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Background: Environmental exposure to carcinogenic polycyclic aromatic hydrocarbons (PAHs) can disturb the
immune response. However, the eﬀect of PAHs on low-grade inﬂammation related to platelets in humans is
unknown.
Objectives: We investigated the association of PAH exposure with low-grade inﬂammation and platelet parameters in healthy preschoolers.
Methods: The present study recruited 239 participants, aged 2–7 years, from an electronic-waste (e-waste)-exposed (n = 118) and a reference (n = 121) area. We measured ten urinary PAH metabolites, four types of immune cells and cytokines, and seven platelet parameters, and compared their diﬀerences between children from
the two groups. Spearman correlation analysis was performed to explore the potential risk factors for PAH
exposure and the associations between urinary monohydroxylated PAHs (OH-PAHs) and biological parameters.
Associations between urinary PAH metabolites and platelet indices were analyzed using quantile regression
models. Mediation analysis was used to understand the relationship between urinary total hydroxynaphthalene
(ΣOHNa) and interleukin (IL)-1β through seven platelet indices, as mediator variables.
Results: We found higher urinary monohydroxylated PAH (OH-PAH) concentrations, especially 1-hydroxynaphthalene (1-OHNa) and 2-hydroxynaphthalene (2-OHNa), in children from the e-waste-exposed group
than in the reference group. These were closely associated with child personal habits and family environment. A
decreased lymphocyte ratio and increased pro-inﬂammatory cytokines, such as gamma interferon-inducible
protein (IP)-10 and IL-1β, were found in the e-waste-exposed children. After adjustment for confounding factors,
signiﬁcantly negative correlations were found between levels of mean platelet volume (MPV), platelet distribution width (PDW), platelet-large cell ratio (P-LCR) and ratio of mean platelet volume to platelet count
(MPVP) and OH-PAHs. In addition, ΣOHNa was positively associated with IL-1β mediated through MPV, PDW,
P-LCR, and ratio of platelet count to lymphocyte count (PLR).
Conclusions: Platelet indices were signiﬁcantly associated with the changes in urinary OH-PAH levels, which
may can be regarded as eﬀective biomarkers of low-grade inﬂammation resulting from low PAH exposure in
healthy children.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic
pollutants consisting of two or more fused aromatic rings with diﬀerent
structural arrangements. PAHs possess mutagenic and carcinogenic
properties that have potential developmental and reproductive toxicity,

and neurotoxic, immunotoxic, and cytotoxic eﬀects (Huo et al., 2019b;
Luderer et al., 2017; Oliveira et al., 2019; Perera et al., 2018; Yao et al.,
2019). Because of their volatility, PAHs can be diﬀused far from their
original source and accumulate in a variety of environmental matrices,
such as air, water, soil, dust, sediment and food (Gao et al., 2018).
Human exposure to PAHs occurs through three key absorption
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health history, and dwelling environment. Written informed consent
was obtained from the parents or guardians of each child before participation in the study. The study was approved by the Human Ethics
Committee of Shantou University Medical College (SUMC2013XM0076).

pathways, namely ingestion, inhalation, and dermal contact (Ma and
Harrad, 2015; Ruby et al., 2016). It is related to various adverse health
eﬀects, including poor fetal development (Huo et al., 2019b), oxidative
stress (Lu et al., 2016), cardiovascular disease (Alshaarawy et al.,
2016), inﬂammation (Ferguson et al., 2017), obesity (Poursafa et al.,
2018) and diabetes (Yang et al., 2017). During early childhood, children experience very rapid growth and development in which complex
processes, including the immature immune system, are speciﬁcally
sensitive to environmental chemicals and easily disrupted by potential
toxic exposure (Perlroth and Castelo Branco, 2017).
Human anucleate discoid platelets average 0.5 μm in thickness and
1.5 to 3.0 μm in diameter. They normally circulate in peripheral blood
at a concentration of 150–400 × 109 platelets/L with a cycle time of 7
to 10 days, after which they are either used up in hemostasis or undergo
programmed cell death (Mason et al., 2007; Vélez and García, 2015).
Platelets play a dominant role in the regulation of thrombosis and hemostasis. There is also emerging evidence indicating that platelets intervene in tissue regeneration and angiogenesis, atherosclerosis, tumor
metastasis, growth, and inﬂammation, and participate in innate and
adaptive immune responses, as well as controlling lymphatic vessel
development (Engelmann and Massberg, 2013; Franco et al., 2015;
Gimbrone Jr. et al., 1969; Ho-Tin-Noe et al., 2011; Nurden, 2018;
Rondina et al., 2013; Welsh et al., 2016; Xu et al., 2016). Platelets can
express or release a range of immunomodulatory molecules (CD40L,
TLRs, and P-selectin) and cytokines [interleukin (IL)-1β and transforming growth factor (TGF)-β], which can serve as immune eﬀectors
during the immune response (Herter et al., 2014; Xu et al., 2016). Also,
it has been clinically observed that platelets play a regulative role in the
acute inﬂammatory phase (Gawaz et al., 1995), and they have been
recognized as crucial mediators of inﬂammation in various diseases,
including myocardial infarction (Xu et al., 2006), vascular injury (Wang
et al., 2005), dermal inﬂammation (Katoh, 2009) and acute kidney
injury (Singbartl et al., 2001).
Two epidemiology studies reveal that there exists a dose-response
association between PAH exposure and platelet indices, of which mean
platelet volume (MPV) partially mediates the increased risk of atherosclerosis due to PAH exposure in adults (Hu et al., 2018; Yuan et al.,
2019). In our previous studies, we noticed that electronic-waste (ewaste)-exposed children displayed altered innate and adaptive immune
responses, including decreased natural killer (NK) cells, and increased
erythrocyte adherence molecules and T cells (Dai et al., 2017; Huo
et al., 2019a; Zhang et al., 2016; Zhang et al. 2017; Zheng et al., 2019).
However, to our current knowledge, no human study has investigated
the adverse eﬀects of PAHs on platelets and low-grade inﬂammation in
preschoolers, especially those from e-waste recycling area. Against this
background, the current study aims to examine possible associations
between urinary PAH metabolites, low-grade inﬂammation and alterations of platelet indices in preschoolers.

2.2. Sample collection
All participants took part in a basic physical examination, and their
biological samples were collected on the same day. A 15 mL urine were
collected into a polypropylene conical centrifuge tube from children
after getting up in the morning. At an early fasting state between
8:00–9:00 am, a 4 mL venous blood of each child was drawn by professional nurse and collected into two vacuum blood tube either containing EDTA-K2 as an anticoagulant or without anticoagulant. All
blood and urine samples were placed on ice and transported to the
laboratory. The blood samples in the EDTA-K2 tube were used for
routine blood examination. The blood sample without anticoagulant
was centrifuged at 855g for 15 min to separate the serum, then stored at
−80 °C until analysis for cytokines. Urine samples were preserved in
−20 °C until PAH metabolites measurement.
2.3. Urinary PAH metabolite measurements
Urinary monohydroxylated PAH (OH-PAH) concentrations are
considered as representative of internal PAH levels, and are commonly
used for evaluating recent human exposure to PAHs (Li et al., 2008).
Ten OH-PAHs were measured: 1-hydroxynaphthalene (1-OHNa), 2-hydroxynaphthalene (2-OHNa), 1-hydroxyphenanthrene (1-OHPh), 2-hydroxyphenanthrene (2-OHPh), 3-hydroxynaphthalene (3-OHPh), 4-hydroxyphenanthrene (4-OHPh), 9-hydroxyphenanthrene (9-OHPh), 2hydroxyﬂuorene (2-OHFlu), 9-hydroxyﬂuorene (9-OHFlu) and 1-hydroxypyrene (1-OHP). The samples were analyzed by an Agilent 7890A
gas chromatography and an Agilent 5975C mass spectrometer (Agilent
Technologies Inc., USA). The detailed procedures used for analysis have
been described in our previously published papers (Huo et al., 2019b;
Zheng et al., 2019). All regression coeﬃcients (R2) of standard curves
were above 0.995. The percent relative standard deviation (%RSD) of
quality control samples was 1.5–14.5%, and the recovery of all analytes
was 80.0–125.0%. The concentration of urinary creatinine (Cr) was
determined by the Cayman Chemical Creatinine Assay (Cayman Chemical Company, UK) based on Jaﬀe's reaction. Finally, OH-PAH concentrations were expressed as μg/mmol Cr.
2.4. Hematologic parameter measurements
The parameters of routine blood indices, including leukocyte count,
neutrophilic-granulocyte ratio, lymphocyte ratio, monocyte ratio, MPV,
platelet count, platelet distribution width (PDW), platelet-large cell
ratio (P-LCR), and thrombocytocrit (PCT) were tested by a Sysmex XT1800i automated hematology analyzer (Sysmex Corporation, Kobe,
Japan). Each sample was measured within 8 h of blood collection, and
calibration standards and quality controls were obtained from the
manufacturer. The ratios of mean platelet volume to platelet count
(MPVP) and platelet count to lymphocyte count (PLR) were calculated.

