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Background: Although several studies have examined the relationships between 
lead (Pb) exposure and serum lipid profiles, the associations of the metal mixture, 
including lead (Pb) and essential metals with lipid profiles, remain unclear.

Objective: To investigate the associations of the metal mixture including Pb and 
essential metals [magnesium (Mg), manganese (Mn), copper (Cu), iron (Fe), zinc 
(Zn), and calcium (Ca)] with serum lipid profiles [total cholesterol (TC), triglyceride 
(TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein 
cholesterol (HDL-C)], as well as the potential interactions among the metals.

Methods: Nine hundred and ninety-eight Chinese community-dwelling adults 
completed a questionnaire and underwent checkups of anthropometric 
parameters, serum lipid profile levels (TC, TG, LDL-C, and HDL-C), and blood 
metal concentrations (Pb, Mg, Mn, Cu, Fe, Zn, and Ca). The multivariable linear 
regression, weighted quantile sum (WQS) regression, and Bayesian kernel 
machine regression (BKMR) were applied to evaluate the single and combined 
associations of blood Pb and essential metals with serum lipid profiles.

Results: In the multivariable linear regression model, the blood Pb was positively 
associated with TC, LDL-C, and HDL-C (p < 0.05, all), and the blood Mg were 
positively associated with serum TC, LDL-C, and Ln TG (p < 0.05, all). In the WQS 
regression and BKMR models, the metal mixture of blood Pb and the essential 
metals was positively associated with all of the serum lipid profiles. In addition, an 
inverse U-shaped association of Pb with Ln TG and the positive interactive effect 
between blood Pb and Mg levels on TC and LDL-C were found.

Conclusion: The levels of blood Pb, together with the essential metals, especially 
Mg levels, are suggested to be  considered when assessing dyslipidemia risk. 
However, more evidence is still needed to validate the conclusions.

KEYWORDS

lead, magnesium, lipid profiles, metal mixture, Bayesian kernel machine regression

OPEN ACCESS

EDITED BY

Aimin Yang,  
The Chinese University of Hong Kong,  
Hong Kong, Hong Kong SAR,   
China

REVIEWED BY

Jie Zhang,  
Aarhus University,  
Denmark
Hao-Long Zeng,  
Huazhong University of Science and 
Technology,  
China

*CORRESPONDENCE

Jie Shen  
 sjiesy@smu.edu.cn  

Lan Liu  
 liulan7@mail.sysu.edu.cn

†These authors have contributed equally to this 
work

SPECIALTY SECTION

This article was submitted to  
Nutrition and Metabolism,  
a section of the journal  
Frontiers in Nutrition

RECEIVED 21 December 2022
ACCEPTED 23 March 2023
PUBLISHED 14 April 2023

CITATION

Wan H, Wang D, Liang Y, He Y, Ma Q, Li T, He Y, 
Guo H, Wang J, Li Z, Lin X, Liu L and 
Shen J (2023) Single and combined 
associations of blood lead and essential metals 
with serum lipid profiles in community-
dwelling adults.
Front. Nutr. 10:1129169.
doi: 10.3389/fnut.2023.1129169

COPYRIGHT

© 2023 Wan, Wang, Liang, He, Ma, Li, He, Guo, 
Wang, Li, Lin, Liu and Shen. This is an open-
access article distributed under the terms of 
the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted which 
does not comply with these terms.

TYPE  Original Research
PUBLISHED  14 April 2023
DOI  10.3389/fnut.2023.1129169

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1129169﻿&domain=pdf&date_stamp=2023-04-14
https://www.frontiersin.org/articles/10.3389/fnut.2023.1129169/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1129169/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1129169/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1129169/full
mailto:sjiesy@smu.edu.cn
mailto:liulan7@mail.sysu.edu.cn
https://doi.org/10.3389/fnut.2023.1129169
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1129169


Wan et al.� 10.3389/fnut.2023.1129169

Frontiers in Nutrition 02 frontiersin.org

Introduction

Dyslipidemia is characterized by an imbalance of lipid profiles, 
including higher levels of total cholesterol (TC), triglyceride (TG), 
low-density lipoprotein cholesterol (LDL-C), or lower levels of high-
density lipoprotein cholesterol (HDL-C), which has become a 
significant public health problem in global (1). The prevalence of high 
TC, high LDL-C, low HDL-C, and high TG in Chinese adults aged 35 
to 75 was 7.1, 4.0, 15.6, and 16.9%, respectively (2). Moreover, 
ischemic heart disease and stroke are closely related to dyslipidemia, 
which accounts for over one-third of fatalities associated with these 
conditions (1). Thus, it is imperative to investigate the risk factors of 
dyslipidemia to prevent and treat it at an early stage.

In recent years, growing evidence has suggested that 
environmental metal exposures, including nonessential and essential 
metals, are associated with dyslipidemia (3, 4). Lead (Pb) is a 
nonessential toxic metal considered an environmental endocrine 
disruptor. Chinese are still exposed to low levels of Pb, despite 
government controls on Pb pollution (5, 6). Our previous studies 
have demonstrated that the blood Pb level was positively associated 
with fasting plasma glucose level, the prevalence of metabolic fatty 
liver disease, and diabetic complications (7–9). However, limited 
studies have investigated the associations between blood Pb and 
serum lipid profiles. In addition, the associations of essential metals 
with serum lipid profiles found in previous studies were inconsistent. 
For instance, a negative correlation was observed between serum 
magnesium (Mg) and lipid profiles (TC, LDL-C, and TG) among 
patients with diabetes (3). However, another study reported a 
positive association of plasma Mg with TC and LDL-C among 
Mediterranean adults (10).

