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A B S T R A C T   

Lead (Pb) entering the body through different channels can damage the function of intestinal mucosal barrier and 
cause the body stressful inflammatory response to enhance. This study conducted a cross-sectional study to 
investigate the effects of Pb exposure on intestinal permeability in children by measuring the level of bacterial 
endotoxin and index of inflammatory cell types in peripheral blood. From November to December 2018, we 
recruited 187 participants aged 3–6 years by stratified randomization, from an electronic-waste-exposed group 
(n = 82) and a referent group (n = 105). General demographic information, past history of the digestive system 
in child, and family situation were informed by children’s guardians with questionnaires. Children in the exposed 
group showed lower weight, height, and body mass index while more diarrhea in a month. Blood Pb and plasma 
endotoxin were elevated in exposed children than referent children and the positive relationship between them 
was shown in all children [B (95% CI): 0.072 (0.008, 0.137), P = 0.033]. Peripheral monocyte counts and 
leukotriene B4 (LTB4) levels were significantly increased in the exposed group. Endotoxin levels were positively 
correlated with neutrophils, monocytes, and LTB4 [B (95% CI): 0.054 (0.015, 0.093), 0.018 (0.005, 0.031), and 
0.049 (0.011, 0.087), respectively, P < 0.05]. To sum up, the exposed children showed lower physical growth 
levels, poorer gut health, and increased intestinal permeability, which was related to high blood Pb and pe-
ripheral inflammatory indices. These results suggest the possible adverse impact of environmental Pb exposure 
on the intestinal health of children.   

1. Introduction 

Lead (Pb) is a widespread environmental pollutant and children 
especially those who live in low- and middle-income countries are 
subject to Pb burden although the use of leaded gasoline and paint has 
been banned (UNICEF, 2020). Pb exerts toxicity on the immune, ner-
vous, hemopoietic, cardiovascular, and digestive systems (Boskabady 
et al., 2018; Chen et al., 2021; Mohammadyan et al., 2019; Ramírez 
Ortega et al., 2021). In the general population, the gastrointestinal tract 
is the main source of Pb intake and absorption from food and environ-
ment (Kim et al., 2014; Mitra et al., 2017). The absorption rate of Pb by 
ingesting in children ranges 40–50% that is 4–5 times as much as adults 
(van der Kuijp et al., 2013; WHO, 2019). Moreover, the percentage of Pb 

in children’s bones is 70%, while that in adults is 85–95%, which will 
allow children to store more Pb in soft tissues (Flora et al., 2012). Pb 
exposure is a contributor to the changes in diversity, composition, and 
abundance of gut microorganisms that inhibit the intestinal absorption 
and tissue accumulation of Pb, which can affect the integrity of intestinal 
barrier (Yu et al., 2021; Zhai et al., 2019). In addition, several studies 
found that Pb is capable of damaging the intestinal mucosal barrier 
function by damaging the structure, inducing cell apoptosis, and 
impairing immune function in the intestine of animals (Ding et al., 2019; 
Kou et al., 2019; Liu et al., 2020). 

The intestinal mucosal barrier consists of commensal microbiota, 
mucus layer, epithelial barrier, and lamina propria, and its integrity is 
essential for avoiding abnormal intestinal permeability (Hanning et al., 
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2021). Especially, the epithelial barrier is composed of a single layer of 
epithelial cells and intercellular tight junctions that seal the gap of 
epithelial cells and form a paracellular pathway of substance transport 
(Jauregi-Miguel, 2021). With this complex system, intestinal mucosa 
plays a semipermeability barrier that selectively absorbs small molec-
ular nutrients, ions, and water, while limits the translocation of large 
molecular antigens, pathogens, and bacterial byproducts (Vanca-
melbeke and Vermeire, 2017). Intestinal permeability as a measurable 
characteristic for the mucosal barrier, can be increased by the alterations 
of intestinal mucosa barrier components (Bischoff et al., 2014; Jiang 
et al., 2020; Wang et al., 2021). Importantly, intestinal mucosal barrier 
dysfunction is an important factor for symptoms or diseases, such as 
diarrhea, growth impairment, inflammatory bowel disease, and 
obesity-associated metabolic diseases (Basil et al., 2021; Bischoff et al., 
2014; Dey et al., 2019; Morais and Silva, 2019; Wang et al., 2020b). 

Circulating bacterial endotoxin also called lipopolysaccharide (LPS), 
shed from the outer membrane of the dead bacteria, is recognized as a 
useful bacterial biomarker of increased intestinal permeability as it can 
translocate from gut to the systemic circulation through the incomplete 
intestinal mucosal barrier (Chen et al., 2019; Nier et al., 2020; Schoultz 
and Keita Å, 2020; Stevens et al., 2018). Endotoxin, as a pathogen 
associated molecular pattern, can be recognized and combined by host 
cells with Toll-like receptor-4 (TLR4) and initiates MyD88 and TRIF 
pathways to induce secretion of pro-inflammatory cytokines (Farhana 
and Khan, 2021). Immune cells such as monocytes/macrophages, den-
dritic cells, B cells, and neutrophils can release interleukin (IL)-1β, IL-6, 
and tumor necrosis factor (TNF)-α when they are activated by endotoxin 
(Cavaillon, 2018; Farhana and Khan, 2021; Kondo et al., 2019). 