2. Materials and methods
2.1. Study population and sample collection
In the current study, a total of 239 participants, aged 2–7 years,
were recruited between November and December 2015 from an ewaste-exposed area (n = 118) and a reference (n = 121) area. The ewaste exposed area, Guiyu, is an e-waste recycling town in Guangdong
province located in south China, which has long history of e-waste
dismantling and recycling (Huo et al., 2007). We chose Haojiang as the
reference area because it is located approximately only 31.6 km from
Guiyu, and is similar to Guiyu in terms of population, cultural background, residential lifestyle and socioeconomic status, but has no informal e-waste recycling sites. The children's parents or guardians
completed a questionnaire to obtain detailed information regarding the
child's demographic characteristics, behavior and dietary habits, parental socioeconomic status and education level, family medical and

2.5. Serum cytokine measurements
Pro-inﬂammatory cytokines, such as gamma interferon-inducible
protein (IP)-10 and IL-1β, and pro-angiogenic cytokines, including
growth-related oncogene α (GROα) and regulated upon activation,
normal T cells expressed and secreted (RANTES), were measured using
a ProcartaPlex Human Cytokine & Chemokine Panel 1A (eBioscience,
USA) adopting the method by Zhang et al. (2016). Beads coated with
anti-human IP-10, IL-1β, GROα and RANTES were incubated with child
serum samples and analyzed according to the manufacturer's
2
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children.

instructions. A Luminex 200 device (Luminex, USA) was used for data
acquisition.

3.2. Urinary concentrations of PAH metabolites
2.6. Statistical analysis
Table 2 and Fig. 1 show the distribution of urinary concentrations of
OH-PAHs. The sum of 2 + 9-OHFlu was computed instead of the individual compounds during analysis, due to the concentrations of these
individual metabolites to low and diﬃcult to separate from other metabolite peaks. Children from the e-waste-exposed group had signiﬁcantly higher median values of urinary ΣOHNa (median: 1.48 μg/
mmol Cr vs. 0.75 μg/mmol Cr), total hydroxyphenanthrene (ΣOHPh)
(median: 0.94 μg/mmol Cr vs. 0.62 μg/mmol Cr), and ΣOH-PAHs
(median: 3.05 μg/mmol Cr vs. 1.76 μg/mmol Cr) compared to children
from the reference group (all P < 0.001). We also observed that urinary levels of 2 + 9-OHFlu (median: 0.14 μg/mmol Cr vs. 0.09 μg/
mmol Cr) and 1-OHP (median: 0.19 μg/mmol Cr vs. 0.14 μg/mmol Cr)
were signiﬁcantly increased in the e-waste-exposed children, compared
with the reference children (all P < 0.01). However, there were no
signiﬁcant diﬀerences in 3-OHPh and 9-OHPh between the two groups
(all P > 0.05). As presented in Fig. 1, in the e-waste-exposed children,
urinary 1-OHNa and 2-OHNa comprised the highest proportion among
all OH-PAHs, accounting for 24.4% and 35.6% respectively, and urinary 9-OHPh and 2 + 9-OHFlu comprised the lowest proportion
among all PAH metabolites, respectively accounting for 2.4% and 4.1%.
A similar pattern was found in the reference children, with 1-OHNa, 2OHNa, 9-OHPh, and 2 + 9-OHFlu accounting for 17.8%, 28.5%, 3.8%,
and 5.5%, respectively.
Spearman rank correlation was employed to test the relationship of
these PAH metabolites in all preschool children. All PAH metabolites
were more closely and positively correlated with each other. Their
correlation coeﬃcients ranged from 0.375 (1-OHNa and 3-OHPh) to
0.794 (4-OHPh and 1-OHP, 4-OHPh and 9-OHPh) (all P < 0.001)
(Fig. 2).

Normal and non-normal continuous variables were compared using
Student's t-test and the Mann-Whitney U test, and were represented as
mean ± SD and median (interquartile range, IQR), respectively. Chisquare tests were performed to compare distribution diﬀerences of categorical variables. Spearman correlation tests were performed to explore the potential risk factors for PAH exposure and the relationships
between urinary OH-PAHs and biological parameters, as well as presented as correlation coeﬃcients (rs) with P-values. Variables with
skewed distributions were ln-transformed prior to regression and
mediation analysis. We divided the urinary OH-PAH levels into four
dummy variables in accordance with quartiles, and chose the ﬁrst
quartile (Q1) as the reference variable to weigh the last three quartiles
(Q2, Q3, Q4). Quantile regression models were used to evaluate the
non-linear relationship between an interquartile range increase in urinary 1-OHNa, 2-OHNa, total hydroxynaphthalene (ΣOHNa) and total
hydroxylated PAHs (ΣOH-PAH) levels and alterations of platelet parameters. Regression models were adjusted for confounders including
gender, age, body mass index (BMI) and family member smoking, paternal and maternal education levels, and monthly household income.
Mediation analysis was performed to investigate whether platelets
mediate the association between ΣOHNa exposure and IL-1β.
Diﬀerences were considered statistically signiﬁcant at P < 0.05, using
a two-tailed test. Statistical analysis was performed using SPSS version
24.0 (IBM Corp. Armonk, NY, USA), and ﬁgures were drawn by using
GraphPad Prism software version 7.0 (GraphPad, San Diego, CA) and R
project version 3.5.2 for windows (R Foundation for Statistical
Computing, Vienna, Austria).
3. Results

3.3. Potential factors in relation to PAH exposure
3.1. General characteristics of the participants
In order to explore the potential factors aﬀecting PAH exposure, the
Spearman correlation coeﬃcient matrix was calculated (Fig. 3). We
found signiﬁcantly negative correlations (P < 0.05) between yearly
milk product consumption and levels of 1-OHNa, 2-OHNa, and 4-OHPh,
yearly iron-rich product consumption and levels of 1-OHNa and 2OHNa, distance of residence from road and levels of 2-OHPh, 4-OHPh
and 2 + 9-OHFlu, paternal education level and levels of 1-OHNa, 2OHNa, 2-OHPh, 4-OHPh and 1-OHP, maternal education level and levels of 1-OHNa, 2-OHNa, 1-OHPh, 2-OHPh, 4-OHPh, 9-OHPh, 2 + 9OHFlu, and 1-OHP. In addition, signiﬁcantly positive correlations
(P < 0.05) were found between the frequency of child contact with ewaste and levels of 1-OHNa, 2-OHNa, 2-OHPh, 3-OHPh, 4-OHPh, 9OHPh, 2 + 9-OHFlu and 1-OHP, family member smoking and levels of

Demographic characteristics of the 239 preschool children from the
two groups are shown in Table 1. The average child age at enrollment
was 4.5 and 4.3 years old in the e-waste-exposed group and reference
group, respectively (P > 0.05). Among the participants, males and
females accounted for 58.5% and 41.5% in the e-waste-exposed group,
and 62.8% and 37.2% in the reference group (P > 0.05). No statistically signiﬁcant diﬀerences were found when comparing BMI, head
circumference, leukocyte count, neutrophilic-granulocyte ratio and
monocyte ratio between the two groups (all P > 0.05). Compared with
those children from the reference area, chest circumference
(50.3 ± 3.2 vs. 49.5 ± 2.9, P < 0.05) and lymphocyte ratio (median:
49.4% vs. 48.5%, P < 0.01) were decreased in the e-waste-exposed