Generally, humans are exposed to a variety of metals 
simultaneously. Mixtures of metals were considered to have different 
effects on human health than a single metal, since multiple metals 
may interact synergistically, antagonistically, or in other ways (11, 
12). The association of metal exposure with serum lipids was not 
identical when different exposure profiles were considered (13). One 
cohort study demonstrated that the metal mixture, including Pb, 
aluminum, arsenic, barium, vanadium, and zinc (Zn), was associated 
with an increased risk of incident dyslipidemia (14). However, one 
recent cohort study with 573 manganese (Mn)-exposed workers did 
not find a significant cumulative effect of the metal mixture, 
including Pb and the other nine metals, on changes for TC, TG, or 
LDL-C (15). Currently, more and more Chinese supplement 
multivitamin tablets, which include various essential metals; 
however, the studies investigated the associations between a metal 
mixture including Pb and essential metals that are often tested 
clinically and the lipid profiles were limited. Moreover, the potential 
interactions of Pb and essential metals with lipid profiles have yet to 
be studied.

Thus, considering the detection frequency of essential metals in 
clinical work, we finally selected six essential metals in the current 
study, including Mg, Mn, copper (Cu), iron (Fe), Zn, and calcium 
(Ca). The current study aimed to examine the associations of a metal 
mixture including Pb and essential metals including Mg, Mn, Cu, Fe, 
Zn, and Ca with serum lipid profiles in Chinese community-dwelling 
adults. Furthermore, we also investigated the potential non-linear 
exposure-response relationship of Pb and essential metals with serum 
lipid profiles and the interactions among the metals.

Methods

Study design and population enrollment

Participants were enrolled from Lecong, Shunde District, Foshan, 
China, in 2021. The criteria for inclusion included being over 18 years 
old and not pregnant, as well as living in Shunde for at least 6 months. 
Among 1,111 potential participants, 4 were excluded for lack of blood 
metal data and 109 for taking lipid-lowering drugs. As a result, this 
study included 998 participants (Supplementary Figure 1).

The current study has been registered at1 (ChiCTR2100054130). 
Based on the 1975 Helsinki Declaration, the Ethics Committee of 
Shunde Hospital of Southern Medical University approved the study 
protocol (20211103). Consent was obtained from all participants in 
an informed and written manner.

Measurements

A standard questionnaire was administered by trained study 
personnel to collect sociodemographic characteristics, lifestyle 
characteristics, and medication information from participants (16). 
We measured the height and weight of the subjects according to a 
standard protocol, and body mass index (BMI) was calculated by 
dividing weight in kilograms by height in meters squared (kg/m2) 
(17). Blood pressure was measured by an automated electronic device 
(HEM-752 FUZZY, Omron, China) on the nondominant arm twice 
with at least a 1-min interval following a 5-min rest (18). We calculated 
the average systolic and diastolic blood pressure based on these 
two readings.

The fasting blood samples were collected from all participants 
from 08:00 to 10:00 after an overnight fast of at least 10 h. The whole 
blood samples were collected in vacuum tubes containing heparin 
sodium and used to measure blood Pb and the essential metal levels 
by a quadrupole inductively coupled plasma mass spectrometer 
(ICP-MS) equipped with a concentric glass nebulizer and a cyclonic 
spray chamber (7,700x ICP-MS system, Agilent Technologies, CA, 
USA). A total of 200 μL blood samples were diluted 1:20 (v/v) with 
a solution containing 0.1% triton X-100 (Sigma-Aldrich, France) 
and 0.1% nitric acid (69%, Merck, Germany). ICP-MS was used to 
quantify the diluted samples after vortexing them in a table-top 
vortexer for a minute. The detailed ICP-MS operating conditions 
and analysis are consistent with the previous study (19). The 
performances of the ICP-MS methods, including a low limit of 
detection (LoD), low limit of quantification (LoQ), accuracy, and 
precision, were provided in the supplementary materials.

Serum lipid profiles (including TC, TG, HDL-C, and LDL-C) and 
plasma glucose levels were conducted by BS800 (Mindray, Shenzhen, 
China). The blood samples for the fasting plasma glucose (FPG) and 
2-h postprandial plasma glucose (PPG) levels after carrying out an 
oral 75 g glucose tolerance test were collected into vacuum tubes with 
the anticoagulant sodium fluoride. Among people with self-reported 
diabetes, only fasting plasma glucose and HbA1c were measured. 
Glycated hemoglobin (HbA1c) was assessed by high-performance 

1  www.chictr.org.cn
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liquid chromatography (HLC-723G8, TOSOH, Japan). All the samples 
were tested (including blood metal, serum lipid profiles, etc.) in 
Da-An Clinical Laboratory Center in Foshan, Guangdong, a certified 
laboratory by the College of American Pathologists, within 2 h under 
cold chain management. Moreover, all the testing items participated 
in the External Quality Assessment (EQA) of the National Center for 
Clinical Laboratories and achieved good results.

Outcome definitions

We categorized the ages into three categories (≤40, 41–60, 
and > 60 years) as the previous study (20). Education was categorized 
into three levels: below high school, high school, and beyond high 
school. Smoking status was classified as non-smokers (past 
consumption of fewer than 100 cigarettes), former smokers (over 100 
cigarettes consumed in the past and more than six months without 
smoking), and current smokers (past consumption of over 100 
cigarettes and smoking currently or within six months) (21). BMI 
categories were defined as obesity (BMI ≥28 kg/m2), overweight (BMI 
≥24, <28 kg/m2), and normal weight (BMI <24 kg/m2) according to 
Chinese criteria (22). Alcohol consumption was reported as standard 
drinks and converted to grams by multiplying by 14, and abused drink 
was defined as >30 g/day for men and > 20 g/day for women (23). The 
definition of hypertension was systolic blood pressure ≥ 140 mmHg or 
diastolic blood pressure ≥ 90 mmHg, and/or self-reported previous 
diagnosis of hypertension by physicians (24). Diabetes was defined as 
FPG level ≥ 7.0 mmol/L, PPG ≥11.1 mmol/L, or HbA1c ≥6.5% and/
or having a self-reported diagnosis of diabetes as the previous study 
(25). Higher TC (≥ 6.22 mmol/L), higher TG (≥ 2.26 mmol/L), higher 
LDL (≥ 4.14 mmol/L), and lower HDL (< 1.04 mmol/L) were defined 
as before (16).