Guiyu, a town in southeast China, known as one of the world’s 
largest electronic-waste (e-waste) areas, has experienced over 40 years 
of impertinent e-waste dismantling and recycling (Wang et al., 2020a). 
E-wastes include air conditioners, television, computers, and re-
frigerators that were abandoned and no longer used. Pb has a higher 
concentration in soil, dust, plants, air, and water in Guiyu due to the 
combustions of metal chips or circuit boards during the informal recy-
cling activities. In the dust of family workshops, the soil of the e-waste 
dumpsite, and plant of roadside in Guiyu, Pb levels were 892 mg/kg, 
540.9 mg/kg, and 18.74 mg/kg, respectively, which were higher than 
most heavy metals (Song and Li, 2014). The concentrations of Pb in the 
soil (213.61 mg/kg vs. 91.92 mg/kg) and road dust (392.58 mg/kg vs. 
95.72 mg/kg) in residential, rest and teaching areas in Guiyu were 
significantly higher than the referent group (Yekeen et al., 2016). To 
date, there is no direct evidence for the toxic effects of Pb on intestinal 
barrier function in the human body, especially in children due to their 
higher Pb absorption in gastrointestinal tract and storage in soft tissues. 
To address this knowledge gap, we evaluated the impact of Pb exposure 
on intestinal permeability according to the level of plasma endotoxin, 
peripheral inflammatory cells, parameters of physical growth, and 
monthly diarrhea in children in an e-waste area. It was hypothesized 
that Pb can perturb intestinal mucosal barrier function and increase 
intestinal permeability in children, which may do harm to children’s 
growth as well as gut health and result in endotoxin release into the 
blood circulation that subsequently alters peripheral immune responses. 
Our research helps the public pay attention to the impact of Pb exposure 
on gut health. 

2. Materials and methods 

2.1. Study participants 

We conducted a cross-sectional study and enrolled 187 healthy chil-
dren 3–6 years of age with stratified random sampling, from two kin-
dergartens in an e-waste-exposed group (Guiyu, n = 82) and a referent 
group (Haojiang, n = 105), from November to December 2018. The 
children were selected from the classes and stratified by age. As small 
eastern towns in Shantou, China, Guiyu and Haojiang are 31.6 km apart 

and there are many similarities such as living habits, cultural back-
ground, and socioeconomic conditions, except for e-waste dismantling 
activities and pollution in Guiyu. People in both areas mainly eat rice 
products, pickled food, and seafood. Guiyu and Haojiang are dominated 
by marine culture and believe in Buddhism and Taoism. Haojiang mainly 
develops beach cultivation, food processing industry, and tourism, 
whereas e-waste dismantling is the major industry in Guiyu (Zeng et al., 
2020). Children who suffered from intestinal or infectious diseases, as 
well as other known medical diseases were excluded from this study. A 
questionnaire concerning the general demographic characteristics, living 
habits and health status of the child, family living conditions, monthly 
family income, and parental education levels was filled in by children’s 
guardians or parents. Before enrollment, all children’s guardians signed 
informed consent. Our study protocol was reviewed and approved by the 
Human Ethics Committee of Shantou University Medical College, China 
(SUMC-2015-19). The work in this study has been carried out following 
The Code of Ethics of the World Medical Association (Declaration of 
Helsinki) for experiments involving humans. 

2.2. Anthropometric measurements and blood sample collection 

As described previously, trained personnel conducted anthropo-
metric measurements, including the height and weight of each child (Lu 
et al., 2018). The children’s fasting blood was taken with EDTA anti-
coagulant containing and anticoagulant-free tubes from a cubital vein in 
the morning by experienced nurses (Zheng et al., 2019). Finally, two 
EDTA anticoagulant containing tubes were used to collect 3 mL of whole 
blood, respectively. One tube of whole blood was used for measurements 
of peripheral leukocyte counts and blood Pb levels, and the other was 
centrifugated to obtain plasma for endotoxin analysis. In addition, an 
anticoagulant-free tube was used to collect 3 mL of whole blood and 
subsequently was centrifugated to separate the serum for determining 
serum leukotriene B4 (LTB4). Plasma and serum were stored at − 80 ◦C 
until assayed. 

2.3. Blood Pb measurement 

To measure the whole blood Pb levels, a graphite furnace atomic 
absorption spectrophotometer (Jena ZEEnit 650, Germany) was used by 
an established method in our laboratory (Yang et al., 2013). The main 
parameters of Pb measurement were: the drying temperatures were 
90 ◦C, 105 ◦C, and 110 ◦C, the ashing temperature was 800 ◦C, and the 
atomization temperature was 1500 ◦C. The recoveries of this method 
were 91.06–101.20% from spiked blood samples by determined 3 times. 
Analytical procedures of the recovery have been reported in our previ-
ous studies (Kim et al., 2019). The detection limit was 0.084 μg/dL by 
measuring the 0.5% nitric solution as blank. Before measuring the 
samples, we adopted a five-point calibration curve to ensure the accu-
racy of the instrument. The correlation coefficient of the standard curve 
was above 0.99. Each sample was determined for 2 times, then averaged 
the results and calculated the relative standard deviation that below 
15% was qualified. 