Table 1
Demographic characteristics of preschool children from reference and exposed groups.
Variables
Gender (male/female, n, %)
Age (year, mean ± SD)
BMI (kg/m2, mean ± SD)
Head circumference (cm, mean ± SD)
Chest circumference (cm, mean ± SD)
Leukocyte count (×109/L, median, IQR)
Neutrophil-granulocyte ratio (%, median, IQR)
Lymphocyte ratio (%, median, IQR)
Monocyte ratio (%, median, IQR)

Reference group (n = 121)
76/45 (62.8, 37.2)
4.3 ± 1.1
15.1 ± 1.6
49.9 ± 1.5
50.3 ± 3.2
5.04 (7.28, 9.77)
41.2 (36.4, 47.7)
49.4 (42.5, 54.7)
5.6 (4.8, 6.4)

Exposed group (n = 118)

Statistics

P-value

69/49 (58.5, 41.5)
4.5 ± 0.9
14.9 ± 1.4
49.9 ± 1.7
49.5 ± 2.9
8.17 (7.12, 9.65)
41.5 (35.4, 50.2)
48.5 (39.8, 54.9)
6.0 (5.1, 7.2)

χ = 0.471
t = 1.847
t = −0.202
t = 0.318
t = −2.093
Z = −0.152
Z = −0.112
Z = −2.630
Z = −0.851

0.493a
0.066b
0.287b
0.751b
0.037b
0.880c
0.837c
0.009c
0.395c

SD, standard deviation; IQR, interquartile range; BMI, body mass index.
a
Chi-square test was applied to compare categorical variables between the two groups.
b
Independent t-test was used to compare the quantitative variables with normal distributions between the two groups.
c
Mann-Whitney U test was conducted to compare variables in skewed distributions between the two groups.
3
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Table 2
Comparison of urinary OH-PAHs (μg/mmol Cr) in preschool children.
Metabolite (μg/mmol Cr)

1-OHNa
2-OHNa
1-OHPh
2-OHPh
3-OHPh
4-OHPh
9-OHPh
2 + 9-OHFlu
1-OHP
ΣOHNa
ΣOHPh
ΣOH-PAHs

Reference group (n = 121)

Exposed group (n = 118)

Selected percentiles

Selected percentiles

P-value

25th

50th

75th

25th

50th

75th

0.14
0.22
0.12
0.06
0.09
0.05
0.04
0.05
0.09
0.40
0.39
1.08

0.27
0.45
0.21
0.10
0.15
0.07
0.06
0.09
0.14
0.75
0.62
1.76

0.49
0.84
0.32
0.16
0.27
0.13
0.11
0.16
0.24
1.31
1.03
2.82

0.29
0.44
0.15
0.12
0.11
0.08
0.05
0.07
0.13
0.85
0.60
1.91

0.55
0.82
0.29
0.23
0.17
0.13
0.07
0.14
0.19
1.48
0.94
3.05

1.09
1.75
0.50
0.41
0.29
0.24
0.11
0.22
0.28
2.87
1.58
4.91

< 0.001
< 0.001
0.005
< 0.001
0.359
< 0.001
0.170
0.001
0.004
< 0.001
< 0.001
< 0.001

1-OHNa, 1-hydroxynaphthalene; 2-OHNa, 2-hydroxynaphthalene; 1-OHPh, 1-hydroxyphenanthrene; 2-OHPh, 2-hydroxyphenanthrene; 3-OHPh, 3-hydroxynaphthalene; 4-OHPh, 4-hydroxyphenanthrene; 9-OHPh, 9-hydroxyphenanthrene; 2 + 9-OHFlu, 2 + 9-hydroxyﬂuorene; 1-OHP, 1-hydroxypyrene; ΣOHNa, the
sum of 1-OHNa and 2-OHNa; ΣOHPh, the sum of 1-OHPh, 2-OHPh, 3-OHPh, 4-OHPh and 9-OHPh; ΣOH-PAHs, the sum of urinary monohydroxylated PAH metabolite
concentrations; Cr, creatinine.

Fig. 1. The contribution of urinary PAH metabolites in preschool children from e-waste-exposed and reference groups (n = 239). 1-OHNa, 1-hydroxynaphthalene; 2OHNa, 2-hydroxynaphthalene; 1-OHPh, 1-hydroxyphenanthrene; 2-OHPh, 2-hydroxyphenanthrene; 3-OHPh, 3-hydroxynaphthalene; 4-OHPh, 4-hydroxyphenanthrene; 9-OHPh, 9-hydroxyphenanthrene; 2 + 9-OHFlu, 2 + 9-hydroxyﬂuorene; 1-OHP, 1-hydroxypyrene.

and 25.5 pg/mL) (all P < 0.01). No signiﬁcant diﬀerences were found
in the pro-angiogenic cytokines, including RANTES and GROα, between
the two groups (all P > 0.05).

1-OHNa, 2-OHNa, 2-OHPh, 3-OHPh, 4-OHPh, 2 + 9-OHFlu and 1-OHP,
use of residence as a workplace and levels of 1-OHNa, 2-OHNa, 2OHPh, 4-OHPh and 2 + 9-OHFlu, ventilation of house and levels of 1OHNa and 2-OHPh, e-waste contamination within 50 m of residence
and levels of 1-OHNa, 2-OHNa, 1-OHPh, 2-OHPh and 4-OHPh. However, no signiﬁcant correlations (P > 0.05) were found between levels
of PAH metabolites and yearly soy product consumption and monthly
household income.

3.5. Relationship between platelet parameters and serum cytokines
As shown in Fig. 2, we observed signiﬁcantly negative relationships
(P < 0.05) between concentrations of IL-1β and IP10 and three platelet parameters including MPV, PDW and P-LCR. Additionally, signiﬁcantly positive relationships (P < 0.05) were observed between
concentrations of GROα and another three platelet indices including
platelet count, PCT and PLR. However, signiﬁcantly negative relationship (P < 0.05) was found between GROα and MPVP. No signiﬁcant
relationships were observed between RANTES and platelet parameters
(all P > 0.05).

3.4. Comparison of platelet parameters and serum cytokines
Table 3 shows the distribution of platelet parameters in preschool
children. E-waste-exposed children had higher median values of platelet
count (330 × 109/L vs. 284 × 109/L), PCT (0.34 vs. 0.29), and PLR
(85.7 vs. 71.9) than reference children (all P < 0.001). Preschoolers
had a lower median value of MPVP in the e-waste-exposed group than
those from the reference group (0.03 vs. 0.37, P < 0.001). The levels of
MPV, PDW and P-LCR were not signiﬁcantly diﬀerent between the two
groups (all P > 0.05).
Table 4 presents the median and interquartile range of serum proinﬂammatory and pro-angiogenic cytokine levels in preschool children.
The median concentrations of IL-1β and IP-10 in the e-waste-exposed
children were 0.43 pg/mL and 28.5 pg/mL, respectively, which were
signiﬁcantly higher than in the reference children (median: 0.25 pg/mL

