an indirect effect through IL-6
was significant [0.0982 (0.0519, 0.1696)], indicating that IL-6 is
the exclusive mediator of the association between blood Pb levels
and IP-10. In the model of the relationship of urinary SOHFlu levels
with IP-10, bias corrected 95% CIs indicate a significant total indi-
rect effect [0.1291 (0.0438, 0.2069)] and indirect effect through IL-6
was significant [0.1077 (0.0474, 0.1922)], indicating that IL-6 is the
exclusive mediator of the association between urinary SOHFlu
levels and IP-10.

4. Discussion

In this study, our results demonstrate that higher levels of in-
flammatory cells, cytokines/chemokines and S100A8/A9 may be
linked to elevated blood Pb levels and urinary PAH metabolite
concentrations. Our study had noteworthy advantages and short-
comings. A considerable amount of other pollutants, such as
organic pollutants and other heavymetals, also exist in this e-waste
environment. Nevertheless, due to insufficient blood quantities, we
only investigate the effect of blood Pb levels and urinary PAH
metabolite concentrations on biomarkers of inflammatory pro-
cesses and potential CVD risk. However, to our knowledge, this is
the first study to provide evidence for a relationship between Pb
and PAH co-exposure and cardiovascular endothelial inflammation
in e-waste exposed populations, which may be a potential mech-
anism for CVD linked to environmental exposure.

4.1. Pb and PAH exposure and related factors

Our results show that children from an e-waste recycling area
have elevated blood Pb levels compared with those from the
reference area, which is consistent with that found by our previous
studies in Guiyu (Zeng et al., 2017; Zhang et al., 2016, 2017). Urinary
PAH metabolite concentrations in children are higher in the
exposed group, which is similar to the findings of the previous
study, in another e-waste area, showing elevated urinary

P
OH-

PAH levels in participants from the e-waste recycling areas
compared to both rural and urban reference areas (Lu et al., 2016).
We evaluate the correlations between blood Pb levels and the
investigated factors, and show that the child being born in the local
area and child contact with e-waste have the highest correlation
with child blood Pb levels. In addition, child contact with e-waste
and use of the house as a familyworkshopmay largely contribute to
elevating the PAH concentrations in urine. We also analyzed the
correlation between blood Pb levels and urinary PAH metabolites,
and showed that the concentrations of blood Pb levels are posi-
tively associated with urinary 2-OHNap, 9-OHFlu, 2-OHFlu,
SOHNap and SOHFlu levels. These results suggest that a common
source of Pb in blood and PAH in urine of children may be linked to
the informal e-waste recycling activities.

4.2. Pb exposure and inflammatory biomarkers

Absolute values of neutrophils and monocytes in the peripheral



Table 2
Estimates of the mediating effects.

Modela Product of
coefficients

Bootstrapping Bias-
corrected 95% CI

Product of
coefficients

Bootstrapping Bias-
corrected95% CI

Product of
coefficients

Bootstrapping Bias-
corrected 95% CI

Bb SEb Lowerb Upperb Bc SEc Lowerc Upperc Bd SEd Lowerd Upperd

Direct effect 0.0616 0.0973 �0.1306 0.2539 0.0613 0.0392 �0.0162 0.1388 0.0310 0.0620 �0.0916 0.1536
Indirect effects
Total 0.1388* 0.0707 0.0065 0.2865 0.1227* 0.0242 0.0800 0.1751 0.1291* 0.0419 0.0438 0.2069
IL-6 0.0111 0.0569 �0.1165 0.1114 0.0982* 0.0300 0.0519 0.1696 0.1077* 0.0360 0.0474 0.1922
IL-12 0.0099 0.0525 �0.0989 0.1132 0.0204 0.0260 �0.0414 0.0645 0.0221 0.0289 �0.0399 0.0795
Monocytes 0.0347 0.0267 �0.0035 0.1025 0.0051 0.0178 �0.0263 0.0467 �0.0009 0.0135 �0.0513 0.0132
Neutrophils 0.0831* 0.0457 0.0089 0.1897 �0.0009 0.0103 �0.0239 0.0178 0.0003 0.0119 �0.0214 0.0288
Contrasts
Il-6 vs. IL-12p70 0.0012 0.0984 �0.1988 0.1890 0.0778 0.0512 �0.0044 0.2019 0.0856* 0.0541 0.0022 0.2261
IL-6 vs. monocytes �0.0235 0.0651 �0.1658 0.0913 0.0931* 0.0361 0.0320 0.1734 0.1086* 0.0387 0.0446 0.2012
IL-6 vs. neutrophils �0.0720 0.0745 �0.2324 0.0573 0.0991* 0.0315 0.0504 0.1711 0.1074* 0.0366 0.0447 0.1923
IL-12p70 vs. monocytes �0.0248 0.0603 �0.1497 0.0888 0.0153 0.0322 �0.0521 0.0762 0.0230 0.0297 �0.0318 0.0880
IL-12p70 vs. neutrophils �0.0732 0.0705 �0.2285 0.0547 0.0213 0.0271 �0.0442 0.0672 0.0218 0.0312 �0.0421 0.0836
Monocytes vs. neutrophils �0.0484 0.0460 �0.1646 0.0213 0.0060 0.0266 �0.0407 0.0653 �0.0012 0.0205 �0.0722 0.0266

