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• Blood and erythrocyte Pb levels of chil-
dren from the e-waste recycling area
were significantly higher.

• The Pb toxicity of erythrocytes is more
significant in high Pb-exposed pre-
school children.

• The elevated erythrocyte Pb levels ad-
versely affected CR1 expression in all
children.

• There was no association between Pb
exposure and CR1 immune adherence
in children.
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Improper dismantling and combustion of electronic waste (e-waste) may release persistent organic pollutants and
heavy metals that possess potential risk for human health. Lead (Pb) is carried through the circulatory system by
erythrocytes and is known to alter the functions of hematopoietic and immune systems. The aim of the study was
to investigate the effect of Pb exposure on blood morphology and erythrocyte complement receptor 1 (CR1) levels
as related to immunologic function in preschool children.We recruited 484 preschool children, 2- to 6-years of age,
amongwhom332 childrenwere fromGuiyu, a typical and primitive e-waste processing area, and 152 children from
Haojiang (reference area). Results showed that the blood Pb level (BPb) and erythrocyte Pb level (EPb) of exposed
children were significantly higher, but, the mean corpuscular hemoglobin concentration (MCHC) and erythrocyte
CR1 levels were significantly lower than reference children. Elevated EPb and BPb was related to disadvantageous
changes in hematocrit (HCT), mean corpuscular volume (MCV), hemoglobin (HGB), mean corpuscular hemoglobin
(MCH), and MCHC, respectively, in children from the e-waste recycling area. Furthermore, in the high Pb-exposed
group, the Pb toxicity of erythrocytes was more significant compared to the low Pb-exposed group in e-waste-ex-
posed children. Combine with the BPb and EPb would be better to evaluating the Pb toxicity of erythrocytes. Com-
pared to low Pb exposure, high BPb and EPb were associated with lower erythrocyte CR1 expression in all children.
Our data suggests that elevated Pb levels result in adverse changes in bloodmorphology, hemoglobin synthesis and
CR1 expression, which might be a non-negligible threat to erythrocyte immunity development in local preschool
children. It is therefore imperative for any intervention to control the Pb exposure of children and actively educate
adults to raise their environmental awareness of potential e-waste pollution during the recycling process.
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1. Introduction
The shortened useful life expectancy of electrical and electronic
equipment has led to a major increase in the accumulation of electronic
waste (e-waste) (Breivik et al., 2014). The recycling of e-waste is
regarded as an effective approach to relieving the necessity of acquiring
scarce mineral resources and to continuing local economic and social
development. At the same time, the improper dismantling and burning
of e-waste releases persistent organic pollutants and heavy metals that
can cause a potential risk for the health of local residents (Zeng et al.,
2016a). Among the multiple contaminants, lead (Pb) is a ubiquitous
and persistent environmental toxicant known to bioaccumulate in the
human body and has no safe limit (Coelho et al., 2016). Guiyu, one of
the largest e-waste destinations and recycling areas in the world, has
a 30-year history of e-waste dismantling (Huo et al., 2007). Pb pollution
comes mostly from prevalent and inappropriate e-waste recycling ac-
tivities in Guiyu. Our previous studies showed that the soil and plants
in Guiyu have been severely contaminated with Pb (road side soil Pb
concentration of 540.9 mg/kg, and road side plant Pb concentration of
18.7mg/kg.), and the levels of placental Pb in pregnantwoman (median
301.4 ng/g, range 6.5–3465.2 ng/g.) from this area are significantly ele-
vated and associated with fetal growth restriction (Alabi et al., 2012;
Guo et al., 2010; Xu et al., 2016). Preschool children are more likely to
contact e-waste when playing outdoors, and their hand to mouth activ-
ity is frequent, as well as their immature immune system, which is con-
sidered more susceptible to hazardous metal substances compared to
adults for the reason that children have a higher ventilation rate and
much larger surface area in relation to body size than adults (Cao et
al., 2016; Heacock et al., 2016).

The interaction of Pb with the immune system, leading to immuno-
suppression or immunodysregulation, and Pb poisoning may be cause
the disruption of erythrocyte heme synthesis (Aguilar-Dorado et al.,
2014; Kathleen, 2010; Zeng et al., 2016b). In our prior studies, we ob-
served that Pb exposure is associated with hematotoxicity, decreases
in immune response to hepatitis B vaccination and declines in the func-
tion of natural killer (NK) cells in preschool children from Guiyu (Lin et
al., 2016; Liu et al., 2015; Xu et al., 2015; Zhang et al., 2016). Further-
more, erythrocytes are not just a primary target of Pb toxicity, but also
play an important role in innate immunity. When Pb reaches the sys-
temic circulation, N95% of blood Pb accumulates in erythrocytes. There-
fore, erythrocytes are regarded as an early and primary target for Pb-
induced toxicity in the blood circulatory system (Jang et al., 2011). It is
well-established that Pb has a direct negative effect on hematocrit or
hemoglobin, which may be due to increased erythrophagocytosis, he-
molysis and splenic sequestration of erythrocytes, or by impaired eryth-
ropoiesis (Jang et al., 2011; Kasten-Jolly et al., 2010).