2.4. Plasma endotoxin measurement 

The plasma endotoxin concentrations were determined with com-
mercial ELISA kits based on the manufacturer’s instructions (Abbexa 
Co., Ltd., UK). According to the manufacturer, the sensitivity of the kit 
was 0.005 EU/mL, and the measuring range was 0.015–1.0 EU/mL. 
Before formal experiment, we conducted a pre-experiment with 8 sam-
ples (4 samples from the exposed group, others from the referent group). 
The result showed that the levels of the samples were in the range of 
0.74–6.38 EU/mL, so the samples were diluted 10 folds in the formal 
experiment to make the expected concentration fall within the kit’s 
range. The O.D. absorbance was determined using spectrophotometry at 
450 nm in a microplate reader (ELx800, BioTek Instruments Inc., USA). 
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2.5. Measurements of other biological substances 

Peripheral leukocyte counts in whole blood were measured by an 
automated hematology analyzer (Sysmex XE-2100, Japan). Following 
the manufacturer’s instructions, commercial ELISA kits were used for 
measuring serum LTB4 (R&D Systems Inc., USA). According to the 
manufacturer, the mean minimum detectable dose of the kit was 8.2 pg/ 
mL (3.7–10.9 pg/mL) and the measuring range was 33.5–564 pg/mL in 
healthy volunteers. 

2.6. Data processing and statistical analysis 

Mean and standard deviation (SD), as well as median and inter-
quartile range (IQR), described data with normally distributed and 
skewed distribution, respectively. Independent-samples t-test and Mann- 
Whitney U test were used to compare the differences between the two 
groups for normal and skewed continuous data, respectively. Moreover, 
categorical variables were compared by the Pearson chi-square test. To 
satisfy statistical requirements, some skewed data were converted to 
approximately normal distribution data using natural logarithmic con-
version. We used a cutoff value of 5 μg/dL, based on Pb referent level of 
the United States Centers for Disease Control and Prevention (CDC), to 
categorize the high and low level of child blood Pb (Lanphear et al., 
2005). The factors associated with Pb exposure were explored by 
Spearman correlation analyses. Multivariable adjusted linear regression 
models were used to assess the associations of plasma endotoxin to blood 
Pb, peripheral leukocyte counts and LTB4. Based on the previous liter-
ature, confounders were composed of gender, age, body mass index 
(BMI), e-waste contact, hand washing habit, e-waste pollution within 50 
m from the house, distance of residence from the road, daily household 
smoking, parental education levels, and monthly family income (Cai 
et al., 2019; Lu et al., 2018). All statistical analyses were performed 
using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) and figures were drawn 
with GraphPad Prism 8.0 (GraphPad, San Diego, CA). A P < 0.05 was 
considered significant in a two-tailed test. 

3. Results 

3.1. Demographic characteristics of the participants 

The general characteristics and blood Pb levels of 187 participants 
can be seen in Table 1 and Supplemental Material Table S1. Two groups 
had a similar gender and age distribution (P > 0.05). However, the 
exposed children showed lower height (105.37 ± 7.22 cm vs. 109.32 ±
7.30 cm, P < 0.001), weight (16.69 ± 2.80 kg vs. 18.70 ± 2.91 kg, P <
0.001), and BMI (14.98 ± 1.41 kg/m2 vs. 15.58 ± 1.11 kg/m2, P =
0.001) compared with those in the referent group. Apart from the sig-
nificant growth differences between the exposed and referent group 

children, the exposed children exhibited more diarrhea in a month (P =
0.008). Diarrhea was defined as at least three loose or liquid stools a day. 
In addition, the exposed children had unhealthy lifestyle habits and 
housing conditions compared with referent children, including fewer 
hands washing, contacting with e-waste, residing within 50 m from an e- 
waste site and closer to the road (P < 0.05). Moreover, the educational 
levels of children’s parents and monthly family income were lower in 
the exposed group (P < 0.05). 

The exposed children showed higher blood Pb levels than the 
referent children (median: 4.49 μg/dL vs. 4.11 μg/dL, P = 0.010). 
Furthermore, 36.6% of children in the exposed group exceeded the U.S. 
CDC suggested blood Pb threshold in children (5 μg/dL), while 21.0% of 
children in the referent group exceed it (P = 0.018). To sum up, children 
residing in the e-waste recycling area bear high Pb exposure, have 
digestive tract symptom as well as lower physical growth and develop-
ment levels, and live with unhealthy living habits and conditions. 

3.2. Factors influencing Pb exposure 

To identify whether there were clear factors interrelated to blood Pb 
levels in participants, Spearman correction analyses were applied. The 
results indicated that blood Pb levels were positively related to e-waste 
contact (rs = 0.148, P = 0.043) and e-waste pollution within 50 m away 
from the house (rs = 0.169, P = 0.021). Rather, blood Pb levels were 
negatively associated with hand washing habit (rs = − 0.178, P = 0.015), 
distance of residence from road (rs = − 0.191, P = 0.009), father’s edu-
cation level (rs = − 0.190, P = 0.009), mother’s education level (rs =

− 0.202, P = 0.006) and monthly family income (rs = − 0.317, P < 0.001). 
In short, blood Pb levels are influenced by children’s daily habits, living 
conditions, parents’ education, and family economic income (Table S2). 

3.3. Plasma endotoxin concentrations and the associations with blood Pb 
levels 

We used plasma bacterial endotoxin to assess the intestinal barrier 
function. Compared with referent children, the plasma endotoxin levels 
in exposed children were increased markedly (median: 2.24 EU/mL vs. 
1.85 EU/mL, P = 0.037) (Fig. 1A). Similarly, children with higher blood 
Pb levels had higher plasma endotoxin concentrations compared to 
those with low blood Pb levels (median: 2.31 EU/mL vs. 1.93 EU/mL, P 
= 0.009) (Fig. 1B). 