Statistical analysis

The baseline characteristics of participants were summarized as 
mean ± standard deviation for continuous variables and frequencies 
for categorical variables (%) according to sex. Data of TG, blood Pb, 
and essential metal concentrations were transformed into a natural 
logarithm for further analysis.

Using Pearson’s correlation analysis, the relationships between 
blood metal concentrations were classified as strong (r > 0.8), medium 
(> 0.3), and weak (r ≤ 0.3) according to the correlation coefficients (r) 
(26). The multivariable linear regression, weighted quantile sum 
(WQS) regression, and Bayesian kernel machine regression (BKMR) 
models were used to identify the associations of the blood metals with 
the serum lipid profiles. To further validate the potential non-linear 
relationships of Pb and lipid profiles, restricted cubic spline (RCS) 
analysis with three knots was performed (at the 10th, 50th, and 
90th percentiles).

The multivariable linear regression: blood metal levels were 
grouped as quartiles to assess potential linear or non-linear 
associations, with the lowest quartile as the reference group. The 
multivariable linear regression was performed to evaluate the 
associations of quartiles of Pb and essential metals with TC, LDL, 
HDL, and Ln TG, considering multiple-metal analysis (including all 
metals simultaneously). Age, sex, education, smoking status, abused 

drink, BMI categories, hypertension, and diabetes were adjusted in the 
full model of all the analyses. Covariates were tested for collinearity 
based on the variance inflation factor (VIF) < 5 (27).

WQS regression: We split the data into a training dataset and a 
testing dataset (40:60), with 1,000 boot-strap samplings in WQS, 
where variable weights were estimated on the training dataset, and 
mixture significance was determined on the testing dataset (28, 29). 
Metals with estimated weights greater than 0.143 (1/7) were 
considered to have a significant impact on the score of the WQS, 
which is calculated by dividing the sum of the absolute values of the 
weights by the total number of metals in the mixture (28, 29). Both 
positive and negative WQS scores were implemented and evaluated. 
The R package gWQS was used.

BKMR model: The BKMR model was used to identify the 
associations of the mixture of Pb and the essential metals on the 
serum lipid profiles. The posterior inclusion probabilities (PIPs) for 
each metal and the total influence of the metal mixture on the serum 
lipid profiles were calculated after fitting the final model using the 
Markov Chain Monte Carlo (MCMC) sampler for 50,000 iterations 
(30). A PIP threshold of 0.5 is typically used to determine if the 
investigated heavy metal is important (24, 31). We also displayed the 
dose–response curves for each metal and the potential interactions 
between the metals based on predicted serum lipid profiles when 
holding all other metals exposure at the median, 10th, or 90th 
percentile using the BKMR model as previously described (13). The R 
package bkmr was used.

All data were analyzed using IBM SPSS Statistics (version 27) and 
R (version 4.2.1). A two-tailed p value <0.05 was considered 
statistically significant.

Results

General characteristics of participants

Table 1 describes the basic characteristics of the participants. The 
mean age of the overall study population was 48.6 ± 14.13 years, and 
42.7% were men. The prevalence of overweight or obesity, diabetes, 
and hypertension in the population was 43.1, 13.3, and 32.1%, 
respectively. The prevalence of higher TC, higher TG, higher LDL, and 
lower HDL was 21.3, 13.1, 14.9, and 9.4%, respectively. The mean level 
of blood Mg, Mn, Ca, Fe, Cu, Zn, and Pb was 41.66 mg/L, 13.13 μg/L, 
62.91 mg/L, 505.86 mg/L, 884.65 μg/L, 6.32 mg/L, and 20.00 μg/L, 
respectively.

The associations of blood Pb and essential 
metal levels with serum lipid profiles using 
the multivariable linear regression

Using Pearson’s correlation analysis, weak-to-moderate 
correlations between blood metals were observed (r: 0.02 to 0.70; 
Supplementary Figure 2). No significant collinearity of the covariates, 
including the metals, were found (all VIF < 3) (Supplementary Table 1).

Figure 1 presents the associations of metals with TC, Ln TG, 
LDL-C, and HDL-C using the multivariable linear regression model 
considering multiple-metal analysis. Compared with the lowest 
quartile, individuals in the highest quartile of Mg had the highest β 
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for TC [0.523 (0.284, 0.762)], Ln TG [0.149 (0.034, 0.263)], and 
LDL-C [0.497 (0.303, 0.692)] (p < 0.05, all). Compared with the 
lowest quartile, individuals in the highest quartile of Fe had the 
highest β [0.080 (0.002, 0.158)] (p < 0.05) for HDL. However, 
individuals in the highest quartile of Cu had the lowest β [−0.071 
(−0.132, −0.010)] (p < 0.05). Compared with the lowest quartile, 
individuals in the highest quartile of Pb had the highest β for TC 
[0.451 (0.234, 0.669)], LDL-C [0.328 (0.151, 0.505)], and HDL-C 
[0.087 (0.027, 0.147)] (all the p < 0.05), while individuals in the third 
quartile of Pb had the highest β [0.117 (0.021, 0.213)] (p < 0.05) for 
Ln TG. The interactions between Pb and Mg on TC (p for 
interaction = 0.068) and LDL-C (p for interaction = 0.046) 
were found.