Complement receptor 1 (CR1/CD35) is a type 1 transmembrane gly-
coprotein that is differentially expressed on erythrocytes, neutrophils,
eosinophils, monocytes, B-lymphocytes, a subpopulation of CD4+ T
cells, dendritic cells and kidney podocytes, but not platelets (Fearon,
1980; Java et al., 2015; Katyal et al., 2004; Tedder et al., 1983). However,
about 90% of the total CR1 is expressed on erythrocytes, with b10%
being expressed on leukocytes (Siegel et al., 1981), and the total num-
ber of CR1 clusters per erythrocyte can be as high as ~350 (Lapin et
al., 2012). Siegel et al. (1981) firstly reported the erythrocyte immune
system and immune function are predominantly exerted through
erythrocyte CR1. As an important adhesion molecule of erythrocytes,
the major function of CR1 is to clear immune complexes and transport
complement-opsonized particles from the blood circulation to the
liver and spleen, and to mediate the phagocytosis of opsonized com-
plexes (Brouwers et al., 2012; Dai et al., 2015). It also serves as a co-fac-
tor in factor I-mediated cleavage of C3b to C3bi, and accelerates the
decay of C3 and C5 convertases (Awandare et al., 2011; Zipfel and
Skerka, 2009). In erythrocyte immune function, CR1 is a vital compo-
nent which is closely linked with the development and pathologic pro-
cesses of various diseases, such as autoimmune, hematologic, and
respiratory diseases, and inflammation (Barros et al., 2009; Beck et al.,
2011; Marzocchi-Machado et al., 2005; Wang et al., 2005). In addition,
the expression of CR1 on erythrocytes is influenced by a variety of fac-
tors, such as gene polymorphisms, age of the erythrocyte and host,
health status and environmental factors (Pham et al., 2010; Waitumbi
and Stoute, 2004). Animal studies suggest that exposure to metal and/
or persistent organic pollutants influence immune function associated
with erythrocytes (Li et al., 2014; Zhao et al., 2014; Zhu et al., 2011).
Moreover, Fyfe et al. (1987) indicate that the numerical expression of
erythrocyte CR1 is governed by environmental, rather than genetic fac-
tors in normal individuals. In this respect, we consider the possibility
that erythrocytes and/or immune function of Pb-exposed children
could be impaired.

To our knowledge, although erythrocyte CR1 function is well under-
stood, there are noprior studies to elucidate the effect of Pb exposure on
erythrocyte CR1 expression and immunologic function in the popula-
tion. On the basis of available evidence, the main goal of the present
study is to provide evidence to further understand the association be-
tween long-term Pb exposure and blood morphology, erythrocyte CR1
levels and immunologic function in preschool children.

2. Materials and methods

2.1. Study population

The children from two different kindergartens were chosen as re-
search subjects from Guiyu and Haojiang, in Shantou southern China.
We performed a cross-sectional study using stratified random sampling
from the two kindergartens where voluntary participants were chosen
from their classes and classified by their age. Finally, a total of 484 pre-
school children, 2- to 6-years of age, were recruited from the Guiyu
(n = 332) and Haojiang (n = 152) kindergartens in November 2015.
To be eligible, children could not have an infectious disease within one
month before sample collection, and hematological or autoimmune dis-
eases. Haojiang was selected as the reference area based on similarities
to Guiyu (e-waste-exposed area) in population, residential lifestyle, cul-
tural background and socioeconomic status, but lacks e-waste pollution.
Prior to enrollment, we obtained a signed informed consent from par-
ents or guardians and the study protocol was approved by the Human
Ethics Committee of Shantou University Medical College, China. All par-
ents completed a questionnaire administered by a trained research staff.
The questionnaire acquired information about general characteristics of
the children and parents, such as child dieting habits, nutrition, physical
activity, medical and health history, parent occupation and education
level, residential environment and socioeconomic status.

2.2. Blood sample preparation

A 4 mL sample of venous blood was obtained from each child and
collected in two Pb-free tubes, containing EDTA or sodium citrate as an-
ticoagulants, bywell-trained nurses at the kindergartens. All blood sam-
ples were transported to the laboratory. The blood sample in the EDTA
tube was used for routine blood examination, and then stored at
−20 °C until Pb quantitation. The other blood-containing tube, with so-
dium citrate as the anticoagulant, was centrifuged at room temperature
for 5 min at 200 ×g, then separated erythrocytes that were used to de-
termine the surface CR1 expression level as related immune adherence
activity.

2.3. Measurement of hematological parameters

Hematological parameters were estimated using an automated
Sysmex XT-1800i hematology analyzer (Sysmex Corporation, Kobe,
Japan). Red blood cell parameters, such as the red blood cell (RBC)
count, hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular
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hemoglobin concentration (MCHC) and red cell distribution width
(RDW), were assessed. At the same time, monocyte counts were also
determined. Calibrators and controls were obtained from the manufac-
turer, and analysis of samples was performed within 8 h of blood
collection.

2.4. Measurement of blood Pb level and calculation of erythrocyte Pb
concentration

The blood Pb level (BPb) was determined by digestion of 100 μL
whole blood sample in 900 μL 0.5% nitric acid (analytical reagent),
followed by quantification of the Pb level by graphite furnace atomic ab-
sorption spectrophotometry (Jena Zeenit-650, Germany). The details of
procedure for measuring BPb have been previously described (Liu et al.,
2011). Erythrocyte Pb concentration was calculated according to the
formula suggested by deSilva, i.e. erythrocyte Pb level (EPb) is equal
to the BPb divided by the HCT as a fraction of the whole blood
(deSilva, 1981).