B, unstandardized coefficients; SE, standard error; CI, confidence interval; SOHFlu, Combined sum of the two examined fluorene metabolites; IL, interleukin; IP-10, gamma
interferon-inducible protein 10. *P < 0.05.

a All regression analyses are 5000 bootstrap samples.
b Model 1 (n¼ 152): mediating effect of inflammatory biomarkers on the relationship between blood Pb levels (LnBPb, ln-transformed blood Pb level) and serum S100A8/A9

level (LnS100A8/A9, ln-transformed S100A8/A9 level).
c Model 2 (n¼ 152): mediating effect of inflammatory biomarkers on the relationship between blood Pb levels (LnBPb, ln-transformed blood Pb level) and serum IP-10 level

(LnIP-10, ln-transformed IP-10 level).
d Model 3 (n¼ 153): mediating effect of inflammatory biomarkers on the relationship between urinary SOHFlu levels (LnSOHFlu, ln-transformed SOHFlu level) and serum

IP-10 level (LnIP-10, ln-transformed IP-10 level).

Fig. 3. Spearman correlation coefficients for blood Pb levels, urinary metabolites of PAHs, inflammatory cells and inflammatory biomarkers in children. BPb, blood Pb level;
SOHNap, combined sum of the two examined naphthalene metabolites; SOHFlu, combined sum of the two examined fluorene metabolites; SOHPhe, combined sum of the three
examined phenanthrene metabolites; SOHPAHs, combined sum of the eight examined PAH metabolites; IL, interleukin; IP-10, gamma interferon-inducible protein 10. *P < 0.05;
**P< 0.01.
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blood of children from the e-waste-exposed group are increased
compared with the reference area. Neutrophils and monocytes
both exhibit a positive association with blood Pb levels (Fig. 3).
These observations are consistent with our previous findings
(Zhang et al., 2016, 2017). Inflammation is promoted by Pb as a
result of ROS production, causing rises in endogenous waste
demanding elimination by neutrophils and monocytes (Li et al.,
2017; Zhang et al., 2017). Therefore, elevated exposure levels of
Pb may increase levels of monocytes and neutrophils in peripheral
blood.

Our data show that serum IL-6 and IL-12p70 concentrations are
higher in e-waste-exposed children, and exhibit a positive corre-
lationwith blood Pb levels, which is similar to epidemiological data
on Pb-exposed workers (Di Lorenzo et al., 2007). These observa-
tions indicate that higher serum levels of IL-6 and IL-12p70 may be
linked to elevated blood Pb levels in e-waste-exposed children. In
animals, Pb-pretreated mouse macrophages show enhanced pro-
duction of proinflammatory cytokines in response to LPS (e.g. TNF-
a, IL-6 and IL-12p70), likely by activation of protein kinase C (Flohe
et al., 2002). In humans, Villanueva et al. exposed humanperipheral
blood mononuclear cells to Pb at 10, 50, and 100 mM for 3 d, and
showed that production of TNF-a and IL-6 is enhanced by inorganic
Pb exposure at concentrations greater than 10 mM (Villanueva et al.,
2000). Therefore, these results suggest that elevated exposure
levels of Pb exposure may increase levels of IL-6 and IL-12p70
secretion from peripheral blood cells.

Linear regression analysis between blood Pb and IP-10 levels
showed that serum IP-10 concentrations are positively associated
with blood Pb levels (Table S6), which suggests Pb may increase
levels of IP-10. Serum levels of IP-10 are higher in e-waste-exposed
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children and are positively correlated with IL-6 and IL-12p70 levels.
These observations suggest that the increase in IP-10 level may be
related to the increase in IL-6 and IL-12p70 level. Previous studies
reported that macrophages/peripheral blood mononuclear cells,
exposed to IL-6 and IL-12, secrete increased levels of IP-10 (Lee
et al., 2000; Xu et al., 2012). Furthermore, IL-12 can induce T and
NK cells to further secrete IFN-g (Chan et al., 1992; Gately et al.,
1994), which plays an important role in IP-10 expression
(Cassatella et al., 1997; Torvinen et al., 2007). Moreover, our study
found elevated blood Pb levels may increase levels of IL-6 and IL-
12p70 secretion from peripheral blood cells, and IL-6 exerts a sig-
nificant mediation effect on the relationship between blood Pb
levels and IP-10. In all, our results can be explained by higher levels
of IP-10 being related to elevated exposure levels of Pb.