The associations of the mixture of blood 
Pb and essential metals with serum lipid 
profiles using the WQS model

Table 2 presents the associations of mixed metals on lipid profiles 
using the WQS model. The positive WQS indices of the metal mixture 
were associated with all the serum lipid profiles (all the p < 0.05), 
suggesting that the metal mixture was positively associated with lipid 
profiles. In the positive direction, blood Pb received the highest 
weights for TC (49.6%), LDL-C (38.6%), and HDL-C (51.3%), and 
blood Mg (32.1%) received the highest weights for Ln TG (Figure 2). 
In the negative direction, blood Ca received the highest weights for 
TC (54.6%), LDL-C (60.0%), Ln TG (64.9%), and blood Cu received 
the highest weights for HDL-C (43.2%) (Figure 2).

The associations of the mixture of blood 
Pb and the essential metals with serum 
lipid profiles using the BKMR model

In the BKMR model, as the metal mixture approached and exceeded 
the 55th percentile, the TC, Ln TG, LDL-C, and HDL-C increased 
significantly (Figure 3). When other elements were fixed at their 25th, 
50th, or 75th percentile, the associations of Mg and Pb with TC and 
LDL-C, the association of Mg with Ln TG, and the association of Pb with 
HDL-C were significant (Figure 4). Figure 5 presents the bivariate Mg and 
Pb exposure-response relationships. The trend of the curves of Pb on TC 
and LDL-C intersected when Mg was at the 10th, 50th, or 90th percentile, 
which suggested the interactions between Pb and Mg on TC and 
LDL-C. No interactions among other metals were found on the lipid 
profiles. In addition, an inverse U-shaped association of Pb with Ln TG 
was found. The non-linear relationship between Pb and Ln TG was 
further validated using RCS analysis (p for overall = 0.030, p for 
non-linear = 0.024) (Supplementary Figure 3). Supplementary Table 2 
shows the important metals on lipid profiles: on TC and Ln TG, Mg was 
considered the most important metal (both PIPs >0.9); on LDL-C, Mg 
and Pb were identified as the most two important metals (both PIPs >0.9); 
on HDL-C, Pb was recognized as the most important metal (PIP > 0.9).

Discussion

In the current study, we examined the associations of the mixture, 
including blood Pb and the essential metals, with serum lipids profiles 

TABLE 1  General Characteristics of participants in the study.

Total 
(n = 998)

Men 
(n = 426)

Women 
(n = 572)

Age, years 48.59 ± 14.13 47.36 ± 14.19 49.50 ± 14.03

Education, %

< high school 27.0 22.5 30.2

high school 35.0 35.2 34.8

> high school 38.1 42.3 35.0

BMI, %

Normal weight 56.9 50.2 61.9

Overweight 31.1 33.3 29.4

Obese 12.0 16.4 8.7

Smoking status, %

No 81.1 55.9 99.8

Ever 4.7 10.8 0.2

Current 14.2 33.3 0.0

Abuse drinking, % 1.7 4.0 0.0

Hypertension, % 32.1 38.7 27.1

Diabetes, % 13.3 13.4 13.3

TC, mmol/L 5.43 ± 1.11 5.43 ± 1.13 5.42 ± 1.10

HDL-C, mmol/L 1.42 ± 0.32 1.31 ± 0.31 1.49 ± 0.31

LDL-C, mmol/L 3.23 ± 0.92 3.37 ± 0.94 3.12 ± 0.89

TG, mmol/L 1.19 ± 0.87 1.37 ± 1.10 1.10 ± 0.67

FPG, mmol/L 5.02 ± 0.73 5.04 ± 0.78 5.02 ± 0.71

HbA1c, % 5.70 ± 0.60 5.70 ± 0.60 5.60 ± 0.67

Mg, mg/L 41.66 ± 4.49 43.26 ± 4.05 40.48 ± 4.43

Mn, μg/L 13.13 ± 4.02 12.24 ± 3.49 13.79 ± 4.25

Ca, mg/L 62.91 ± 5.75 60.45 ± 5.51 64.74 ± 5.22

Fe, mg/L 505.86 ± 57.43 542.94 ± 46.15 478.25 ± 48.82

Cu, μg/L 884.65 ± 121.29 837.70 ± 107.81 919.61 ± 119.03

Zn, mg/L 6.32 ± 0.92 6.67 ± 0.84 6.06 ± 0.88

Pb, μg/L 20.00 ± 12.00 23.00 ± 11.00 18.00 ± 11.00

The baseline characteristics of participants were summarized as mean ± standard deviation 
for continuous variables, and frequencies for categorical variables (%). 
TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoproteins cholesterol; LDL-C, 
low-density lipoproteins cholesterol; FPG, fasting plasma glucose; HbA1c, glycated 
hemoglobin; BMI, body mass index; Mg, magnesium; Mn, manganese; Ca, calcium; Fe, iron; 
Cu, copper; Zn, zinc; Pb, lead.

TABLE 2  Associations of the mixture of blood Pb and the essential metals 
with serum lipids profiles.