2.5. Determination of erythrocyte CR1 surface expression by flow cytometry

The mean erythrocyte CR1 expression level on fresh blood samples
was determined using a modification of a previously published method
(Senbagavalli et al., 2008). Whole blood (500 μL) was washed three
times in PBS (Shanghai BioScience Co., Ltd. China) and ten microliters
of packed erythrocytes was taken and diluted with 2% BSA in PBS, to a
final concentration of 2 × 106 cells/mL, after which 100 μL suspension
was stained with 5 μL of anti-human CD235a-APC conjugate (Becton
Dickinson) and 20 μL of anti-human CR1-PE conjugate (BD Bioscience,
USA), followed by incubation at room temperature in the dark for
25 min. Excess antibody was removed by washing once with 1 mL
BSA-PBS, and cells were resuspended in 500 μL of BSA-PBS for analysis
by flow cytometry (Accuri C6, BD Bioscience, USA). Non-specific stain-
ing of the cells was excluded by running a parallel set of cells stained
with irrelevant isotype-matched antibody (BD Bioscience, USA). The
RBC population, based on positive staining of CD235a, a
sialoglycoprotein on human erythrocytes, and the CR1 mean fluores-
cence intensity (MFI) of 10,000 erythrocytes were measured. Both the
percentage of positive cells and theMFI for the antibodyweremeasured
as an indication of the receptor density. Fluorescence histograms were
obtained on a logarithmic scale.

2.6. Determination of erythrocyte immune adherence in children

Erythrocyte immune adherence was measured by an erythrocyte
yeast rosette formation test for examination of the erythrocyte C3b re-
ceptor rosette rate (E-C3bRR) and erythrocyte immune complex rosette
rate (E-ICRR). Erythrocyteswerewashed three timeswith normal saline
and the supernatant was discarded. Erythrocytes were resuspended
with normal saline to a concentration of 1.25 × 107 cells/mL. Novelty
yeast (Angel Yeast Co., Ltd. China) was dissolved in normal saline and
inactivated at 100 °C for 20min. After filtration, half of the yeast suspen-
sion was adjusted to 1 × 108 cells/mL and served as the unsensitized
yeast sample. The remainder of the yeast suspension was opsonized
with an equal volume of healthy guinea pig serum at 37 °C in a water
bath for 25 min and then washed with normal saline. The sensitized
yeast was resuspended in normal saline at a concentration of 1 × 108

cells/mL. In the assay, 50 μL sensitized yeast suspension and 50 μL eryth-
rocyte suspension were combined in a tube and incubated at 37 °C for
40 min with periodic shaking, then 25 μL of 0.25% glutaraldehyde was
added to each tube, and smears were then prepared on microscope
slides. Slides were fixed and stained withWright's stain, and 200 eryth-
rocytes were counted from each smear under a microscope. The E-
C3bRR and E-ICRR were equal to the number of erythrocytes binding
≥2 yeast cells/200 × 100%. The average percentage of two smears was
calculated to obtain the results for each blood sample (Li et al., 2014).
2.7. Statistical analysis

All statistical analyses were performed using Stata 13.0 software
(Stata, College Station, TX, USA) and Statistical Package for the Social
Sciences (SPSS) 19.0 package (SPSS Inc., Chicago, IL, USA). Data are pre-
sented as mean ± SD for normally distributed data, or median and in-
terquartile range (IQR) for non-normally distributed data. The
independent-sample t-testwas used for two-group comparisons of nor-
mally distributed data. The Mann-Whitney U test was applied to two
group comparisons of non-normally distributed data. In addition, we
deleted the outliers and extreme values during analyses to ensure the
match and comparability between two groups. The U.S. Center for Dis-
ease Control and Prevention (CDC) revised the threshold value for child-
hood Pb exposure downward from 10 to 5 μg/dL in 2012 (Betts, 2012).
Therefore, child BPb concentration data were dichotomized at 5 μg/dL,
and then Pearson's chi-square test was used to compare the over-limit
ratio of BPb concentrations and other categorical data. Pearson's corre-
lations (two-tailed)were used to test the associations betweendifferent
normally distributed variables. Spearman's correlation test was used for
the non-normally distributed data, and correlation coefficients (rs) with
p-values were presented. Considering the collinearity of these indepen-
dent variables, we conducted multiple stepwise regression analyses to
investigate the relevant factors contributing to BPb. Multiple linear re-
gression analyses were performed to evaluate the associations between
BPb or EPb levels and hematological parameters. In order to examine
the associations of BPb and EPb concentrationswith erythrocyte CR1 ex-
pression, separate regression models were used for each exposure-out-
come association. We categorized BPb and EPb into quarters and
estimated differences in mean values for the 2nd, 3rd and 4th quarters
compared with the first quarter. The significance level was set at α =
0.05 for two-sided tests. All regressionmodels were adjusted for poten-
tial confounders as covariates. Regression diagnostics were conducted
for all models, including examination of fit, influence and
heteroscedasticity. All statistical tests requiring assumption of normali-
ty were conducted on natural logarithmic-transformed concentrations.

3. Results

3.1. Demographic characteristics of the study population

The demographic characteristics of the 484 participants are summa-
rized in Table 1. The gender distribution of children was significantly
different between exposed and reference groups (p b 0.05). Themedian
BPb and EPb of e-waste-exposed children was 6.5 μg/dL and 17.0 μg/dL
respectively, which were significantly higher than the 4.5 μg/dL and
11.9 μg/dL for reference children (all p b 0.001). N76.2% of children
from the e-waste-exposed group exceeded the threshold value of BPb
(5 μg/dL), in contrast to 38.8% for the reference group (p b 0.001). Fur-
thermore, significant differences between the two groups were ob-
served for child contact with e-waste, paternal education levels and
monthly household income (all p b 0.01).