To understand the association between blood Pb and plasma endo-
toxin, multivariable adjusted linear regression models were applied 
(Table 2). The positive relationships between blood Pb levels and plasma 
natural logarithm-transformed endotoxin (Ln-endotoxin) concentra-
tions could be seen in the results, whether in an unadjusted regression 
model or model adjusted by potential confounders [unadjusted: B (95% 
CI) = 0.064 (0.006, 0.123) and adjusted: B (95% CI) = 0.072 (0.008, 

Table 1 
Demographic characteristics of the study population.  

Characteristics Referent group (n = 105) Exposed group (n = 82) Statistics P-value 

Gender (male/female) 64/41 44/38 χ2 = 1.004 0.316a 

Age (years) (mean ± SD) 4.93 ± 0.84 4.85 ± 0.90 t = 0.623 0.534b 

Height (cm) (mean ± SD) 109.32 ± 7.30 105.37 ± 7.22 t = 3.688 <0.001b 

Weight (kg) (mean ± SD) 18.70 ± 2.91 16.69 ± 2.80 t = 4.788 <0.001b 

BMI (kg/m2) (mean ± SD) 15.58 ± 1.11 14.98 ± 1.41 t = 3.255 0.001b 

Diarrhea [n (%)]   χ2 = 6.944 0.008a 

None 84 (83.2) 53 (66.2)   
At least once a month 17 (16.8) 27 (33.8)   
Blood Pb levels (μg/dL) [median (IQR)] 4.11 (3.30, 4.90) 4.49 (3.77, 5.66) Z = − 2.593 0.010c 

≥5 μg/dL [n (%)] 22 (21.0) 30 (36.6) χ2 = 5.605 0.018a 

<5 μg/dL [n (%)] 83 (79.0) 52 (63.4)   

BMI, body mass index; SD, standard deviation; IQR, interquartile range. P < 0.05 is considered statistically significant. 
a Analysis by Pearson chi-square test. 
b Analysis by independent-sample t-test. 
c Analysis by Mann-Whitney U test. 
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0.137), respectively, P < 0.05]. Thus, increased intestinal permeability 
is exhibited in children living in the e-waste area and has a positive 
association with higher blood Pb levels. 

3.4. Peripheral leukocyte counts and serum LTB4 levels 

Peripheral blood leukocyte counts and serum LTB4 were used to 
evaluate the peripheral immune state. Comparisons of the counts of 
WBC, neutrophil, and monocyte between referent and exposed children 
showed that only monocytes were significantly higher in exposed chil-
dren (median: 0.43 × 109/L vs. 0.37 × 109/L, P < 0.001) (Fig. 2A). 
WBCs and neutrophils had suggestive increases in the exposed group 
compared to the referent group, albeit the differences were not statis-
tically significant (median: 7.25 × 109/L vs. 6.57 × 109/L and 3.12 ×
109/L vs. 3.05 × 109/L, respectively, P > 0.05). In addition, serum lipid 
mediator LTB4 levels in exposed children were higher compared with 
referent children (median: 211.70 pg/mL vs. 184.98 pg/mL, P = 0.024) 

Fig. 1. Levels of plasma endotoxin in children. Data are presented as median (interquartile range) and analyzed by the Mann-Whitney U test, *P < 0.05, **P < 0.01.  

Table 2 
Associations between blood Pb levels and Ln-endotoxin levels in children.  

Blood Pb  Ln-endotoxin  

B (95% CI) В P-value 

Model 1 0.064 (0.006, 0.123) 0.160 0.031 
Model 2 0.072 (0.008, 0.137) 0.180 0.033 

Model 1: unadjusted. 
Model 2: adjusted for gender, age, BMI, hand washing habit, e-waste contact, e- 
waste pollution within 50 m from the house, distance of residence from road, 
daily household smoking, parental education levels, and monthly family in-
come. 
B, unstandardized coefficient; CI, confidence interval; β, standardized coeffi-
cient; BMI, body mass index; Ln-endotoxin, ln-transformed endotoxin. P < 0.05 
is considered statistically significant. 

Fig. 2. Peripheral blood cell counts and serum LTB4 levels in children. WBC, white blood cell; LTB4, leukotriene B4.. Data are presented as median (interquartile 
range) and analyzed by the Mann-Whitney U test, *P < 0.05, ***P < 0.001. 
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(Fig. 2B). In brief, exposed children show changes in the state of pe-
ripheral inflammation. 

3.5. Relationships between endotoxin and peripheral inflammatory 
indices 

For understanding the association between endotoxin and peripheral 
inflammatory indices, we adopted multivariable adjusted linear 
regression analysis (Table 3). After adjustment for potential con-
founders, the results showed that Ln-neutrophils, monocytes, and Ln- 
LTB4 were positively associated with endotoxin [B (95% CI) = 0.054 
(0.015, 0.093), B (95% CI) = 0.018 (0.005, 0.031), and B (95% CI) =
0.049 (0.011, 0.087), respectively, P < 0.05]. Hence, the alteration of 
peripheral inflammatory response is linked to increased intestinal 
permeability. 