Positive WQS 
regression

p Negative WQS 
regression

p

TC 0.394 (0.265, 0.523) <0.001 0.023 (−0.108, 0.154) 0.728

Ln TG 0.080 (0.015, 0.145) 0.016 0.019 (−0.038, 0.076) 0.510

LDL-C 0.369 (0.256, 0.482) <0.001 0.060 (−0.044, 0.164) 0.263

HDL-C 0.071 (0.034, 0.108) <0.001 0.013 (−0.024, 0.050) 0.503

Data are presented as the WQS regression index (95% CI), representing the overall mixture 
effect on serum lipids profiles. The model was adjusted for age, sex, education, smoking 
status, abused drink, BMI categories, hypertension and diabetes. 
TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, 
high-density lipoprotein cholesterol; WQS, weighted quantile sum.

https://doi.org/10.3389/fnut.2023.1129169
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Wan et al.� 10.3389/fnut.2023.1129169

Frontiers in Nutrition 05 frontiersin.org

using a variety of statistical approaches. The linear regression pointed 
out that higher blood Pb levels were associated with higher serum TC, 

LDL-C, and HDL-C levels; higher blood Mg levels were associated 
with higher serum TC, LDL-C, and Ln TG levels. In addition, our 

A B

C D

FIGURE 1

The associations of blood Pb and essential metals with serum lipid profiles using multivariable liner regression. (A) Metals and TC,  (B)  metals and Ln 
TG,  (C)  metals and LDL-C, (D) metals and HDL-C. TG was transformed to natural logarithm and metal concentrations were grouped into quartiles for 
further analysis. The model was adjusted for age, sex, educational, smoking status, abuse drinking, BMI categories, diabetes, and hypertension. TC, total 
cholesterol; TG, triglyceride; LDL-C, low-density lipoproteins cholesterol; HDL-C, high-density lipoproteins cholesterol; BMI, body mass index; Mg, 
magnesium; Mn, manganese; Ca, calcium; Fe, iron; Cu, copper; Zn, zinc; Pb, lead.
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findings were mainly robust in BKMR and WQS regression. The metal 
mixture, including blood Pb and essential metals, was positively 
associated with the serum lipid profiles, including TC, Ln TG, LDL-C, 
and HDL-C. An inverse U-shaped association of Pb with Ln TG and 
the positive interaction between blood Pb and Mg levels on TC and 
LDL-C were also found. The findings implied that supplementation of 
multivitamin tablets should be cautious in people with low doses of 
Pb exposure, considering the increased risk of dyslipidemia, which 
could contribute to the prevention strategies for dyslipidemia.

Although most of the results in the current study seemed reliable 
and robust, the significantly important metals identified by these 
approaches are not exactly consistent. For example, blood Fe level is 
not significantly associated with LDL-C in the linear regression; 
however, WQS regression and BKMR suggested Fe was an important 
metal for increasing LDL-C. The inconsistency of the results can 
be attributed to the pros and cons of each approach. Multivariable 
linear regression is typically used, as its results are straightforward to 
interpret. However, combining metals with high correlation in the 
linear regression model is not recommended since it may distort the 
results (32). We conducted the linear regression considering multiple-
metal analysis in the current study because the metals were only with 
weak-to-moderate correlations. By comparison, BKMR or WQS 
regression can include multiple metals with moderate to high 
correlations (30). However, mixture exposure burden and outcomes 
can only be examined in one direction per occasion using the WQS 
model (29). Although BKMR can capture the important metals in 
either direction or their non-linear exposure-response relationships, 
this method cannot determine co-exposure patterns of metals at both 
high and low concentrations (30). Thus, to estimate the single and 
combined associations of blood metals with the outcome, various 

statistical methods should be  used, and the results interpreted 
together, weighing their advantages and disadvantages (30, 33).

The associations of Pb and lipid profiles determined in previous 
studies were inconsistent. One study (the mean of Pb is 28.07 μg/L) 
found that Pb levels were positively associated with the prevalence of 
dyslipidemia among 1,013 elders (34). Another study (the mean of Pb 
is 12.3 μg/L) enrolled general adults found that higher Pb was 
associated with elevated TC and LDL-C but not with TG (35). One 
recent study reported that elevated HDL-C is associated with lower 
blood Pb in Pb-exposed workers (the mean of Pb is 139.94 μg/L) (36). 
In the current study, we found that blood Pb, with relatively large 
weights in the metal mixture, was positively associated with TC, 
LDL-C, and HDL-C while non-linearly associated with Ln TG. The 
differences may be  due to the different blood Pb levels of the 
participants in these studies and the non-linear relationship of Pb with 
TG. In animal experiments, similar conclusions were given (37, 38). 
Mouse exposed to Pb (5 mg/kg body weight) for 30 days orally caused 
higher TC, LDL-C, HDL-C, and lower TG (37). The inverse U-shaped 
association of Pb with TG was also observed in the Wistar rats (38).

In previous studies, conflicting results have been found regarding 
Mg and lipid profiles (39). One study with 492 participants reported a 
significantly positive association of Mg with TC and LDL-C (10), 
which is consistent with our results. The positive associations of Mg 
with TC, LDL-C, and TG were also found in two earlier studies (40, 
41). However, in two other studies enrolling patients with diabetes or 
chronic kidney disease, negative associations of Mg with TC, LDL-C, 
and TG were found (3, 42). Furthermore, studies about the efficacy of 
Mg supplementation on decreasing serum lipids are conflicting (39). 
One earlier meta-analysis study suggested no significant effects of Mg 
supplementation on the lipid profiles among individuals with or 

A

B

FIGURE 2

WQS regression weights of blood Pb and essential metals for serum lipid profiles.  (A)  The positive direction and  (B)  the negative direction. TG, blood 
Pb and essential metal concentrations were transformed to natural logarithm for further analysis. The model was adjusted for age, sex, educational, 
smoking status, abuse drinking, BMI categories, diabetes, and hypertension. TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoproteins 
cholesterol; HDL-C, high-density lipoproteins cholesterol; BMI, body mass index; Mg, magnesium; Mn, manganese; Ca, calcium; Fe, iron; Cu, copper; 
Zn, zinc; Pb, lead.
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without diabetes (43). However, one recent meta-analysis study 
concluded that Mg supplementation could significantly lower the LDL 
level in patients with diabetes (44). These different findings may 
be accounted for the blood Mg levels of the population enrolled in our 
study being higher than those of patients with diabetes, chronic kidney 
disease, or hypomagnesemia (3, 42, 44). It indicates that overindulging 
or unnecessary Mg supplementation may harm lipid profiles. Another 
possible reason may be the simple-binding interaction between Mg 
and lipoprotein particles (40). The affinity of certain phospholipid head 
groups to Mg was given as a divalent cation, causing a positive 
correlation between Mg and all lipoprotein species (41).