3.2. Factors contributing to Pb concentrations in child blood

Multiple stepwise regression analysis was performed to assess
whether specific factors were related with BPb in preschool children
from the e-waste recycling area. After adjusting for confounding factors,
including gender and age, we observed that BPb was negatively associ-
ated with monthly household income (β = −0.191, p b 0.01) and pa-
ternal education level (β = −0.160, p b 0.05), as well as positively
associated with sucking/biting toys (β=0.139, p b 0.05) and child con-
tact with e-waste (β = 0.211, p b 0.01) (Table 2). Meanwhile, we also
used the multiple stepwise regression models to analysis the relation-
ships between the factors and BPb in children from reference area, how-
ever, the result showed no significant for the regressionmodel (data not
shown).



Table 1
Demographic characteristics of the study population.

Demographic variables Reference
group

Exposed
group

Statistics p-Value

(n = 152) (n = 332)

Age (years) (mean ± SD) 4.2 ± 1.1 4.4 ± 0.9 t = 2.102 0.037
Gender [n (%)]

Male 95 (62.5) 173 (52.1) χ2 = 4.556 0.033
Female 57 (37.5) 159 (47.9)

Blood Pb level (μg/dL) [median
(IQR)]

4.5 (3.4,
5.6)

6.5 (5.1,
8.1)

Z = −9.649 0.000

≥5 μg/dL [n (%)] 59 (38.8) 253 (76.2) χ2 = 63.626 0.000
b5 μg/dL [n (%)] 93 (61.2) 79 (23.8)

Erythrocyte Pb level (μg/dL)
[median (IQR)]

11.9 (9.2,
15.1)

17.0 (13.0,
21.4)

Z = −8.998 0.000

Sucking/biting toys [n (%)]
None 112 (74.2) 214 (67.3) χ2 = 5.369 0.147
Occasionally 36 (23.8) 101 (31.8)
Often 3 (2.0) 2 (0.6)
Always 0 (0.0) 1 (0.3)

Child contact with e-waste [n
(%)]
No contact with e-waste 139 (92.1) 207 (64.2) χ2 = 41.670 0.000
Occasionally taken to the
e-waste recycling site

6 (4.0) 86 (26.7)

Frequently taken to the
e-waste recycling site

6 (4.0) 29 (9.0)

Paternal education levels [n
(%)]
Illiterate 0 (0.0) 1 (0.3) χ2 = 149.101 0.000
Primary school 0 (0.0) 21 (6.4)
Middle school 21 (13.9) 197 (60.4)
Vocational school 26 (17.2) 35 (10.7)
High school 27 (17.9) 38 (11.7)
College/university 77 (51.0) 34 (10.4)

Monthly household income
(yuan) [n (%)]
b1500 1 (0.7) 12 (4.4) χ2 = 33.012 0.000
1500–3000 13 (8.9) 48 (17.7)
3000–4500 27 (18.5) 69 (25.5)
4500–6000 24 (16.4) 65 (24.0)
N6000 81 (55.5) 77 (28.4)

Values of p b 0.05 were considered statistically significant. IQR: interquartile range.
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3.3. Hematological parameter distributions in children

We stratified by gender and analyzed the differences of erythrocyte
parameters and monocyte counts between the exposed and reference
groups (Fig. 1 and Table S1). Although all hematological parameters
were within the normal range, the RBC counts of the girls were signifi-
cantly higher in the exposed group as compared to the reference group
(4.77 ± 0.35 × 1012/L vs. 4.62 ± 0.27 × 1012/L, p b 0.01). Furthermore,
the total HCT was also found to be higher in children from the e-
waste-exposed area than from the reference area (38.2 ± 2.2% vs.
37.5 ± 2.2%, p b 0.01). However, the MCH of e-waste-exposed girls
was significantly lower compared with reference girls (27.5 ± 1.5 pg
vs. 28.1 ± 1.4 pg, p b 0.05). Correspondingly, the MCHC was also
Table 2
Multiple stepwise regression analysis for factors related to the ln-transformed Pb concen-
trations in blood from e-waste recycling area.

Model Change in ln(BPb)

β B (95% CI)

Sucking/biting toys 0.139 0.104 (0.012, 0.196)⁎

Child contact with e-waste 0.211 0.087 (0.036, 0.137)⁎⁎

Monthly household income −0.191 −0.062 (−0.103, −0.021)⁎⁎

Paternal education level −0.160 −0.054 (−0.098, −0.011)⁎

Data was adjusted by gender and age. Ln(BPb): ln-transform of blood Pb levels; β: stan-
dardized coefficients; B: unstandardized coefficients; CI: confidence interval.
⁎⁎ Significant at p b 0.01.
⁎ Significant at p b 0.05.
lower both in the boys and girls living in the e-waste-exposed area as
compared to the children from the reference area (343 ± 8.2 g/L vs.
346 ± 9.8 g/L, p b 0.05 and 342 ± 7.9 g/L vs. 345 ± 7.7 g/L, p b 0.01, re-
spectively). At the same time, we also found that the total monocyte
counts were significantly increased in the exposed group when com-
pared with reference group (0.54 ± 0.21 × 109/L vs. 0.49 ±
0.17 × 109/L, p b 0.05). There were no significant differences in MCV,
HGB and RDW between the two groups (all p N 0.05).