4. Discussion 

According to literature study, it is the first time to research the harm 
of Pb on intestinal mucosal barrier function in children according to 
plasma bacterial endotoxin, peripheral inflammatory factors, the levels 
of physical growth, and diarrhea. It was observed that blood Pb, plasma 
endotoxin, and peripheral inflammatory factors including monocyte 
counts and serum LTB4 were increased in children from e-waste recy-
cling area. Results showed a positive association between plasma 
endotoxin and blood Pb in all participants. In addition, endotoxin levels 
were related to peripheral monocyte counts, neutrophil counts, and 
serum LTB4 levels. Furthermore, we found the exposed group children 
had lower height, weight, and BMI while more diarrhea a month. The 
results indicate that Pb may be a potential risk factor for intestinal 
health, and increased intestinal permeability may promote the elevation 
of peripheral blood inflammatory indices. 

Consistent with the result of this work, our previous investigations 
have found that Guiyu children experienced higher Pb exposure than 
children 0–6 years of age in China (geometric mean: 4.24 μg/dL, from 
2012 to 2017), both exceed the blood Pb levels of U.S. children 1–5 years 
of age (geometric mean: 0.758 μg/dL, from 2015 to 2016) (CDC, 2019; 
Xu et al., 2020; Xu et al., 2015; Zhang et al., 2019). In addition to 
children, pregnant women in Guiyu also have higher blood Pb levels 
than referent groups, which may enhance the Pb levels in their infants’ 
body (Kazi et al., 2014; Kim et al., 2020). Moreover, the proportion of 
children who had blood Pb levels over 5 μg/dL was elevated in the 
exposed group. The result shows that children living in e-waste areas 
still suffer from higher Pb exposure. Similar to the living environment of 
e-waste-exposed children, workers with e-waste recycling occupations 
also displayed high blood Pb levels in Nigeria (geometric mean: 11.0 
μg/dL) as well as those with battery recycling in Pakistan (median: 25.5 
μg/dL) (Baloch et al., 2020; Popoola et al., 2019). The levels of envi-
ronmental pollutants in the body can be affected by routes and 

frequencies of exposure, as well as the absorption, distribution, meta-
bolism, and excretion of the poisons (Abass et al., 2017). Therefore, we 
conducted a questionnaire survey to investigate the demographic 
characteristics, daily routine, and family environment to find out the 
factors influencing Pb exposure in children. The results showed that 
e-waste pollution within 50 m away from residence and experience of 
e-waste contacting had positive relationships with higher blood Pb 
levels, whereas times of handwashing, the distance between residence 
and road, parental education levels, and monthly family income were 
opposite, which were in accordance with our previous studies (Dai et al., 
2017; Zhang et al., 2020). These results suggest that poor living condi-
tions and hygienic habits are potential promoters of Pb exposure. Due to 
the higher Pb levels in soil or dust in e-waste area and frequent hand to 
mouth contact, children have more chances to direct or indirect 
(through the air, food, toys, and dust/soil contaminated by metal Pb) 
contact Pb when there are e-waste sites near or in his family or live near 
the roads (Heacock et al., 2016; Li et al., 2020; Zhao et al., 2015). 
Compared to higher-income families, low-income families may lack the 
finance to refurbish the older house decorated by Pb paint, and their 
children had a greater possibility to bear high Pb exposure (Marshall 
et al., 2020). In addition, people with lower educational level may lack 
the awareness to protect them from pollutants exposure, which has 
potential contributions of higher blood Pb and diseases (Abass et al., 
2017; Decharat and Kiddee, 2020; Kazi et al., 2015). Therefore, parents, 
especially those in the exposed group with low education levels may 
carry out environmental pollutants home from the workplace and do not 
effectively guide their children to stay away from the pollutants (Cai 
et al., 2019). To reduce Pb exposure, guardians should strengthen their 
children’s awareness of hygiene and diet, as well as improve living 
conditions. 

To evaluate the impact of Pb on intestinal mucosal barrier function, 
we chose endotoxin as an indicator of increased intestinal permeability 
and bacterial translocation (Schoultz and Keita Å, 2020). Endotoxin is 
derived from the outer membrane of gram-negative bacteria and nor-
mally exists in the gut, but it is only very low in healthy individuals’ 
bloodstream (Kell and Pretorius, 2015). We showed circulating bacterial 
endotoxin was higher in children in the exposed and the high 
Pb-exposed groups, suggesting children exposed to e-waste or who had 
higher blood Pb levels suffer from increased intestinal permeability. 
Elevated circulating endotoxin level is not the essential biomarker of 
infectious diseases caused by gram-negative bacteria, because 
gram-positive infections and some non-infectious conditions, such as 
obesity, trauma, cardiac arrest, and severe autism also are associated 
with circulating endotoxin (Sturgeon et al., 2019). Additionally, in our 
study, the higher endotoxin levels were positively correlated with 
elevated blood Pb levels in different models, indicating Pb has a po-
tential influence on the integrity of the intestinal barrier. Pb exposure 
can cause oxidative stress by inducing the production of oxidant and 
disturbing the expression and activity of antioxidants (Jing et al., 2020; 
Zhao et al., 2020). Pb also has strong immunotoxicity for its capability of 
changing the immunophenotype of cells and increasing inflammatory 
cells and mediators (Boskabady et al., 2018). Accumulating evidence 
suggests that gut microflora dysbiosis, intestinal epithelial cells damage, 
dysregulated expression of tight junction proteins, and gut inflammation 
are conducive to increase intestinal permeability (Feng et al., 2019; Kim, 
2021; Solis et al., 2020). Several studies have suggested that accompa-
nied immune response and oxidative stress, Pb exposure impairs the 
ultrastructure of the gut epithelium (damaged nucleus, vacuolized 
mitochondria, and contracted microvilli) and influences intestinal 
microbiota homeostasis (changes of the community structure, species 
diversity, taxonomic compositions, and taxa abundance), which are 
harmful intestinal barrier function (Kou et al., 2019; Zheng et al., 2021). 
In addition, in vitro and in vivo studies show that after Pb exposure in 
HT-29 cells and colon tissue of mice, the mRNA expression of ZO-1 and 
occludin are suppressed (Yu et al., 2021). In turn, the injured intestinal 
barrier may damage itself by LPS stimulation (Bein et al., 2017). In all, 

Table 3 
Associations among plasma endotoxin, peripheral leukocyte subtypes, and 
serum LTB4 in children.    