As far as we know, no studies have investigated the relationships of 
a metal mixture, including Pb and essential metals, with lipid profiles, 
although previous studies found that the metal mixture was closely 
linked to diabetes (11), non-alcoholic fatty liver diseases (31, 45) and 
all-cause mortality (46). Using the BKMR and WQS regression models, 
we found that the blood metal mixture was positively associated with 
all of the lipid profiles. Interestingly, positive interactions between Pb 
and Mg on TC and LDL-C were also found. Scarce previous studies 
have reported the interaction between Pb and Mg on human health. It 
has been demonstrated that Pb can increase the production of 
cholesterol, leading to hypercholesterolemia by the upregulation of 
HMG-CoA reductase, an enzyme involved in the biosynthesis of 

cholesterol (47), and Mg also plays a vital role in the rate-limiting step 
in cholesterol synthesis at HMG-Co A reductase (40). In addition, 
sub-chronic lead exposure had no effects on Mg levels in any of the 
analyzed tissues (48), and Mg even could alleviate the adverse effects 
of Pb (41). Thus, we speculated that Pb might promote the binding of 
Mg to lipoprotein particles and further reduce the biological function 
of Mg. Nevertheless, future studies are needed to elucidate the 
interaction mechanism of Pb and Mg on lipid metabolism.

The current study still has several limitations, although it has 
some strengths, such as utilizing diverse statistical approaches to 
identify the associations of metals with lipid profiles. Firstly, causal 
inference cannot be drawn due to the study’s cross-sectional nature. 
Further cohort studies and vivo experiments are needed to investigate 
the possible causal relationship. Secondly, despite our best efforts to 
adjust for the potential covariates, not all confounders or metals were 
measured in the current study. Thirdly, since this study included only 
Han Chinese participants and the number of participants was 
relatively small, the results may not apply to people of other ethnicities. 
Further studies with larger sample sizes are needed.

In conclusion, the positive associations of the metal mixture, 
including blood Pb and essential metals with serum lipid profiles, and 
the positive interactions between Pb and Mg on TC and LDL-C were 
observed. The levels of blood Pb, together with essential metals, 

A B

C D

FIGURE 3

Overall associations of metal mixture including blood Pb and essential metals with serum lipid profiles in the BKMR model.  (A)  Metal mixture and TC,  
(B)  metal mixture and Ln TG,  (C)  metal mixture and LDL-C, and  (D)  metal mixture and HDL-C. TG, blood Pb and essential metal concentrations were 
transformed to natural logarithm for further analysis. The model was adjusted for age, sex, educational, smoking status, abuse drinking, BMI categories, 
diabetes, and hypertension. Compared with the 50th percentile, the estimate at any percentile where the 95% confidence interval does not include 0 is 
considered statistically significant. TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoproteins cholesterol; HDL-C, high-density lipoproteins 
cholesterol; BMI, body mass index; Mg, magnesium; Mn, manganese; Ca, calcium; Fe, iron; Cu, copper; Zn, zinc; Pb, lead.
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especially Mg levels, are suggested to be considered when assessing 
dyslipidemia risk. However, more evidence from prospective cohort 
studies with larger sample sizes and mechanism researches are still 
needed to validate the conclusions.
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FIGURE 4

The single-exposure associations of individual metal with serum lipid profiles by the BKMR model.  (A)  Metal mixture and TC,  (B)  metal mixture and Ln TG,  
(C)  metal mixture and LDL-C, and  (D)  metal mixture and HDL-C. TG, blood Pb and essential metal concentrations were transformed to natural logarithm 
for further analysis. The model was adjusted for age, sex, educational, smoking status, abuse drinking, BMI categories, diabetes, and hypertension. The 
associations were analyzed when all the other exposures were fixed to 25th, 50th, and 75th percentile. The 95% confidence interval of the estimate does 
not include 0 is considered statistically significant. TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoproteins cholesterol; HDL-C, high-density 
lipoproteins cholesterol; BMI, body mass index; Mg, magnesium; Mn, manganese; Ca, calcium; Fe, iron; Cu, copper; Zn, zinc; Pb, lead.

https://doi.org/10.3389/fnut.2023.1129169
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2023.1129169/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1129169/full#supplementary-material


Wan et al.� 10.3389/fnut.2023.1129169

Frontiers in Nutrition 09 frontiersin.org

References
	1.	Pirillo A, Casula M, Olmastroni E, Norata GD, Catapano AL. Global epidemiology 

of dyslipidaemias. Nat Rev Cardiol. (2021) 18:689–700. doi: 10.1038/s41569-021-00541-4

	2.	Lu Y, Zhang H, Lu J, Ding Q, Li X, Wang X, et al. Prevalence of dyslipidemia and 
availability of lipid-lowering medications among primary health care settings in China. 
JAMA Netw Open. (2021) 4:e2127573. doi: 10.1001/jamanetworkopen.2021.27573

	3.	Wolide AD, Zawdie B, Alemayehu T, Tadesse S. Association of trace metal elements 
with lipid profiles in type 2 diabetes mellitus patients: a cross sectional study. BMC 
Endocr Disord. (2017) 17:64. doi: 10.1186/s12902-017-0217-z

	4.	 Kim DW, Ock J, Moon KW, Park CH. Association between heavy metal exposure and 
dyslipidemia among Korean adults: from the Korean national environmental health survey, 
2015-2017. Int J Environ Res Public Health. (2022) 19:19. doi: 10.3390/ijerph19063181