3.6. Relationship between urinary OH-PAHs and platelet parameters
As presented in Fig. 2, we found signiﬁcantly positive correlations
(P < 0.05) between levels of platelet count and 1-OHNa, 2-OHNa,
ΣOHNa and ΣOH-PAHs, and levels of PCT and 1-OHNa, 2-OHNa and
ΣOHNa. In addition, signiﬁcantly negative correlations (P < 0.05)
were found between levels of MPV, PDW, P-LCR and MPVP and four
OH-PAHs including 1-OHNa, 2-OHNa, ΣOHNa and ΣOH-PAHs.
4
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Fig. 2. Spearman correlation coeﬃcient between urinary OH-PAHs and platelet indices and cytokines. 1-OHNa, 1-hydroxynaphthalene; 2-OHNa, 2-hydroxynaphthalene; 1-OHPh, 1-hydroxyphenanthrene; 2-OHPh, 2-hydroxyphenanthrene; 3-OHPh, 3-hydroxynaphthalene; 4-OHPh, 4-hydroxyphenanthrene; 9-OHPh, 9hydroxyphenanthrene; 2 + 9-OHFlu, 2 + 9-hydroxyﬂuorene; 1-OHP, 1-hydroxypyrene; ΣOHNa, the sum of 1-OHNa and 2-OHNa; ΣOHPh, the sum of 1-OHPh, 2OHPh, 3-OHPh, 4-OHPh and 9-OHPh; ΣOH-PAHs, the sum of urinary monohydroxylated PAH metabolite concentrations; MPV, mean platelet volume; PDW, platelet
distribution width; PCT, thrombocytocrit; P-LCR, platelet-large cell ratio; PLR, ratio of platelet count to lymphocyte count; MPVP, ratio of mean platelet volume to
platelet count; IL, interleukin; IP, gamma interferon-inducible protein; RANTES, regulated upon activation, normal T cells expressed and secreted; GRO, growthrelated oncogene. Blue represents positive correlation; red represents negative correlation; a darker color indicates stronger correlation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

between urinary ΣOHNa and IL-1β through seven platelet indices, as
mediator variables (Table 5). After adjusting for age, gender and BMI,
ΣOHNa was positively associated with IL-1β mediated through MPV
(β = 0.024, 95% CI: 0.003, 0.064), PDW (β = 0.026, 95% CI: 0.004,
0.069), P-LCR (β = 0.020, 95% CI: 0.002, 0.057), and PLR (β = 0.017,
95% CI: 0.000, 0.052), respectively. The estimated percentages mediated for the above mediators were 17.6%, 18.9%, 14.5%, and 12.2%,
respectively.

Six kinds of platelet indices (platelet count, MPV, PDW, P-LCR, PLR
and MPVP) were associated with the 1-OHNa, 2-OHNa and ΣOHNa
when they were categorized in quartiles (P value for the rends were
all < 0.05). Compared with Q1, 1-OHNa in Q2 and Q4, and 2-OHNa in
Q2, Q3 and Q4 were positively associated with platelet counts (all
P < 0.05), 1-OHNa and 2-OHNa in Q2 and Q3 were positively associated with PLR (all P < 0.05). In addition, compared with Q1, 1OHNa in Q2 and Q4, and 2-OHNa in Q3 and Q4 were inversely associated with MPV (all P < 0.05), 1-OHNa in Q2 and Q4, and 2-OHNa in
Q3 and Q4 were inversely associated with PDW (all P < 0.05), 1OHNa in Q4, and 2-OHNa in Q3 and Q4 were inversely associated with
P-LCR (all P < 0.05), 1-OHNa in Q2 and Q4, and 2-OHNa in Q2, Q3
and Q4 were inversely associated with MPVP (all P < 0.05). The P
value for the trends in the PCT quantile regression models was not
signiﬁcant. The results of unadjusted model are not shown.

4. Discussion
Previous studies have examined the eﬀects of environmental PAH
exposure on the immune response, cardiovascular diseases and platelet
indices in animal models or adult populations (Chowdhury et al., 2017;
Hu et al., 2018; Yuan et al., 2019). However, no studies are available on
the relationship of PAH exposure and low-grade inﬂammation, as well
as platelet alterations, in healthy preschoolers. In this study, we found
pro-inﬂammatory cytokine (i.e. IL-1β) was increased in the e-wasteexposed children and was positively associated with urinary PAH

3.7. Mediation of platelets in the relationship between ΣOHNa and IL-1β
Mediation analyses were used to understand the relationships
5
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Fig. 3. Potential inﬂuencing factors related to child
body burden of PAH exposure. 1-OHNa, 1-hydroxynaphthalene; 2-OHNa, 2-hydroxynaphthalene; 1OHPh, 1-hydroxyphenanthrene; 2-OHPh, 2-hydroxyphenanthrene; 3-OHPh, 3-hydroxynaphthalene; 4OHPh, 4-hydroxyphenanthrene; 9-OHPh, 9-hydroxyphenanthrene;
2 + 9-OHFlu,
2 + 9-hydroxyﬂuorene; 1-OHP, 1-hydroxypyrene; ΣOHNa, the sum
of 1-OHNa and 2-OHNa; ΣOHPh, the sum of 1-OHPh,
2-OHPh, 3-OHPh, 4-OHPh and 9-OHPh; ΣOH-PAHs,
the sum of urinary monohydroxylated PAH metabolite concentrations. Blue represents positive correlation; red represents negative correlation; a darker
color indicates stronger correlation. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

Intensive e-waste recycling activities are one of the most signiﬁcant
sources of PAHs. Studies have shown higher levels of PAHs in the
plants, sediment, soil and ash from Guiyu, China due to its long history
of unregulated e-waste recycling (Alabi et al., 2012; Gao et al., 2015).
Accumulated PAHs in the environment can pose risks to the surrounding environment and humans. Our previous studies found total
PAH concentrations of 108 ppb (Guo et al., 2012) in umbilical cord
blood, and 68.5 μg/L in preschool child blood (Xu et al., 2015). Urinary
ΣOH-PAH concentrations of 6.87 μg/g Cr (Huo et al., 2019b) and
6.32 μg/L (Zheng et al., 2019) have been measured in mothers and
preschool children, respectively. We found that urinary PAH metabolite
concentrations are higher in children from the e-waste-exposed group
than the reference group, which is accordance with our previous research in Guiyu (Zheng et al., 2019). Additionally, results showed that
1-OHNa (0.55 μg/mmol Cr) and 2-OHNa (0.82 μg/mmol Cr) were the
most abundant urinary PAH metabolites in preschool children in both
groups, indicating this pattern of PAH exposure is comparable that of
adults in other regions of China and 3-year-old children in Poland
(Sochacka-Tatara et al., 2018; Yuan et al., 2019). Oliveira et al. recognized that indoor air is the major source of naphthalene and acenaphthene in 3- to 5-year-old children, with their urinary 1-OHNa and
1-hydorxyacenaphthene (1-OHAc) levels being the predominant PAH
metabolites (Oliveira et al., 2017). For urinary 1-OHP in environmental
and occupational PAH exposure assessments (Hansen et al., 2008), we
suggest that biomonitoring PAH exposure should also consider 1-OHNa
and 2-OHNa levels. Compared to adults, children have a larger lung
surface area per kilogram of body weight and are more physically active, so their ventilation rates are usually higher, leading to a relatively
greater exposure to environmental pollutants (Heacock et al., 2018).
Considering a child's personal habits and family environment, the positive associations we observed between urinary OH-PAHs and e-waste
contamination within 50 m of their residence, the frequency of child
contact with e-waste, residence as a workplace, family member
smoking, and ventilation of their house, indicate that e-waste and
smoking are the main source of PAH exposure. Further, we found that
elevated consumption of yearly milk and iron-rich products was related
to decreased urinary 1-OHNa and 2-OHNa, which suggests consumption of dairy products and iron-rich foods may contribute to PAH metabolism in the body. In addition, parents having a high education level
and residence far away from the road belong to the set of protective
factors for PAH exposure in preschool children. As a result, staying

Table 3
Comparison of platelet indices in preschool children.