3.4. Effect of Pb exposure on erythrocyte parameters

To explore the association between BPb or EPb and erythrocyte pa-
rameters, we examined the relationships between Pb concentrations
in blood or erythrocytes and RBC, HCT, MCV, HGB, MCH, MCHC and
RDW from the e-waste recycling and reference areas (Table 3). In chil-
dren from the e-waste recycling area, the BPb negatively correlated
with the HCT (rs = −0.168, p = 0.002), MCV (rs = −0.204,
p b 0.001), HGB (rs = −0.158, p = 0.004) and MCH (rs = −0.178,
p = 0.001), but positively correlated with RDW (rs = 0.132, p =
0.016). At the same time, EPb also negatively correlated with the HCT
(rs = −0.295, p b 0.001), MCV (rs = −0.237, p b 0.001), HGB
(rs = −0.279, p b 0.001) and MCH (rs = −0.211, p b 0.001), but posi-
tively correlatedwith RDW(rs=0.162, p=0.003). However, no signif-
icant relationships were observed in the reference area (Table 3). Next,
we divided e-waste-exposed children into high Pb- and lowPb-exposed
groups, using the blood threshold concentration of 5 μg/dL Pb according
to the criteria of United States CDC (Betts, 2012). Multiple linear regres-
sion analysis was performed to explain the associations between BPb or
EPb and erythrocyte indices after being adjusted for the confounders of
gender and age (Table 4). In the high Pb-exposed group, we found neg-
ative associations between BPb and HCT, MCV, HGB, MCH or MCHC
(B = −0.001, B = −0.333, B = −0.628, B = −0.140 and
B = −0.392,respectively). The EPb was also negatively related to the
HCT, MCV, HGB, MCH and MCHC (B = −0.001, B = −0.138,
B = −0.333, B = −0.057 and B = −0.153, respectively), but only
the EPb was positively associated with the RDW (B = 0.011) (Table
4). Nevertheless, the regression models indicated that the associations
between BPb or EPb and erythrocyte parameters were not significant
in the low Pb-exposed group (data not shown).

3.5. Effect of Pb exposure on erythrocyte CR1 expression

In order to explore the association between Pb exposure andCR1,we
examined the relationships between BPb or EPb and erythrocyte CR1
level in the e-waste-exposed and reference areas. Through our
Pearson's correlation analyses, we noticed that these correlations did
not reach statistical significance when CR1 was assayed by flow cytom-
etry (Fig. S1). However, we found that the surface expression of CR1 on
the erythrocyte membrane displayed significant differences between
the two groups. Regardless of gender, a lower level of CR1 expression
was observed among children from the e-waste-exposed area (median:
6257.515; range: 3046.550 to 20,931.610) compared to reference area
(median: 8162.840; range: 3926.100 to 20,751.650) (p b 0.01) (Fig. 2).
Furthermore, for all preschool children from the e-waste-exposed and
reference areas, both BPb and EPb were negatively related to the cell
surface erythrocyte CR1 levels (rs = −0.155 and rs = −0.125, respec-
tively, all p b 0.05) (Table S2). Considering the sample size and con-
founding factors, such as socioeconomic status, we further used the
separate regression models to analyze the association of child BPb or
EPb and erythrocyte CR1 expression both in the e-waste-exposed and
reference areas after adjusting for age, gender, maternal and paternal
education levels and monthly household income (Table 6). The expres-
sion of erythrocyte CR1 decreased with the BPb and EPb when they
were categorized in quartiles (p value for the trends were all b0.05).
Compared to low BPb and EPb (quartile 1), high BPb and EPb (quartile
4) were associated with lower erythrocyte CR1 levels (βQ4 = −0.161,



Fig. 1. Hematological profile stratified by gender between e-waste-exposed and reference groups. RBC: red blood cell; HCT: hematocrit; MCV: mean corpuscular volume; HGB:
hemoglobin; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; RDW: red cell distribution width. Exposed group, n = 332; reference group,
n = 152. Results are presented as mean ± SD; data analysis by the independent-sample t-test. ⁎⁎ Significant at p b 0.01. ⁎ Significant at p b 0.05.
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95%CI: -0.319, −0.008; βQ4 = −0.186, 95%CI: -0.350, −0.030,
respectively).

3.6. Changes in erythrocyte CR1 immune adherence in children

The percentage of children exceeding the mean level of E-C3bRR in
all subjects was higher in the exposed group when compared with the
reference group (55.4% vs. 32.4%, p b 0.05). However, there was no sig-
nificant difference in E-ICRR between the two groups (p N 0.05) (Table
5). In addition, we did not find any associations between Pb exposure
and E-C3bRR or E-ICRR in preschool children (p N 0.05) (Table S2).

4. Discussion

In the current study, we investigated the changes in erythrocyte pa-
rameters, CR1 level and the ability of CR1 to function in an immune ad-
herence assay, and explored the association of erythrocyte changeswith
environmental Pb exposure in preschool children from Guiyu, a typical
e-waste processing area. Themost common biological indicator of mea-
suring Pb exposure is the BPb. We found that children living in Guiyu
possess a high BPb compared to the reference area, with more than
Table 3
Pearson's correlation coefficients among individual blood and erythrocyte Pb concentra-
tions, and erythrocyte related parameters from e-waste recycling and reference areas in
China.