	5.	Dong C, Liu J, Harvey P, Yan C. Characteristics and sources of pb exposure via 
household dust from the urban area of Shanghai, China. Sci Total Environ. (2022) 
811:151984. doi: 10.1016/j.scitotenv.2021.151984

	6.	Zhang X, Wang Z, Liu L, Zhan N, Qin J, Lu X, et al. Assessment of the risks from 
dietary lead exposure in China. J Hazard Mater. (2021) 418:126134. doi: 10.1016/j.
jhazmat.2021.126134

	7.	Wan H, Wang Y, Zhang H, Zhang K, Chen Y, Chen C, et al. Chronic lead exposure 
induces fatty liver disease associated with the variations of gut microbiota. Ecotoxicol 
Environ Saf. (2022) 232:113257. doi: 10.1016/j.ecoenv.2022.113257

	8.	Wan H, Wang B, Cui Y, Wang Y, Zhang K, Chen C, et al. Low-level lead exposure 
promotes hepatic gluconeogenesis and contributes to the elevation of fasting glucose 
level. Chemosphere. (2021) 276:130111. doi: 10.1016/j.chemosphere.2021.130111

	9.	Wan H, Chen S, Cai Y, Chen Y, Wang Y, Zhang W, et al. Lead exposure and its 
association with cardiovascular disease and diabetic kidney disease in middle-aged and 
elderly diabetic patients. Int J Hyg Environ Health. (2020) 231:113663. doi: 10.1016/j.
ijheh.2020.113663

	10.	Barragán R, Llopis J, Portolés O, Sorlí JV, Coltell O, Rivas-García L, et al. Influence 
of demographic and lifestyle variables on plasma magnesium concentrations and their 
associations with cardiovascular risk factors in a mediterranean population. Nutrients. 
(2020) 12:12. doi: 10.3390/nu12041018

	11.	Yang J, Chan K, Choi C, Yang A, Lo K. Identifying effects of urinary metals on type 
2 diabetes in U.S. adults: cross-sectional analysis of national health and nutrition 
examination survey 2011-2016. Nutrients. (2022) 14:14. doi: 10.3390/nu14081552

	12.	Yang J, Yang A, Cheng N, Huang W, Huang P, Liu N, et al. Sex-specific associations 
of blood and urinary manganese levels with glucose levels, insulin resistance and kidney 
function in us adults: national health and nutrition examination survey 2011–2016. 
Chemosphere. (2020) 258:126940. doi: 10.1016/j.chemosphere.2020.126940

	13.	Li Z, Xu Y, Huang Z, Wei Y, Hou J, Long T, et al. Association of multiple metals with 
lipid markers against different exposure profiles: a population-based cross-sectional study in 
China. Chemosphere. (2021) 264:128505. doi: 10.1016/j.chemosphere.2020.128505

	14.	Jiang Q, Xiao Y, Long P, Li W, Yu Y, Liu Y, et al. Associations of plasma metal 
concentrations with incident dyslipidemia: prospective findings from the Dongfeng-
Tongji cohort. Chemosphere. (2021) 285:131497. doi: 10.1016/j.chemosphere.2021.131497

	15.	Ge X, Ye G, He J, Bao Y, Zheng Y, Cheng H, et al. Metal mixtures with longitudinal 
changes in lipid profiles: findings from the manganese-exposed workers healthy cohort. 
Environ Sci Pollut Res Int. (2022) 29:85103–13. doi: 10.1007/s11356-022-21653-5

	16.	Wan H, Wang Y, Xiang Q, Fang S, Chen Y, Chen C, et al. Associations between 
abdominal obesity indices and diabetic complications: Chinese visceral adiposity index 
and neck circumference. Cardiovasc Diabetol. (2020) 19:118. doi: 10.1186/
s12933-020-01095-4

	17.	Luo H, Zhang Q, Yu K, Meng X, Kan H, Chen R. Long-term exposure to ambient 
air pollution is a risk factor for trajectory of cardiometabolic multimorbidity: a 
prospective study in the UK biobank. EBioMedicine. (2022) 84:104282. doi: 10.1016/j.
ebiom.2022.104282

A B

C D

FIGURE 5

The bivariate associations of Mg and Pb exposure-response relationships of a single metal where the second element was fixed at P10, P50 and P90 
analyzed by the BKMR model.  (A)  TC,  (B)  Ln TG,  (C)  LDL-C, and  (D)  HDL-C. TG, blood Pb and essential metal concentrations were transformed to 
natural logarithm for further analysis. The model was adjusted for age, sex, educational, smoking status, abuse drinking, BMI categories, diabetes, and 
hypertension. TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoproteins cholesterol; HDL-C, high-density lipoproteins cholesterol; BMI, 
body mass index; Mg, magnesium; Pb, lead.

https://doi.org/10.3389/fnut.2023.1129169
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41569-021-00541-4
https://doi.org/10.1001/jamanetworkopen.2021.27573
https://doi.org/10.1186/s12902-017-0217-z
https://doi.org/10.3390/ijerph19063181
https://doi.org/10.1016/j.scitotenv.2021.151984
https://doi.org/10.1016/j.jhazmat.2021.126134
https://doi.org/10.1016/j.jhazmat.2021.126134
https://doi.org/10.1016/j.ecoenv.2022.113257
https://doi.org/10.1016/j.chemosphere.2021.130111
https://doi.org/10.1016/j.ijheh.2020.113663
https://doi.org/10.1016/j.ijheh.2020.113663
https://doi.org/10.3390/nu12041018
https://doi.org/10.3390/nu14081552
https://doi.org/10.1016/j.chemosphere.2020.126940
https://doi.org/10.1016/j.chemosphere.2020.128505
https://doi.org/10.1016/j.chemosphere.2021.131497
https://doi.org/10.1007/s11356-022-21653-5
https://doi.org/10.1186/s12933-020-01095-4
https://doi.org/10.1186/s12933-020-01095-4
https://doi.org/10.1016/j.ebiom.2022.104282
https://doi.org/10.1016/j.ebiom.2022.104282