Platelet count
(×109/L)
MPV (ﬂ)
PDW (%)
PCT
P-LCR (%)
PLR
MPVP

Reference group
(n = 121)

Exposed group
(n = 118)

P-value

284 (249, 320)

330 (271, 379)

< 0.001

10.2
11.9
0.29
26.2
71.9
0.37

10.2
11.6
0.34
25.8
85.7
0.03

0.171
0.076
< 0.001
0.186
< 0.001
< 0.001

(9.80,
(11.1,
(0.26,
(22.8,
(60.9,
(0.03,

10.9)
13.0)
0.33)
32.4)
86.2)
0.04)

(9.78,
(10.9,
(0.29,
(21.8,
(69.2,
(0.03,

10.7)
12.6)
0.39)
30.4)
108.9)
0.04)

MPV, mean platelet volume; PDW, platelet distribution width; PCT, thrombocytocrit; P-LCR, platelet-large cell ratio; PLR, ratio of platelet count to lymphocyte count; MPVP, ratio of mean platelet volume to platelet count. Data are
presented as the median and interquartile range.
Table 4
Comparison of serum cytokine concentrations (pg/mL) in preschool children.
Cytokine (pg/mL)
Pro-inﬂammatory cytokines
IL-1βa
IP-10b
Pro-angiogenic cytokines
RANTESb
GROαc

Reference group

Exposed group

P-value

0.25 (0.25, 0.43)
25.5 (22.9, 29.2)

0.43 (0.25, 0.49)
28.5 (24.5, 33.9)

< 0.001
0.001

63.7 (58.8, 72.9)
10.9 (8.42, 14.5)

65.2 (59.5, 72.7)
12.0 (8.47, 16.2)

0.639
0.151

IL, interleukin; IP, gamma interferon-inducible protein; RANTES, regulated
upon activation, normal T cells expressed and secreted; GRO, growth-related
oncogene.
Data are presented by the median and interquartile range.
a
Exposed group, n = 109; reference group, n = 111.
b
Exposed group, n = 108; reference group, n = 111.
c
Exposed group, n = 105; reference group, n = 110.

metabolites. We also observed an inverse association between urinary
PAH metabolites (1-OHNa and 2-OHNa) and platelet indices (MPV,
PDW, P-LCR and MPVP), but positive associations between PAH metabolites (1-OHNa and 2-OHNa) and platelet count and PCT. This study
is the ﬁrst of this kind and we have found that exposure to PAHs at low
levels may impact on platelet parameters linked to the low-grade inﬂammation in preschoolers.
6
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Fig. 4. Eﬀect estimates and 95% conﬁdence interval for quartiles of urinary OHNa and ΣOH-PAHs with platelet indices. Adjusted model adjusted for age, gender,
BMI, family member smoking, paternal and maternal education levels, and monthly household income. 1-OHNa, 1-hydroxynaphthalene; 2-OHNa, 2-hydroxynaphthalene; ΣOHNa, the sum of 1-OHNa and 2-OHNa; ΣOH-PAHs, the sum of urinary monohydroxylated PAH metabolite concentrations; MPV, mean platelet
volume; PDW, platelet distribution width; P-LCR, platelet-large cell ratio; PLR, ratio of platelet count to lymphocyte count; MPVP, ratio of mean platelet volume to
platelet count.

inﬂammation is characterized by raised concentrations of inﬂammatory
markers, such as C-reactive protein, IL-1β, or IL-6, in systemic circulation (Beneke et al., 2012). Furthermore, we observed that elevated
urinary 1- and 2-OHNa and 4-OHPh were related to increased IL-1β
levels, implying that PAH exposure is closely related to child low-grade
inﬂammation. However, another study conducted by Ferguson et al.
(2017) observed that urinary 2- and 3-OHPh and 4-OHPh concentrations were negatively associated with IL-1β, IL-10, and TNF-α levels,
which reﬂects an immunosuppressive eﬀect in pregnant women. In our
study, no correlations were found between urinary OH-PAHs and IP-10,
which is in line with our previous results (Zheng et al., 2019). Moreover, Zheng et al. (2019) observed higher PAH exposure exacerbates
vascular endothelial inﬂammation that may aﬀect the development of
the cardiovascular system in children.
Platelets are not only essential eﬀector cells in hemostatic activity,
but are also major inﬂammatory cells with pivotal roles in innate and
adaptive immune responses (Semple et al., 2011; Vieira-de-Abreu et al.,
2012). MPV, reﬂecting platelet production rate and stimulation, combined with platelet count, has been regarded as an inﬂammatory

away from e-waste and smoking exposure, increasing nutrition, improving the residential environment and increasing parental environmental awareness will be helpful in minimizing the eﬀect of PAH exposure on preschoolers.
PAHs have the ability to compromise the human immune system.
Low-molecular-weight PAHs at environmentally relevant concentrations (nM) can modulate inﬂammatory cytokine release, resulting in
macrophage dysfunction (Wang et al., 2017). Our previous research
revealed that e-waste-exposed children had a lower percentage of NK
cells and higher counts of monocytes, neutrophils, eosinophils, basophils, CD8+ and CD4+ central memory T cells, and relevant inﬂammatory cytokines levels were also elevated. This suggests children's
innate and adaptive immune responses are disrupted with their body
tending toward a chronic inﬂammatory state (Cao et al., 2018; Zhang
et al., 2016; Zhang et al., 2017). Our data showed that preschoolers
from Guiyu have a decreased lymphocyte ratio and increased concentrations of pro-inﬂammatory cytokines, including IP10 and IL-1β.
IL-1β is related to elevated endothelial permeability, hemostasis dysfunction and thrombosis (Hottz et al., 2013). Chronic low-grade
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preschoolers are lacking. In this study, signiﬁcant associations were
observed between increased OH-PAHs and elevated platelet count and
PLR, and reduced MPV, PDW, P-LCR and MPVP. There were non-linear
positive associations between 1-OHNa or 2-OHNa and platelet count
and PLR, and non-linear negative associations between 1-OHNa or 2OHNa and MPV, PDW, P-LCR and MPVP, suggesting increased thrombocytopoiesis, altered platelet morphology and elevated inﬂammation
in preschoolers exposed to low levels of PAHs. Platelets have the capacity to synthesize and secrete pro-inﬂammatory cytokines, such as IL1β, which can serve as a regulator of platelet number in healthy populations (Beaulieu et al., 2014; Hottz et al., 2013; Lindemann et al.,
2001; Tunjungputri et al., 2018). Moreover, we found that ΣOHNa was
positively associated with IL-1β mediated through MPV, PDW, P-LCR,
and PLR in preschool children. Wang et al. (2017) reported that lowmolecular-weight PAH exposure can lead to dysfunction of activated
macrophages, such as altered phagocytosis and inhibition of LPStrigged cytokines. We also found that low-molecular-weight PAH exposure, including 1-OHNa and 2-OHNa, aﬀect the platelet count, activity and morphology, indicating the harm that low-molecular-weight
PAHs cause to humans cannot be ignored. Yuan et al. (2019) noted
some nonlinear relationships between ΣOHNa or ΣOHPh and MPV;
ΣOHNa or ΣOH-PAHs and MPVP; ΣOHFlu, 1-OHP or ΣOH-PAHs and
PLR; and ΣOHPh or 1-OHP and PDW in Wuhan adults. These participants' median value of urinary ΣOH-PAHs is 5.92 μg/mmol Cr, much
higher than in our sample of children. Therefore, even exposure to low
levels of PAHs have a signiﬁcant impact on platelets. In addition, platelets keep vascular integrity during inﬂammation through a mechanism that distinguishes classical platelet activation (Deppermann
and Kubes, 2018). However, we did not ﬁnd signiﬁcant diﬀerences in
levels of pro-angiogenic cytokines (RANTES and GROα) between the
two groups, and no signiﬁcant associations were found between PAH
exposure and RANTES or GROα. Given the immature immune system of
preschool children, we speculate that even exposure to relatively low
concentrations of 1-OHNa and 2-OHNa can markedly aﬀect plateletassociated inﬂammation. Taking together the ﬁndings of this study, we
show for the ﬁrst time that alterations of platelet indices are more
sensitive to PAH exposure in preschoolers than other inﬂammatory cells
in peripheral blood, and may be better reﬂect low-grade inﬂammation
in children. Although alterations of platelets generally do not generate
prominent adverse responses in the body, long-term chronic low-grade
inﬂammation and elevated thrombocytopoiesis may adversely aﬀect
the development of preschool children.
This study has the following limitations: First, because of the crosssectional design of our study, we cannot identify a causal relationship
between PAH exposure and platelet indices mediating inﬂammation.
Second, we collected only urine samples at a single time point in the
morning to assess one type of pollutant, PAHs, which are correlated
with platelet parameters. In future research to conﬁrm our ﬁndings,
multiple measurements of PAH metabolites are needed to get a more
accurate assessment of exposure. Next, there may have been other
confounding factors with other pollutants (heavy metals and organic
chemicals) and socioeconomic status, which also contributed to the
observed changes in the inﬂammation process. In the regression model,
we have adjusted some potential confounding factors as much as possible. Finally, the sample size relatively small, thus a long-term followup observation in large sample is necessary.