Variables E-waste recycling area Reference area

Blood Pb level Erythrocyte Pb
level

Blood Pb level Erythrocyte Pb
level

rs p rs p rs p rs p

RBC 0.030 0.592 −0.046 0.402 −0.019 0.816 −0.069 0.396
HCT −0.168 0.002 −0.295 0.000 0.030 0.718 −0.135 0.098
MCV −0.204 0.000 −0.237 0.000 0.041 0.613 −0.024 0.772
HGB −0.158 0.004 −0.279 0.000 0.031 0.706 −0.121 0.136
MCH −0.178 0.001 −0.211 0.000 0.037 0.653 −0.031 0.709
MCHC −0.011 0.847 −0.027 0.629 0.008 0.924 −0.036 0.656
RDW 0.132 0.016 0.162 0.003 0.018 0.826 0.086 0.292

Values of p b 0.05 were considered statistically significant. rs: Pearson's correlation coeffi-
cient; RBC: red blood cell; HCT: hematocrit; MCV:mean corpuscular volume; HGB: hemo-
globin; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin
concentration; RDW: red cell distribution width.
half of the children from exposed group exceeding the BPb limit value
of 5 μg/dL, consistent with our previous research (Guo et al., 2014;
Huo et al., 2007; Yang et al., 2013; Zeng et al., 2016c). Informal recycling
of e-waste and the resulting heavymetal pollution has become a serious
burden on the ecosystem in Guiyu. For instance, our previous research
revealed soil Pb levels that were 2.32 times, whereas the ratios for
dust samples were 4.10 times higher than the reference area (Yekeen
et al., 2016). We have found Pb levels of 18.74 mg/kg in Guiyu roadside
plants (Alabi et al., 2012), and in preliminary studies, we have also
found that the Pb concentrations in PM2.5 was 160 ng m−3 from
Guiyu which is also higher when compared to other Asian cities
(Zheng et al., 2016). In addition, the concentration of Pb in the surface
water of Guiyu exceeds the Grade I standardwhen compared to China's
Sea Water Quality Standards, and Pb concentration in sediment of the
riverine system is high within Guiyu (Guo et al., 2009). Consequently,
informal processing of e-waste results in release of Pb which not only
pollutes the factory vicinity, but the community as a whole. Considering
the reason for elevated BPb in children, we analyzedmany relevant fac-
tors, including their playing habits, health and diet, as well as residence
Table 4
Multiple linear regression analysis of the associations between blood or erythrocyte Pb
levels and erythrocyte-related parameters in the high Pb-exposed group from e-waste
recycling area.

Variables High Pb-exposed groupa

Blood Pb level Erythrocyte Pb level
B (95% CI) B (95% CI)

HCT −0.001 (−0.002, 0.001)⁎⁎ −0.001 (−0.001, −0.001)⁎⁎⁎

MCV −0.333 (−0.504, −0.162)⁎⁎⁎ −0.138 (−0.198, −0.079)⁎⁎⁎

HGB −0.628 (−0.953, −0.304)⁎⁎⁎ −0.333 (−0.443, −0.222)⁎⁎⁎

MCH −0.140 (−0.206, −0.074)⁎⁎⁎ −0.057 (−0.080, −0.034)⁎⁎⁎

MCHC −0.392 (−0.716, −0.069)⁎ −0.153 (−0.267, −0.039)⁎⁎

RDW 0.027 (−0.001, 0.056) 0.011 (0.001, 0.021)⁎

Datawas adjusted by gender and age. B: unstandardized coefficients; CI: confidence inter-
val; RBC: red blood cell; HCT: hematocrit; MCV: mean corpuscular volume; HGB: hemo-
globin; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin
concentration; RDW: red cell distribution width.

a Blood Pb level ≥ 5 μg/dL.
⁎ Significant at p b 0.05.
⁎⁎ Significant at p b 0.01.
⁎⁎⁎ Significant at p b 0.001.



Fig. 2. Surface membrane CR1 levels of erythrocytes from e-waste-exposed and reference
groups. Exposed group, n = 130; reference group, n = 133. Results are presented as
medians (minimum, maximum); data analysis by the Mann-Whitney U test.
⁎⁎Significant at p b 0.01. ⁎Significant at p b 0.05.

Table 6
Change in erythrocyte CR1 expressionwith increases in BPb and EPb for all preschool chil-
dren after being adjusted for confounders.

CR1 expression

n (%) β B (95% CI) p-Value

BPb quartiles (μg/dL)
Q1 (b3.78) 66 (25.1) 0
Q2 (3.78–5.22) 66 (25.1) −0.074 −0.076 (−0.231, 0.079) 0.338
Q3 (5.22–7.00) 66 (25.1) −0.042 −0.043 (−0.198, 0.112) 0.587
Q4 (N7.00) 65 (24.7) −0.161 −0.163 (−0.319, −0.008) 0.040
p for trend 0.006
EPb quartiles (μg/dL)
Q1 (b9.99) 65 (24.7) 0
Q2 (9.99–14.0) 66 (25.1) −0.110 −0.113 (−0.274, 0.047) 0.166
Q3 (14.0–18.6) 66 (25.1) −0.092 −0.093 (−0.251, 0.064) 0.246
Q4 (N18.6) 66 (25.1) −0.186 −0.190 (−0.350, −0.030) 0.020
p for trend 0.004

Data was adjusted by age, gender, paternal and maternal education level and monthly
household income. Values of p b 0.05were considered statistically significant. β: standard-
ized coefficients; B: unstandardized coefficients; CI: confidence interval.
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environment. We observed that sucking/biting toys and child contact
with e-waste are related to the elevated BPb. However, monthly house-
hold income and paternal education level are negatively associatedwith
BPb. In conclusion, the bad habits of children promote Pb accumulation,
but paternal education and household income may convey information
about the patterns of potential Pb exposure, as well as health care for
children living in the e-waste recycling area.