Endotoxin  

B (95% CI) В P-value 

Ln-neutrophils 0.054 (0.015, 0.093) 0.202 0.007 
Monocytes 0.018 (0.005, 0.031) 0.197 0.008 
Ln-LTB4 0.049 (0.011, 0.087) 0.228 0.012 

Adjusted for gender, age, BMI, hand washing habit, e-waste contact, e-waste 
pollution within 50 m from the house, distance of residence from road, daily 
household smoking, parental education levels, and monthly family income. 
B, unstandardized coefficient; CI, confidence interval; β, standardized coeffi-
cient; BMI, body mass index; Ln-neutrophils, ln-transformed neutrophils; Ln- 
LTB4, ln-transformed leukotriene B4. P < 0.05 is considered statistically 
significant. 

X. Luo et al.                                                                                                                                                                                                                                      



Chemosphere 279 (2021) 130862

6

our findings suggest that Pb exposure may damage intestinal health with 
increased permeability, which promotes endotoxin translocation. 

The intestinal mucosa plays an essential role in the absorption of 
nutrients, water, and ions, and increased intestinal permeability can have 
adverse impacts on its absorption function. Increased intestinal perme-
ability promotes intestinal antigenic translocation, thereby activating gut 
and systemic inflammatory, and is related to various gastrointestinal 
disorders, including diarrhea, inflammatory bowel disease, food allergy, 
and small intestinal bacterial overgrowth (Eutamene et al., 2018; Keusch 
et al., 2014). In our study, we found the parameters of physical growth 
and development (height, weight, and BMI) were decreased, and 
monthly diarrhea was increased in exposed children. Similarly, children 
with environmental enteric dysfunction are linked to increased intestinal 
permeability, defective absorption of nutrient, and intestinal flora 
imbalance, contributing to growth impairment (Morais and Silva, 2019). 
A study showed that the decrease in linear growth of rural Malawian 
children 2–5 years of age is related to increased barrier permeability 
(Weisz et al., 2012). In addition, children with innutrition have higher Pb 
levels in blood and scalp hair compared with well-nourished children 
(Talpur et al., 2018). Pb exposure is associated with height, weight, BMI, 
bust, head circumference, and waistline for children (Kuang et al., 2020; 
Zeng et al., 2019). Consequently, the decline in growth and more diar-
rhea of children in the exposed group may be due to the adverse effect of 
Pb exposure on intestinal barrier function. 

After the translocation to the blood, endotoxin activates immune cells 
by combining differentiation 14 (CD14) and TLR4, inducing activation of 
MyD88 dependent and TRIF pathways, leading to the transcription and 
expression of pro-inflammatory cytokines by immune cells (Kawasaki 
and Kawai, 2014). Even without infection or diseases, peripheral leuko-
cytes have been used as indicators to assess inflammatory response with 
the increased counts (Parsons et al., 2020). As the main target cells of 
endotoxin, peripheral monocytes and neutrophils expressed membrane 
CD14 and TLR4 can be activated by endotoxin, leading to inflammatory 
response (Salvesen et al., 2016). In our earlier studies, peripheral leu-
kocytes and pro-inflammatory factors levels were increased in Guiyu 
children (Dai et al., 2017; Zheng et al., 2019). Here, we also presented 
higher absolute counts of WBC, neutrophil, and monocyte in exposed 
children, although only the difference of monocytes between the two 
groups was significant, suggesting children in Guiyu maintain disrupted 
immune responses. In addition, plasma endotoxin was positively corre-
lated with increased monocytes and Ln-neutrophils after adjusting for 
confounders. Consistently, two experimental endotoxemia models have 
suggested that in humans, intravenous administration of endotoxin can 
increase peripheral neutrophils and plasma cytokines (Grigoleit et al., 
2010; Taudorf et al., 2007). In addition, during intraperitoneal inter-
mittent LPS injection, pro-inflammatory mediators including C-reactive 
protein, TNF-α, IL-1β, IL-6, and IL-8, as well as peripheral neutrophils, 
monocytes, and lymphocytes, were elevated in rats, indicating chronic 
subclinical systemic inflammation (Ranneh et al., 2019). However, the 
above changes of neutrophils and monocytes were shown in the endo-
toxemia or systemic inflammation models, whereas the participants in 
this study were healthy children. The proportion of neutrophil (50–70%) 
in peripheral blood leukocytes of children is larger compared with 
monocytes (1–8%), which needs more large changes to make the differ-
ence statistically significant. Furthermore, the sample size of this study 
may not be enough to exhibit the statistical difference of the WBCs and 
neutrophils. In our present results, LTB4 levels were elevated in children 
from the exposed group and related to increased endotoxin levels. LTB4 as 
one of the products of arachidonic acid metabolism as well as a 
pro-inflammatory lipid mediator participates in systemic inflammation 
with other inflammatory biomarkers (Elango et al., 2013). LPS has been 
shown to increase secretion of LTB4 in the bovine mammary gland and 
porcine endometrial endothelial cells (Czarzasta et al., 2018; Pio-
trowska-Tomala et al., 2015). According to current research, the chronic 
inflammatory condition may be a contributor to the development of 
chronic non-communicable diseases (such as obesity, depression, 

cardiovascular diseases, and nonalcoholic fatty liver disease) (Bessone 
et al., 2019; Gasmi et al., 2020; Kiecolt-Glaser et al., 2018; Thomas and 
Advani, 2006). Therefore, in our study, e-waste-exposed children with 
elevated circulating endotoxin have increased blood inflammatory bio-
markers, which may harm the development and intestinal health of 
children. 