Table 5
Mediation analysis of platelet indices as mediators between ΣOHNa and IL-1β.
Modela

ΣOHNa
β (95% CI)

Platelet count
Direct eﬀect
Indirect eﬀect
MPV
Direct eﬀect
Indirect eﬀect
PDW
Direct eﬀect
Indirect eﬀect
PCT
Direct eﬀect
Indirect eﬀect
P-LCR
Direct eﬀect
Indirect eﬀect
PLR
Direct eﬀect
Indirect eﬀect
MPVP
Direct eﬀect
Indirect eﬀect

Proportion of mediation (%)b

0.130 (0.022, 0.239)
0.005 (−0.015, 0.031)

–
3.8

0.112 (0.006, 0.218)
0.024 (0.003, 0.064)

–
17.6

0.110 (0.004, 0.216)
0.026 (0.004, 0.069)

–
18.9

0.141 (0.033, 0.249)
−0.006 (−0.033, 0.009)

–
−4.1

0.116 (0.010, 0.223)
0.020 (0.002, 0.057)

–
14.5

0.119 (0.014, 0.225)
0.017 (0.000, 0.052)

–
12.2

0.121 (0.012, 0.230)
0.014 (−0.007, 0.049)

–
10.5

IL: interleukin; CI: conﬁdence interval; ΣOHNa, the sum of 1-hydroxynaphthalene and 2-hydroxynaphthalene; MPV, mean platelet volume; PDW,
platelet distribution width; PCT, thrombocytocrit; P-LCR, platelet-large cell
ratio; PLR, ratio of platelet count to lymphocyte count; MPVP, ratio of mean
platelet volume to platelet count.
a
All models are adjusted for age, gender and BMI; 5000 bootstraps samples,
n = 220.
b
Proportion of mediation = indirect eﬀect/(direct eﬀect + indirect effect) × 100.

marker in multiple chronic diseases, such as periodontitis, rheumatoid
arthritis, and chronic obstructive pulmonary disease exacerbation
(Kisacik et al., 2008; Ulasli et al., 2012; Wang et al., 2015). There is an
inverse association between platelet count and MPV, and that the ratio
of these two values, MPVP, may be a more meaningful indicator
(Bessman et al., 1981; Lozano et al., 1998). Increased platelet count and
decreased MPV are associated with low-grade inﬂammation, and can be
considered as reliable inﬂammatory markers for assessment of disease
activity in patients with severe periodontitis and osteoarthritis (Balta
et al., 2014; Biricik et al., 2019; Wang et al., 2015; Zareifar et al., 2014).
Our data revealed that e-waste-exposed preschoolers had higher platelet counts and lower MPVP than reference children, a result similar to
that shown in male Pakistani cooks exposed to combustion emission
(Kamal et al., 2016). We also observed that PCT was elevated in the ewaste-exposed children and was positively associated with platelet
count in all preschoolers. PLR, which reﬂects the ratio of platelet count
to lymphocyte count, has recently been recognized as a marker of a
thrombotic and inﬂammatory state, and its elevation seems to be an
addition to conventional risk factors of atherosclerosis, systemic inﬂammatory response syndrome and solid tumors (Templeton et al.,
2014; Ucar et al., 2016; Yildiz et al., 2015). Usually platelet indices are
biomarkers for potential diseases, such as cancer, colonic inﬂammation
and thrombocytosis (Davis et al., 2014; Syed et al., 2007; Yan et al.,
2013). Therefore, our ﬁnding of signiﬁcant changes in platelet count,
MPVP, PLR and PCT in the e-waste-exposed children indicates that they
may be in a state of chronic low-grade inﬂammation.
Numerous studies have reported that PAH exposure may induce
inﬂammatory responses involving changes in immune cells and relevant cytokines (Brito et al., 2010; Everett et al., 2010; Wang et al.,
2017). Nevertheless, we did not ﬁnd any signiﬁcant associations between urinary PAH metabolites and levels of neutrophil-granulocyte,
lymphocyte and monocyte (data not shown). At present, research on
the eﬀect of low PAH exposure on platelet-related inﬂammation risk in

5. Conclusions
Our ﬁndings suggest that elevated urinary 1-OHNa and 2-OHNa
concentrations are associated with increased IL-1β, platelet count, PCT
and PLR, and decreased MPV, PDW, P-LCR and MPVP in preschool
children. Moreover, ΣOHNa is positively associated with IL-1β mediated through MPV, PDW, P-LCR, and PLR. Platelet indices are sensitive
to the PAH exposure, and may be eﬀective biomarkers of low-grade
inﬂammation due to PAH exposure in healthy children. Further
8
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research is needed to validate the ﬁndings, clarify the potential biological mechanism and explore the possible disease risks in adulthood.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.105043.