Our data show serum S100A8/A9 levels, and median absolute
values of neutrophils and monocytes are higher in exposed chil-
dren. Serum S100A8/A9 levels exhibit a positive correlation with
absolute values of neutrophils and monocytes. These observations
indicate that the increase in S100A8/A9 levels is related to the in-
crease in absolute values of neutrophils and monocytes, which is
similar to the findings of a previous epidemiological study, on
middle-aged healthy individuals, that showed neutrophils are the
only cell population that strongly and independently correlate with
plasma S100A8/A9 levels (Cotoi et al., 2014). Extracellular S100A8/
A9 is primarily released from activated or necrotic neutrophils and
monocytes/macrophages, and the protein can be also released
during the interaction of activated phagocytes with activated
endothelium (Ehrchen et al., 2009; Frosch et al., 2000; Nacken et al.,
2003; Pruenster et al., 2015). Moreover, we found elevated expo-
sure levels of Pb may increase levels of monocytes and neutrophils,
and neutrophils exert the significant mediation effect on the rela-
tionship between blood Pb levels and S100A8/A9. Taken collec-
tively, this suggests that elevated exposure levels of Pb may
enhance S100A8/A9 release from peripheral blood cells.

4.3. PAH exposure and inflammatory biomarkers

Urinary 2-OHNap levels and CD4þ T cell percentages of children
are higher in the exposed group, and urinary 2-OHNap levels show
a positive correlation with CD4þT cell percentages (data not
shown), which is similar to the findings of a previous epidemio-
logical study on asphalt workers showing the percentage of CD4þ

cells and the CD4þ/CD8þ ratio are higher in PAH-exposed workers
(Karakaya et al., 1999). A previous finding found significant asso-
ciations between PAHs in ambient air during early gestation and
increases in CD3þ and CD4þ lymphocyte percentages in cord blood
(Herr et al., 2010). In all, elevated exposure levels of PAHs may in-
crease levels of CD4þ T cell percentages.

Our study shows that higher serum IL-6 and IL-12p70 concen-
trations exhibit a positive correlationwith elevated urinary SOHFlu
levels. In vitro PAH-pretreated human macrophages show
enhanced production of proinflammatory cytokines (e.g. IL-6, IL-
12) (Goulaouic et al., 2008; Wang et al., 2017). DiNatale et al.
showed PAH can bind to the AhR, and activated AhR is involved in
priming the IL-6 promoter through binding to dioxin response el-
ements located upstream of the IL-6 start site, promoting IL-1b-
induced binding of NF-kB components and synergistically leading
to IL-6 expression (DiNatale et al., 2010). Therefore, these results
suggest that elevated exposure levels of PAHsmay increase levels of
IL-6 and IL-12p70 secretion from peripheral blood cells.

Linear regression analysis between urinary SOHFlu and IP-10
levels showed that serum IP-10 concentration is positively associ-
ated with urinary SOHFlu levels (Table S6), which suggests PAHs
may increase levels of IP-10. In this study, elevated exposure levels
of PAHs may increase levels of IL-6 and IL-12p70 secretion from
peripheral blood cells. Moreover, we found the increase in IP-10
level is related to the increase in IL-6 and IL-12p70 levels, and IL-
6 exerts a significant mediation effect on the relationship be-
tween urinary SOHFlu levels and IP-10. In all, our results suggest
that higher levels of IP-10 are related to the increase in urinary
SOHFlu levels.

4.4. Pb and PAH coexposure and inflammatory biomarkers

In the current study, multiple linear regression analyses were
performed to identify the contributions of Pb, PAHs, and the
mixture of Pb and PAHs to inflammatory biomarkers in children
(Table S6). The joint effects of blood Pb and urinary SOHFlu have a
weaker correlation with serum IL-6, IL-12p70 and IP-10 concen-
trations compared to individual effects of either blood Pb or urinary
SOHFlu levels. PAHs can bind to the AhR, which interacts with the
xenobiotic response element (XRE) regions located at the two sides
of NF-kB binding sites in the NLRP3 promoter, and the association
may attenuate NF-kB transcriptional activity, leading to a decrease
of NLRP3 transcription and subsequent inflammasome activation
(Huai et al., 2014). In contrast, Pb and excessive Pb-induced ROS can
activate numerous intracellular signaling pathways (such as the
mitogen-activated protein kinase, and protein kinase C pathways),
which may converge on NF-kB and ultimately lead to increased
cytokine production (Cheng et al., 2006; Liu et al., 2012; Vaziri,
2008). We speculate the probable interaction effects derived from
Pb and PAHs would have some implications on their resultant
toxicity by competing for NF-kB transcription.