Some limitations of this study cannot be ignored. Firstly, bacterial 
endotoxin serves as a biomarker of increased intestinal permeability, but 
it cannot reflect the injury site of the intestinal barrier. We did not 
measure zonulin, fatty acid-binding proteins, and diamine oxidase to 
evaluate the injury of intestinal epithelium or tight junction to further 
find out the possible mechanisms of increased intestinal permeability by 
Pb exposure (Galipeau and Verdu, 2016; Wang et al., 2015). Secondly, 
there are a variety of e-waste contaminants in Guiyu, which may not be 
conducive to accurately assessing the toxicity of Pb exposure to the in-
testine. Although the intestinal barrier function also may be affected by 
other pollutants, in our results, higher endotoxin levels were showed in 
children with higher blood Pb levels, which can provide evidence for the 
effect of Pb exposure on intestinal permeability. Finally, the 
cross-sectional study that we conducted cannot conclude that Pb expo-
sure would cause adverse outcomes on the intestinal barrier, and only 
can show the correlation between them. Further research should be 
conducted, especially cohort studies, to pay attention to the harm of Pb 
exposure to intestinal health and immune function. 

5. Conclusions 

This is the first study to measure the blood bacterial endotoxin, pe-
ripheral inflammatory indices, the levels of physical growth, and in-
testinal health to reflect the impact of Pb burden on intestinal mucosal 
barrier function in children in an e-waste area. We find that increased 
plasma bacterial endotoxin is shown in e-waste-exposed children and 
related to high blood Pb and peripheral inflammatory indices. In addi-
tion, e-waste-exposed children show lower levels of growth and more 
diarrhea a month. In general, this study is consistent with the hypothesis 
that Pb may harm intestinal mucosal barrier function in children. Pb 
exposure is still a global health issue, especially for children and this 
research draws public concerns about the unhealthy gut for the Pb- 
exposed population. 

Credit author statement 

Xiuli Luo: Conceptualization, Investigation, Formal analysis, Writing 
– original draft. Xia Huo: Writing – review & editing, Supervision, 
Project administration, Funding acquisition. Yuling Zhang: Investiga-
tion, Project administration. Zhiheng Cheng: Investigation, Formal 
analysis. Shuqin Chen: Data curation, Investigation. Xijin Xu: Concep-
tualization, Resources, Writing – review & editing, Supervision, Project 
administration, Formal analysis. 

Funding 

This work was supported by the National Natural Science Foundation 
of China (21876065) and the Project of International Cooperation and 
Innovation Platform in Guangdong Universities (2013gjhz0007). 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We gratefully acknowledge all the recruited children and their 
guardians or parents for participating in this study. We also thank Dr. 

X. Luo et al.                                                                                                                                                                                                                                      



Chemosphere 279 (2021) 130862

7

Stanley Lin for constructive comments and English language editing on 
this manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemosphere.2021.130862. 

References 

Abass, K., Koiranen, M., Mazej, D., Tratnik, J.S., Horvat, M., Hakkola, J., Jarvelin, M.R., 
Rautio, A., 2017. Arsenic, cadmium, lead and mercury levels in blood of Finnish 
adults and their relation to diet, lifestyle habits and sociodemographic variables. 
Environ. Sci. Pollut. Res. Int. 24, 1347–1362. https://doi.org/10.1007/s11356-016- 
7824-5. 

Baloch, S., Kazi, T.G., Baig, J.A., Afridi, H.I., Arain, M.B., 2020. Occupational exposure of 
lead and cadmium on adolescent and adult workers of battery recycling and welding 
workshops: adverse impact on health. Sci. Total Environ. 720, 137549 https://doi. 
org/10.1016/j.scitotenv.2020.137549. 

Basil, M., Schwartz, D., Dalal, R., Horst, S., Scoville, E., Adams, D., Beaulieu, D., 
Slaughter, J.C., Higginbotham, T., Vaezi, M., Choksi, Y., 2021. Mucosal integrity 
testing can detect differences in the rectums of patients with inflammatory bowel 
disease compared to controls: a pilot study. Dig. Dis. Sci. https://doi.org/10.1007/ 
s10620-021-06888-5. 

Bein, A., Zilbershtein, A., Golosovsky, M., Davidov, D., Schwartz, B., 2017. LPS induces 
hyper-permeability of intestinal epithelial cells. J. Cell. Physiol. 232, 381–390. 
https://doi.org/10.1002/jcp.25435. 

Bessone, F., Razori, M.V., Roma, M.G., 2019. Molecular pathways of nonalcoholic fatty 
liver disease development and progression. Cell. Mol. Life Sci. 76, 99–128. https:// 
doi.org/10.1007/s00018-018-2947-0. 