hydrocarbons in umbilical cord blood of human neonates from Guiyu, China.
Environ. Sci. Technol. 427, 35–40.
Hansen, A.M., Mathiesen, L., Pedersen, M., Knudsen, L.E., 2008. Urinary 1-hydroxypyrene (1-HP) in environmental and occupational studies—a review. Int. J. Hyg.
Environ. Health 211, 471–503.
Heacock, M., Trottier, B., Adhikary, S., Asante, K.A., Basu, N., Brune, M.N., et al., 2018.
Prevention-intervention strategies to reduce exposure to e-waste. Rev. Environ.
Health 33, 219–228.
Herter, J.M., Rossaint, J., Zarbock, A., 2014. Platelets in inﬂammation and immunity. J.
Thromb. Haemost. 12, 1764–1775.
Ho-Tin-Noe, B., Demers, M., Wagner, D.D., 2011. How platelets safeguard vascular integrity. J. Thromb. Haemost. 9, 56–65.
Hottz, E.D., Lopes, J.F., Freitas, C., Valls-de-Souza, R., Oliveira, M.F., Bozza, M.T., et al.,
2013. Platelets mediate increased endothelium permeability in dengue through
NLRP3-inﬂammasome activation. Blood 122, 3405–3414.
Hu, C., Hou, J., Zhou, Y., Sun, H., Yin, W., Zhang, Y., et al., 2018. Association of polycyclic aromatic hydrocarbons exposure with atherosclerotic cardiovascular disease
risk: a role of mean platelet volume or club cell secretory protein. Environ. Pollut.
233, 45–53.
Huo, X., Peng, L., Xu, X., Zheng, L., Qiu, B., Qi, Z., et al., 2007. Elevated blood lead levels
of children in Guiyu, an electronic waste recycling town in China. Environ. Health
Perspect. 115, 1113–1117.
Huo, X., Dai, Y., Yang, T., Zhang, Y., Li, M., Xu, X., 2019a. Decreased erythrocyte CD44
and CD58 expression link e-waste Pb toxicity to changes in erythrocyte immunity in
preschool children. Sci. Total Environ. 664, 690–697.
Huo, X., Wu, Y., Xu, L., Zeng, X., Qin, Q., Xu, X., 2019b. Maternal urinary metabolites of
PAHs and its association with adverse birth outcomes in an intensive e-waste recycling area. Environ. Pollut. 245, 453–461.
Kamal, A., Cincinelli, A., Martellini, T., Malik, R.N., 2016. Biomarkers of PAH exposure
and hematologic eﬀects in subjects exposed to combustion emission during residential (and professional) cooking practices in Pakistan. Environ. Sci. Pollut. Res.
Int. 23, 1284–1299.
Katoh, N., 2009. Platelets as versatile regulators of cutaneous inﬂammation. J. Dermatol.
Sci. 53, 89–95.
Kisacik, B., Tufan, A., Kalyoncu, U., Karadag, O., Akdogan, A., Ozturk, M.A., et al., 2008.
Mean platelet volume (MPV) as an inﬂammatory marker in ankylosing spondylitis
and rheumatoid arthritis. Joint Bone Spine 75, 291–294.
Li, Z., Sandau, C.D., Romanoﬀ, L.C., Caudill, S.P., Sjodin, A., Needham, L.L., et al., 2008.
Concentration and proﬁle of 22 urinary polycyclic aromatic hydrocarbon metabolites
in the US population. Environ. Res. 107, 320–331.
Lindemann, S., Tolley, N.D., Dixon, D.A., McIntyre, T.M., Prescott, S.M., Zimmerman,
G.A., et al., 2001. Activated platelets mediate inﬂammatory signaling by regulated
interleukin 1β synthesis. J. Cell Biol. 154, 485–490.
Lozano, M., Narvaez, J., Faundez, A., Mazzara, R., Cid, J., Jou, J.M., et al., 1998. Platelet
count and mean platelet volume in the Spanish population. Med. Clin. (Barc.) 110,
774–777.
Lu, S.Y., Li, Y.X., Zhang, J.Q., Zhang, T., Liu, G.H., Huang, M.Z., et al., 2016. Associations
between polycyclic aromatic hydrocarbon (PAH) exposure and oxidative stress in
people living near e-waste recycling facilities in China. Environ. Int. 94, 161–169.
Luderer, U., Christensen, F., Johnson, W.O., She, J., Ip, H.S., Zhou, J., et al., 2017.
Associations between urinary biomarkers of polycyclic aromatic hydrocarbon exposure and reproductive function during menstrual cycles in women. Environ. Int.
100, 110–120.
Ma, Y., Harrad, S., 2015. Spatiotemporal analysis and human exposure assessment on
polycyclic aromatic hydrocarbons in indoor air, settled house dust, and diet: a review. Environ. Int. 84, 7–16.
Mason, K.D., Carpinelli, M.R., Fletcher, J.I., Collinge, J.E., Hilton, A.A., Ellis, S., et al.,
2007. Programmed anuclear cell death delimits platelet life span. Cell 128,
1173–1186.
Nurden, A.T., 2018. The biology of the platelet with special reference to inﬂammation,
wound healing and immunity. Front. Biosci. (Landmark Ed) 23, 726–751.
Oliveira, M., Slezakova, K., Delerue-Matos, C., do Carmo Pereira, M., Morais, S., 2017.
Assessment of exposure to polycyclic aromatic hydrocarbons in preschool children:
levels and impact of preschool indoor air on excretion of main urinary monohydroxyl
metabolites. J. Hazard. Mater. 322, 357–369.
Oliveira, M., Slezakova, K., Delerue-Matos, C., Pereira, M.C., Morais, S., 2019. Children
environmental exposure to particulate matter and polycyclic aromatic hydrocarbons
and biomonitoring in school environments: a review on indoor and outdoor exposure
levels, major sources and health impacts. Environ. Int. 124, 180–204.
Perera, F.P., Wheelock, K., Wang, Y., Tang, D., Margolis, A.E., Badia, G., et al., 2018.
Combined eﬀects of prenatal exposure to polycyclic aromatic hydrocarbons and
material hardship on child ADHD behavior problems. Environ. Res. 160, 506–513.
Perlroth, N.H., Castelo Branco, C.W., 2017. Current knowledge of environmental exposure in children during the sensitive developmental periods. J. Pediatr. 93, 17–27.
Poursafa, P., Dadvand, P., Aimin, M.M., Hajizadeh, Y., Ebrahimpour, K., Mansourian, M.,
et al., 2018. Association of polycyclic aromatic hydrocarbons with cardiometabolic
risk factors and obesity in children. Environ. Int. 118, 203–210.
Rondina, M.T., Weyrich, A.S., Zimmerman, G.A., 2013. Platelets as cellular eﬀectors of
inﬂammation in vascular diseases. Circ. Res. 112, 1506–1519.
Ruby, M.V., Lowney, Y.W., Bunge, A.L., Roberts, S.M., Gomez-Eyles, J.L., Ghosh, U.,
et al., 2016. Oral bioavailability, bioaccessibility, and dermal absorption of PAHs
from soil-state of the science. Environ. Sci. Technol. 50, 2151–2164.
Semple, J.W., Italiano Jr., J.E., Freedman, J., 2011. Platelets and the immune continuum.
Nat. Rev. Immunol. 11, 264–274.
Singbartl, K., Forlow, S.B., Ley, K., 2001. Platelet, but not endothelial, P-selectin is critical
for neutrophil-mediated acute postischemic renal failure. FASEB J. 15, 2337–2344.

Declaration of Competing Interest
The authors declare there have no conﬂict of interests.
Acknowledgments
We thank all participants and their parents or guardians in this
study. We are grateful to Dr. Stanley Lin and Dr. Nick Webber for their
constructive comments and English language editing for the manuscript. This work was supported by the National Natural Science
Foundation of China (21577084 and 21876065).
References
Alabi, O.A., Bakare, A.A., Xu, X.J., Li, B., Zhang, Y.L., Huo, X., 2012. Comparative evaluation of environmental contamination and DNA damage induced by electronicwaste in Nigeria and China. Sci. Total Environ. 423, 62–72.
Alshaarawy, O., Elbaz, H.A., Andrew, M.E., 2016. The association of urinary polycyclic
aromatic hydrocarbon biomarkers and cardiovascular disease in the US population.
Environ. Int. 89–90, 174–178.
Balta, S., Demirkol, S., Cakar, M., Celik, T., 2014. Mean platelet volume as a surrogate
marker of low-grade inﬂammation in osteoarthritis. Platelets 25, 643–644.
Beaulieu, L.M., Lin, E., Mick, E., Koupenova, M., Weinberg, E.O., Kramer, C.D., et al.,
2014. Interleukin 1 receptor 1 and interleukin 1β regulate megakaryocyte maturation, platelet activation, and transcript proﬁle during inﬂammation in mice and humans. Arterioscler. Thromb. Vasc. Biol. 34, 552–564.
Beneke, R., Leithäuser, R.M., Heck, H., Leppert, R., Flöel, A., Humphrey, R., et al., 2012.
Low-grade inﬂammation. In: Mooren, F.C. (Ed.), Encyclopedia of Exercise Medicine
in Health and Disease. Springer, Berlin Heidelberg: Berlin, Heidelberg, pp. 532–533.
Bessman, J.D., Williams, L.J., Gilmer Jr., P.R., 1981. Mean platelet volume. The inverse
relation of platelet size and count in normal subjects, and an artifact of other particles. Am. J. Clin. Pathol. 76, 289–293.
Biricik, S., Narci, H., Dundar, G.A., Ayrik, C., Turkmenoglu, M.O., 2019. Mean platelet
volume and the ratio of mean platelet volume to platelet count in the diagnosis of
acute appendicitis. Am. J. Emerg. Med. 37, 411–414.
Brito, J.M., Belotti, L., Toledo, A.C., Antonangelo, L., Silva, F.S., Alvim, D.S., et al., 2010.
Acute cardiovascular and inﬂammatory toxicity induced by inhalation of diesel and
biodiesel exhaust particles. Toxicol. Sci. 116, 67–78.
Cao, J., Xu, X., Zhang, Y., Zeng, Z., Hylkema, M.N., Huo, X., 2018. Increased memory T
cell populations in Pb-exposed children from an e-waste-recycling area. Sci. Total
Environ. 616–617, 988–995.
Chowdhury, P.H., Kitamura, G., Honda, A., Sawahara, T., Hayashi, T., Fukushima, W.,
et al., 2017. Synergistic eﬀect of carbon nuclei and polyaromatic hydrocarbons on
respiratory and immune responses. Environ. Toxicol. 32, 2172–2181.
Dai, Y., Huo, X., Zhang, Y., Yang, T., Li, M., Xu, X., 2017. Elevated lead levels and changes
in blood morphology and erythrocyte CR1 in preschool children from an e-waste
area. Sci. Total Environ. 592, 51–59.
Davis, A.N., Afshar-Kharghan, V., Sood, A.K., 2014. Platelet eﬀects on ovarian cancer.
Semin. Oncol. 41, 378–384.
Deppermann, C., Kubes, P., 2018. Start a ﬁre, kill the bug: the role of platelets in inﬂammation and infection. Innate Immun. 24, 335–348.
Engelmann, B., Massberg, S., 2013. Thrombosis as an intravascular eﬀector of innate
immunity. Nat. Rev. Immunol. 13, 34–45.
Everett CJ, King DE, Player MS, Matheson EM, Post RE, Mainous AG, 3rd. 2010.
Association of urinary polycyclic aromatic hydrocarbons and serum C-reactive protein. Environ. Res. 110:79–82.
Ferguson, K.K., McElrath, T.F., Pace, G.G., Weller, D., Zeng, L., Pennathur, S., et al., 2017.
Urinary polycyclic aromatic hydrocarbon metabolite associations with biomarkers of
inﬂammation, angiogenesis, and oxidative stress in pregnant women. Environ. Sci.
Technol. 51, 4652–4660.
Franco, A.T., Corken, A., Ware, J., 2015. Platelets at the interface of thrombosis, inﬂammation, and cancer. Blood 126, 582–588.
Gao, Y.Y., Wang, Y.Y., Zhou, Q.X., 2015. Distribution and temporal variation of PCBs and
PAHs in soils and sediments from an e-waste dismantling site in China. Environ. Earth
Sci. 74, 2925–2935.
Gao, P., da Silva, E., Hou, L., Denslow, N.D., Xiang, P., Ma, L.Q., 2018. Human exposure
to polycyclic aromatic hydrocarbons: metabolomics perspective. Environ. Int. 119,
466–477.
Gawaz, M., Fateh-Moghadam, S., Pilz, G., Gurland, H.J., Werdan, K., 1995. Platelet activation and interaction with leucocytes in patients with sepsis or multiple organ
failure. Eur. J. Clin. Investig. 25, 843–851.
Gimbrone Jr., M.A., Aster, R.H., Cotran, R.S., Corkery, J., Jandl, J.H., Folkman, J., 1969.
Preservation of vascular integrity in organs perfused in vitro with a platelet-rich
medium. Nature 222, 33–36.
Guo, Y., Huo, X., Wu, K., Liu, J., Zhang, Y., Xu, X., 2012. Carcinogenic polycyclic aromatic