4.5. The role of inflammatory biomarkers in endothelial
inflammation

Leukocytes are recruited to the vascular endothelium by a
combination of chemokines and adhesionmolecules, which is a key
event in the inflammatory response. Extracellular S100A8/A9 is
able to affect different stages of the leukocyte recruitment process
and adhesion by binding to pattern recognition receptors including
the Toll-like receptor-4 (TLR4) and the receptor of advanced gly-
cation endproducts (RAGE) (Croce et al., 2009; Ehlermann et al.,
2006; Pruenster et al., 2016), which is supported by our epidemi-
ological data showing that increased levels of neutrophils and
monocytes correlate with higher levels of serum S100A8/A9.
Pruenster et al. found S100A8/A9 is released by neutrophils inter-
actingwith E-selectin- P-selectin glycoprotein-1 (PSGL1), and binds
to TLR4 to activate the MyD88-induced small GTPase Rap1 and b2
integrin, leading to slow neutrophil rolling and promoting adhesion
of the neutrophils to inflamed endothelium (Pruenster et al., 2015).
Our results suggest that the levels of IP-10 are elevated by Pb and
PAH co-exposure (Table S6), and IP-10 is positively associated with
monocytes and CD4þ T lymphocyte cells. IP-10, an important che-
mokine of the CXC chemokine family, has been found to be the
main chemoattractant for T lymphocytes and monocytes as well as
potentiates T cell adhesion to the endothelium (Taub et al., 1993,
1996). The previous study also showed that IP-10 and S100A8/A9
can induce migration and proliferation of vascular smooth muscle
cells (Croce et al., 2009; Inaba et al., 2009; Wang et al., 1996), which
may play a role in the pathogenesis of arterial intimal thickening.
Therefore, these results suggest increased S100A8/A9 and IP-10
levels accompanied by elevated Pb and PAH co-exposure may
prompt more neutrophil, monocyte and CD4þ T cell chemotaxis to
the endothelium, as well as contribute to the proliferation and
migration of smooth muscle cells from the media to the intima.

Our present and recent research demonstrate the absolute
counts of monocytes, as well as the percentages of CD4þ T cells and
ratios of total cholesterol to HDL (Tc/HDL) and low-density
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lipoprotein to HDL (LDL/HDL), are significantly higher in exposed
children comparedwith those in reference children (Lu et al., 2018).
S100A8/A9 can impair endothelial cell integrity and trigger endo-
thelial cell apoptosis (Viemann et al., 2007). Endothelial injury
causes increased vascular permeability and leukocyte adhesion and
migration to the vessel wall intima, where monocytes transform
into macrophages, followed by accumulation of lipoproteins in the
vessel wall (Khan et al., 2010). This suggests that increased levels of
lipoproteins, monocytes and T cells may enter the vessel wall in-
tima in e-waste-exposed children, which may cause T cell and
macrophage infiltration. The pathological feature of atherosclerosis
is characteristically noted as an initial event of endothelial fibrosis,
which includes macrophage infiltration to the endothelium and the
proliferation and migration of smooth muscle cells from the media
to the intima (Hansson and Hermansson, 2011; Khan et al., 2010;
Lan et al., 2013). Taken collectively, our results support that
elevated Pb and PAH co-exposure damage the endothelium by
modulation of inflammatory processes, indicating future CVD risk.

5. Conclusions

Overall, increased blood Pb levels and urinary PAH metabolite
concentrations are accompanied by elevated absolute counts of
inflammatory cells (monocytes, neutrophils, and CD4þ T cells), and
serum S100A8/A9 endothelial inflammation biomarker, and other
inflammatory biomarkers (IL-6, IL-12p70, IP-10) in e-waste-
exposed children. Available data support the conclusion that chil-
dren with elevated exposure levels of Pb and PAHs exacerbate
vascular endothelial inflammation, which may indicate future CVD
risk in the e-waste recycling area. Our study provides the basis for
further research on the effect of heavy metal and organic pollutant
co-exposure on development of the cardiovascular system in chil-
dren, and indicates that it is necessary to implement suitable
measures to further help reduce sources of heavymetal and organic
pollutant exposure and pay more attention to protect child car-
diovascular health from e-waste contamination.
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