Previous reports demonstrate that acute Pb exposure can decrease
hemoglobin synthesis, increase hemolysis arising from membrane fra-
gility, and increase erythrocyte destruction in the spleen (Goyer and
Cherian, 1995;Mrugesh et al., 2011; Palacios et al., 2012). In the present
data, the RBC counts of e-waste-exposed girls are higher than the girls
from the reference group, and the HCT in the exposed group is also
higher than the reference group for both girls and boys. Even though
the values of erythrocyte parameters are in the normal reference
range for Guiyu children who live in a long-term low Pb exposure envi-
ronment, their MCH and MCHC are lower than the reference children.
Jacob et al. (2000) found that increasing BPb by 10.0 μg/dL is associated
with a small increase in the number of RBC, and in girls will reduce the
MCV and MCH. The stimulating effect of Pb on erythrocyte formation
observed is somewhat stronger in girls (Jacob et al., 2000), similar to
our results. According to an occupational Pb exposure report, HGB,
HCT, MCHC, MCH and MCV are significantly lower in petrol station at-
tendants (BPb = 15.11 μg/dL), compared to reference people.

Kim et al. (2002) and Liu et al. (2015) demonstrated the value of EPb
or HCT in the adjustment of BPb for hematotoxicity studies of Pb toxic-
ity. In view of the hematotoxicity at the different Pb exposure levels, it
appears that, EPb and BPb are inversely related to the HCT, MCV, HGB
and MCH, and positively related to the RDW in e-waste recycling area.
However, we did not find these relationships in children from the refer-
ence area. A possible reason is that both the BPb and EPb of children
from e-waste-exposed areas are higher than reference area and the
Table 5
Immune adherence of erythrocyte CR1 in children between e-waste-exposed and refer-
ence groups.

Variables Reference group Exposed group Statistics p-Value

E-C3bRR
≥37.67%a 11 (32.4) 72 (55.4) χ2 = 5.719 0.017
b37.67% 23 (67.6) 58 (44.6)

E-ICRR
≥42.98%b 11 (32.4) 64 (49.2) χ2 = 3.039 0.079
b42.98% 23 (67.6) 66 (50.8)

Values of p b 0.05 were considered statistically significant. E-C3bRR: erythrocyte C3b re-
ceptor rosette rate; E-ICRR: erythrocyte immune complex rosette rate.

a Mean value of E-C3bRR in all subjects.
b Mean value of E-ICRR in all subjects.
mean BPb of these children are high, above 5 μg/dL. In support of this,
multiple linear regression analysis finds that the BPb and EPb are in-
versely associated with HCT, MCV, HGB, MCH and MCHC only in the
high Pb-exposed group. We did not find any associations in the low
Pb-exposed group. In conclusion, these results indicate that the changes
in these erythrocyte parameters are closely associated with high Pb ex-
posure, especially when the BPb concentration is above 5 μg/dL. There-
fore, children who have a BPb above 5 μg/dL should be closely
monitored for Pb toxicity. In addition, the level of Pb in blood is a highly
reliable biological marker of recent exposure to Pb (Betts, 2012). In
order to evaluate the Pb toxicity to erythrocytes, combination of BPb
and EPb is more accurate indicator. Furthermore, Dobrakowski et al.
(2016) noticed that short-term occupational exposure to Pb results in
a decreased HGB within the normal ranges, but does not affect RBC
counts, which is similar to our results in preschool children. One possi-
ble reason is that the present Pb exposure level does not influence the
erythrocyte lifespan in e-waste-exposed children, but long-term Pb ex-
posure is responsible for the levels of erythrocyte membrane molecular
and hemoglobin. Prior research has shown that the changes in hemo-
globin concentrations are likely caused by Pb-induced inhibition of δ-
aminolevulinic acid dehydratase or pyrimidine 5′-nucleotidase activity,
which is associatedwith anemia (Jang et al., 2011; Kim et al., 2002). The
hemoglobin inside erythrocytes could be important effectors of innate
immunity responsible for killing microbial invaders (Liepke et al.,
2003). Therefore, long-term Pb exposure might not only affect heme
synthesis, but also be a detriment to the antimicrobial activity of hemo-
globin in preschool children. Moreover, association analysis shows that
changes in EPb, due to Pb exposure associate negatively with changes in
MCV, but positively with changes in RDW. Thus, our findings show that
long-term Pb exposure may decrease MCV and cause anisocytosis in
preschool children.