9

Environment International 131 (2019) 105043

Y. Dai, et al.

Heart Circ. Physiol. 290, H692–H699.
Xu, X., Liu, J., Huang, C., Lu, F., Chiung, Y.M., Huo, X., 2015. Association of polycyclic
aromatic hydrocarbons (PAHs) and lead co-exposure with child physical growth and
development in an e-waste recycling town. Chemosphere 139, 295–302.
Xu, X.R., Zhang, D., Oswald, B.E., Carrim, N., Wang, X., Hou, Y., et al., 2016. Platelets are
versatile cells: new discoveries in hemostasis, thrombosis, immune responses, tumor
metastasis and beyond. Crit. Rev. Clin. Lab. Sci. 53, 409–430.
Yan, S.L., Russell, J., Harris, N.R., Senchenkova, E.Y., Yildirim, A., Granger, D.N., 2013.
Platelet abnormalities during colonic inﬂammation. Inﬂamm. Bowel Dis. 19,
1245–1253.
Yang, L., Yan, K., Zeng, D., Lai, X., Chen, X., Fang, Q., et al., 2017. Association of polycyclic aromatic hydrocarbons metabolites and risk of diabetes in coke oven workers.
Environ. Pollut. 223, 305–310.
Yao, Y., Wang, D., Ma, H., Li, C., Chang, X., Low, P., et al., 2019. The impact on Tregulatory cell related immune responses in rural women exposed to polycyclic
aromatic hydrocarbons (PAHs) in household air pollution in Gansu, China: a pilot
investigation. Environ. Res. 173, 306–317.
Yildiz, A., Yuksel, M., Oylumlu, M., Polat, N., Akyuz, A., Acet, H., et al., 2015. The utility
of the platelet-lymphocyte ratio for predicting no reﬂow in patients with ST-segment
elevation myocardial infarction. Clin. Appl. Thromb. Hemost. 21, 223–228.
Yuan, C.J., Hou, J., Zhou, Y., Hu, C., Sun, H.Z., Chen, W.H., et al., 2019. Dose-response
relationships between polycyclic aromatic hydrocarbons exposure and platelet indices. Environ. Pollut. 245, 183–198.
Zareifar, S., Far, M.R.F., Golfeshan, F., Cohan, N., 2014. Changes in platelet count and
mean platelet volume during infectious and inﬂammatory disease and their correlation with ESR and CRP. J. Clin. Lab. Anal. 28, 245–248.
Zhang, Y., Huo, X., Cao, J., Yang, T., Xu, L., Xu, X., 2016. Elevated lead levels and adverse
eﬀects on natural killer cells in children from an electronic waste recycling area.
Environ. Pollut. 213, 143–150.
Zhang, Y., Xu, X., Sun, D., Cao, J., Zhang, Y., Huo, X., 2017. Alteration of the number and
percentage of innate immune cells in preschool children from an e-waste recycling
area. Ecotoxicol. Environ. Saf. 145, 615–622.
Zheng, X., Huo, X., Zhang, Y., Wang, Q., Zhang, Y., Xu, X., 2019. Cardiovascular endothelial inﬂammation by chronic coexposure to lead (Pb) and polycyclic aromatic
hydrocarbons from preschool children in an e-waste recycling area. Environ. Pollut.
246, 587–596.

Sochacka-Tatara, E., Majewska, R., Perera, F.P., Camann, D., Spengler, J., Wheelock, K.,
et al., 2018. Urinary polycyclic aromatic hydrocarbon metabolites among 3-year-old
children from Krakow, Poland. Environ. Res. 164, 212–220.
Syed, N.N., Usman, M., Khurshid, M., 2007. Thrombocytosis: age dependent aetiology
and analysis of platelet indices for diﬀerential diagnosis. Indian J. Pathol. Microbiol.
50, 628–633.
Templeton, A.J., Ace, O., McNamara, M.G., Al-Mubarak, M., Vera-Badillo, F.E.,
Hermanns, T., et al., 2014. Prognostic role of platelet to lymphocyte ratio in solid
tumors: a systematic review and meta-analysis. Cancer Epidemiol. Biomark. Prev. 23,
1204–1212.
Tunjungputri, R.N., Li, Y., de Groot, P.G., Dinarello, C.A., Smeekens, S.P., Jaeger, M.,
et al., 2018. The inter-relationship of platelets with interleukin-1β-mediated inﬂammation in humans. Thromb. Haemost. 118, 2112–2125.
Ucar, F.M., Acar, B., Gul, M., Ozeke, O., Aydogdu, S., 2016. The association between
platelet/lymphocyte ratio and coronary artery disease severity in asymptomatic low
ejection fraction patients. Korean Circ J 46, 821–826.
Ulasli, S.S., Ozyurek, B.A., Yilmaz, E.B., Ulubay, G., 2012. Mean platelet volume as an
inﬂammatory marker in acute exacerbation of chronic obstructive pulmonary disease. Pol. Arch. Med. Wewn. 122, 284–290.
Vélez, P., García, Á., 2015. Platelet proteomics in cardiovascular diseases. Translational
Proteomics 7, 15–29.
Vieira-de-Abreu, A., Campbell, R.A., Weyrich, A.S., Zimmerman, G.A., 2012. Platelets:
versatile eﬀector cells in hemostasis, inﬂammation, and the immune continuum.
Semin. Immunopathol. 34, 5–30.
Wang, Y., Sakuma, M., Chen, Z., Ustinov, V., Shi, C., Croce, K., et al., 2005. Leukocyte
engagement of platelet glycoprotein ibalpha via the integrin Mac-1 is critical for the
biological response to vascular injury. Circulation 112, 2993–3000.
Wang, X., Meng, H., Xu, L., Chen, Z., Shi, D., Lv, D., 2015. Mean platelet volume as an
inﬂammatory marker in patients with severe periodontitis. Platelets 26, 67–71.
Wang, C., Yang, J., Zhu, L., Yan, L., Lu, D., Zhang, Q., et al., 2017. Never deem lightly the
“less harmful” low-molecular-weight PAH, NPAH, and OPAH - disturbance of the
immune response at real environmental levels. Chemosphere 168, 568–577.
Welsh, J.D., Kahn, M.L., Sweet, D.T., 2016. Lymphovenous hemostasis and the role of
platelets in regulating lymphatic ﬂow and lymphatic vessel maturation. Blood 128,
1169–1173.
Xu, Y., Huo, Y., Toufektsian, M.C., Ramos, S.I., Ma, Y., Tejani, A.D., et al., 2006. Activated
platelets contribute importantly to myocardial reperfusion injury. Am. J. Physiol.

10