Bischoff, S.C., Barbara, G., Buurman, W., Ockhuizen, T., Schulzke, J.D., Serino, M., 
Tilg, H., Watson, A., Wells, J.M., 2014. Intestinal permeability–a new target for 
disease prevention and therapy. BMC Gastroenterol. 14, 189. https://doi.org/ 
10.1186/s12876-014-0189-7. 

Boskabady, M., Marefati, N., Farkhondeh, T., Shakeri, F., Farshbaf, A., Boskabady, M.H., 
2018. The effect of environmental lead exposure on human health and the 
contribution of inflammatory mechanisms, a review. Environ. Int. 120, 404–420. 
https://doi.org/10.1016/j.envint.2018.08.013. 

Cai, H., Xu, X., Zhang, Y., Cong, X., Lu, X., Huo, X., 2019. Elevated lead levels from e- 
waste exposure are linked to sensory integration difficulties in preschool children. 
Neurotoxicology 71, 150–158. https://doi.org/10.1016/j.neuro.2019.01.004. 

Cavaillon, J.M., 2018. Exotoxins and endotoxins: inducers of inflammatory cytokines. 
Toxicon 149, 45–53. https://doi.org/10.1016/j.toxicon.2017.10.016. 

CDC, 2019. Fourth National Report on Human Exposure to Environmental Chemicals. 
https://www.cdc.gov/exposurereport/pdf/FourthReport_UpdatedTables_Volume1 
_Jan2019-508.pdf. 

Chen, M., Huang, H., Zhou, P., Zhang, J., Dai, Y., Yang, D., Fan, X., Pan, H., 2019. Oral 
phosphatidylcholine improves intestinal barrier function in drug-induced liver injury 
in rats. Gastroenterol Res Pract, 8723460. https://doi.org/10.1155/2019/8723460. 

Chen, Z., Huo, X., Zhang, S., Cheng, Z., Huang, Y., Xu, X., 2021. Relations of blood lead 
levels to echocardiographic left ventricular structure and function in preschool 
children. Chemosphere 268, 128793. https://doi.org/10.1016/j. 
chemosphere.2020.128793. 

Czarzasta, J., Meller, K., Andronowska, A., Jana, B., 2018. Lipopolysaccharide and 
cytokines modulate leukotriene (LT)B4 and LTC4 production by porcine endometrial 
endothelial cells. Reprod. Domest. Anim. 53, 101–109. https://doi.org/10.1111/ 
rda.13077. 

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. https://doi.org/10.1016/j. 
scitotenv.2017.03.080. 

Decharat, S., Kiddee, P., 2020. Health problems among workers who recycle electronic 
waste in southern Thailand. Osong Public Health Res Perspect 11, 34–43. https:// 
doi.org/10.24171/j.phrp.2020.11.1.06. 

Dey, P., Sasaki, G.Y., Wei, P., Li, J., Wang, L., Zhu, J., McTigue, D., Yu, Z., Bruno, R.S., 
2019. Green tea extract prevents obesity in male mice by alleviating gut dysbiosis in 
association with improved intestinal barrier function that limits endotoxin 
translocation and adipose inflammation. J. Nutr. Biochem. 67, 78–89. https://doi. 
org/10.1016/j.jnutbio.2019.01.017. 

Ding, Z., Kong, Y., Shao, X., Zhang, Y., Ren, C., Zhao, X., Yu, W., Jiang, T., Ye, J., 2019. 
Growth, antioxidant capacity, intestinal morphology, and metabolomic responses of 
juvenile Oriental river prawn (Macrobrachium nipponense) to chronic lead 
exposure. Chemosphere 217, 289–297. https://doi.org/10.1016/j. 
chemosphere.2018.11.034. 

Elango, N., Kasi, V., Vembhu, B., Poornima, J.G., 2013. Chronic exposure to emissions 
from photocopiers in copy shops causes oxidative stress and systematic inflammation 
among photocopier operators in India. Environ. Health 12, 78. https://doi.org/ 
10.1186/1476-069x-12-78. 

Eutamene, H., Beaufrand, C., Harkat, C., Theodorou, V., 2018. The role of 
mucoprotectants in the management of gastrointestinal disorders. Expet Rev. 
Gastroenterol. Hepatol. 12, 83–90. https://doi.org/10.1080/ 
17474124.2018.1378573. 

Farhana, A., Khan, Y.S., 2021. Biochemistry, Lipopolysaccharide. StatPearls. Treasure 
Island (FL): StatPearls Publishing Copyright © 2021, StatPearls Publishing LLC. 

Feng, L., Chen, S., Zhang, L., Qu, W., Chen, Z., 2019. Bisphenol A increases intestinal 
permeability through disrupting intestinal barrier function in mice. Environ. Pollut. 
254, 112960 https://doi.org/10.1016/j.envpol.2019.112960. 

Flora, G., Gupta, D., Tiwari, A., 2012. Toxicity of lead: a review with recent updates. 
Interdiscipl. Toxicol. 5, 47–58. https://doi.org/10.2478/v10102-012-0009-2. 

Galipeau, H.J., Verdu, E.F., 2016. The complex task of measuring intestinal permeability 
in basic and clinical science. Neuro Gastroenterol. Motil. 28, 957–965. https://doi. 
org/10.1111/nmo.12871. 

Gasmi, A., Mujawdiya, P.K., Pivina, L., Doşa, A., Semenova, Y., Gasmi Benahmed, A., 
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