Erythrocyte immunity represents the first line of defense in innate
immunity, and erythrocyte membranes express the complement regu-
latory protein CR1 that regulates activation of the complement system
and provides essential protection against self-damage (Ruiz-Argüelles
and Llorente, 2007). Animal studies examined the associations between
chemical pollutants exposure and erythrocyte CR1 expression and func-
tion, but no previous studies have examined the relationship between
Pb exposure and erythrocyte CR1 levels in a population. Because 90%
of CR1 exists in erythrocytes, and the number of erythrocytes is higher
than that of leucocytes in blood, the amount of circulating immune
complexes associated with erythrocytes is 500- to 1000-times greater
than with leucocytes. Therefore, immune complexes in circulation are
predominantly removed by erythrocytes (Siegel et al., 1981). In
humans, the CR1 level of erythrocytes also varies with age, with levels
being high at birth, and subsequently decreasing to low levels between
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6 and 24months of age, a period atwhich children aremost susceptible
to infection (Odhiambo et al., 2015; Waitumbi and Stoute, 2004). The
present study shows that children from Guiyu have higher BPb or EPb,
but lower erythrocyte CR1 levels than the reference children. Barros et
al. (2009) demonstrated that complement regulatory proteins play an
important role in protecting erythrocyte destruction through the activa-
tion of complement. Individuals with low erythrocyte CR1 expression
are ill-equipped to clear immune complexes and prevent immune com-
plex-mediated stimulation of macrophages (Odera et al., 2011). Studies
confirm that Pb could change the physicochemical state of proteins and
lipids in erythrocyte and lymphocyte membranes (Apostoli et al., 1988;
Mrugesh et al., 2011; Slobozhanina et al., 2005). We observed that total
BPb and EPb are associated with lower erythrocyte CR1 level, with 4th
quartile of exposure (BPb N 7.00 μg/dL, EPb N 18.6 μg/dL) showing the
strongest associations in all preschool children. Interestingly, we did
not find a correlation trend between BPb or EPb and erythrocyte CR1
with statistical significance in e-waste-exposed and reference areas.
The possible reason could be that only when the Pb exposure level is
higher, the correlation become manifest. In addition, sample size
would also have an effect on the statistical efficiency. Although we did
not find a direct relationship between Pb exposure and erythrocyte
CR1 expression in children from the e-waste recycling area, the Pb ex-
posure still correlated with a potential risk for CR1 expression in analy-
ses of the total population, and the surface erythrocyte CR1 level is also
significantly decreased in e-waste exposed children. CR1 plays critical
roles in the immune response of B and T lymphocytes (Erdei et al.,
2009), and individuals afflicted by someof these diseases, including sys-
temic lupus erythematosus and severe malaria-associated anemia, de-
velop low erythrocyte CR1 levels as a result of infection (Boaz et al.,
2008; Ross et al., 1985). The loss of CR1 observed coincides with a rise
in IgG- and IgM-containing immune complexes, and might present an
attempt to clear these proinflammatory complexes from the circulation
(de Oliveira et al., 2014). To summarize, our results indicate that re-
duced erythrocyte CR1 levels are directly linked with elevated EPb and
BPb, suggesting that Pb could confer a potential risk to erythrocyte im-
munity for preschool children.

Immune adherence of erythrocytes is reflected by the E-C3bRR and
E-ICRR. Decreased activity of CR1 would decrease the erythrocyte-me-
diated removal of immune complexes and result in a decline in E-
C3bRR. On the contrary, an increase in immune complexes can result
in the E-ICRR elevated (Birmingham and Hebert, 2001; Oudin et al.,
2000). The results in the present study show that the E-C3bRR is higher
in the exposed group than the reference group, in the absence of a dif-
ference in E-ICRR.We also notice that themonocyte counts are elevated
inGuiyu children,whichmight benefit clearance due to erythrocyte CR1
binding with immune complexes, which are then delivered to the liver
and spleen for phagocytosis bymacrophages. Therefore, for the exposed
children, circulating immune complexes taken up by erythrocytes are
removed completely and vacancies of erythrocyte CR1 are not occupied
by these immune complexes. Interestingly, animal studies found the
levels of E-C3bRR decreased and E-ICRR increased with the rise of alu-
minum and nickel chloride exposure, and suggested that the immune
function of erythrocytes is suppressed by exposure to these metals (Li
et al., 2014; Zhu et al., 2011). Erythrocyte immune adherence depends
on many factors, including the number of erythrocytes, circulating im-
mune complexes, monocytes and CR1 levels (Kullo et al., 2011). In the
present data, the erythrocyte CR1 immune adherence activity is not sig-
nificantly associatedwith the BPb or EPb in preschool children. The pos-
sible reason is that the erythrocyte counts have no obvious change and
the number of monocytes is increased in the exposed children, which is
not enough to influence the clearance of immune complexes from the
body.

This analysis has limitations associated with the cross-sectional de-
sign of the study. First, the child subjects might have been affected by
other heavy metals and organic pollutants due to the multiple contam-
inants present in the e-waste area. However, we choose to investigate
the effects of Pb on erythrocytes because of the ability of erythrocytes
to concentrate Pb. Pb is a ubiquitous environmental contaminant, espe-
cially in Guiyu, and hinders erythrocyte and leukocyte function
(García-Lestón et al., 2011; Kim and Lee, 2013; Kossowska et al.,
2010). A second limitation is that the sample size is not sufficiently
large to better analyze the relationships between the Pb exposure and
erythrocyte CR1 expression or immune function. A third limitation is
that more indicators of erythrocyte immune function need to be con-
firmed that could supply us with more information. In our future
work, we will measure additional indicators related to erythrocyte im-
mune function and other potential chemical pollutants from a larger
population.

5. Conclusions

E-waste exposed children have higher BPb and EPb, and lower
erythrocyte parameters andCR1 levels. Ourfindings suggest that elevat-
ed EPb and BPb are related to the disadvantageous changes in HCT,
MCV, HGB, MCH, and MCHC in preschool children from the e-waste
recycling area. The combination of BPb and EPb values is more accurate
for evaluating the Pb toxicity to erythrocyte. Furthermore, in the high
Pb-exposed group, the Pb toxicity to erythrocytes is more significant
compared to the low Pb-exposed group in children from the e-waste
recycling area. Although we did not find a direct relationship between
Pb exposure and erythrocyte CR1 expression in children from our e-
waste recycling area, the Pb exposure still existed as potential risk factor
for depressing CR1 levels in local children, as judged by our analyses of
the total population, and erythrocyte CR1 levels also being significantly
decreased in e-waste-exposed children.We conclude that long-term Pb
exposure may cause adverse effects on blood morphology, hemoglobin
biosynthesis and CR1 levels, which might pose a non-negligible threat
to erythrocyte immunity in preschool children, especially those children
living in an e-waste recycling area. More indicators related to erythro-
cyte immunity should bemeasured to elucidate the toxicological effects
of Pb. Preventive measures are therefore essential to reduce environ-
mental Pb exposure, to lower the body burden and to control and
avoid further detrimental health outcomes.
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