Wan et al.� 10.3389/fnut.2023.1129169

Frontiers in Nutrition 10 frontiersin.org

	18.	Tsuji M, Arima H, Ohkubo T, Nakamura K, Takezaki T, Sakata K, et al. 
Socioeconomic status and knowledge of cardiovascular risk factors: Nippon data2010. 
J Epidemiol. (2018) 28:S46–52. doi: 10.2188/jea.JE20170255

	19.	Zeng HL, Li H, Lu J, Guan Q, Cheng L. Assessment of 12 metals and metalloids in 
blood of general populations living in Wuhan of China by ICP-MS. Biol Trace Elem Res. 
(2019) 189:344–53. doi: 10.1007/s12011-018-1486-8

	20.	Cao Y, Fan Y, Li F, Hao Y, Kong Y, Chen C, et al. Phenotypic and functional 
alterations of monocyte subsets with aging. Immun Ageing. (2022) 19:63. doi: 10.1186/
s12979-022-00321-9

	21.	Ha K, Nam K, Song Y. A moderate-carbohydrate diet with plant protein is inversely 
associated with cardiovascular risk factors: the Korea national health and nutrition 
examination survey 2013–2017. Nutr J. (2020) 19:84. doi: 10.1186/s12937-020-00603-2

	22.	Pan XF, Wang L, Pan A. Epidemiology and determinants of obesity in China. 
Lancet Diabetes Endocrinol. (2021) 9:373–92. doi: 10.1016/S2213-8587(21)00045-0

	23.	Ciardullo S, Perseghin G. Prevalence of NAFLD, MAFLD and associated advanced 
fibrosis in the contemporary United States population. Liver Int. (2021) 41:1290–3. doi: 
10.1111/liv.14828

	24.	Wan H, Jiang Y, Yang J, Ma Q, Liu L, Peng L, et al. Sex-specific associations of the 
urinary fourteen-metal mixture with NAFLD and liver fibrosis among us adults: a 
nationally representative study. Ecotoxicol Environ Saf. (2022) 248:114306. doi: 10.1016/j.
ecoenv.2022.114306

	25.	Li Y, Teng D, Shi X, Qin G, Qin Y, Quan H, et al. Prevalence of diabetes recorded 
in mainland China using 2018 diagnostic criteria from the American Diabetes 
Association: national cross sectional study. BMJ. (2020) 369:m997. doi: 10.1136/bmj.
m997

	26.	Diks AM, Khatri I, Oosten LEM, de Mooij B, Groenland RJ, Teodosio C, et al. 
Highly sensitive flow cytometry allows monitoring of changes in circulating immune 
cells in blood after TDAP booster vaccination. Front Immunol. (2021) 12:666953. doi: 
10.3389/fimmu.2021.666953

	27.	Barzegar N, Tohidi M, Hasheminia M, Azizi F, Hadaegh F. The impact of 
triglyceride-glucose index on incident cardiovascular events during 16 years of follow-
up: Tehran lipid and glucose study. Cardiovasc Diabetol. (2020) 19:155. doi: 10.1186/
s12933-020-01121-5

	28.	Carrico C, Gennings C, Wheeler DC, Factor-Litvak P. Characterization of 
weighted quantile sum regression for highly correlated data in a risk analysis setting. J 
Agric Biol Environ Stat. (2015) 20:100–20. doi: 10.1007/s13253-014-0180-3

	29.	Duc HN, Oh H, Kim MS. The effect of mixture of heavy metals on obesity in 
individuals >/=50 years of age. Biol Trace Elem Res. (2022) 200:3554–71. doi: 10.1007/
s12011-021-02972-z

	30.	Zhang Y, Dong T, Hu W, Wang X, Xu B, Lin Z, et al. Association between exposure 
to a mixture of phenols, pesticides, and phthalates and obesity: comparison of three 
statistical models. Environ Int. (2019) 123:325–36. doi: 10.1016/j.envint.2018.11.076

	31.	Nguyen HD, Kim MS. Cadmium, lead, and mercury mixtures interact with non-
alcoholic fatty liver diseases. Environ Pollut. (2022) 309:119780. doi: 10.1016/j.
envpol.2022.119780

	32.	Marill KA. Advanced statistics: linear regression, part ii: multiple linear regression. 
Acad Emerg Med. (2004) 11:94–102. doi: 10.1197/j.aem.2003.09.006

	33.	Sanders AP, Mazzella MJ, Malin AJ, Hair GM, Busgang SA, Saland JM, et al. 
Combined exposure to lead, cadmium, mercury, and arsenic and kidney health in 
adolescents age 12-19  in nhanes 2009-2014. Environ Int. (2019) 131:104993. doi: 
10.1016/j.envint.2019.104993

	34.	Zhu X, Fan Y, Sheng J, Gu L, Tao Q, Huang R, et al. Association between blood 
heavy metal concentrations and dyslipidemia in the elderly. Biol Trace Elem Res. (2021) 
199:1280–90. doi: 10.1007/s12011-020-02270-0

	35.	Xu H, Mao Y, Xu B, Hu Y. Low-level environmental lead and cadmium exposures 
and dyslipidemia in adults: findings from the NHANES 2005–2016. J Trace Elem Med 
Biol. (2021) 63:126651. doi: 10.1016/j.jtemb.2020.126651

	36.	Yang CC, Dai CY, Luo KH, Lee KW, Wu CH, Hung CH, et al. Single nucleotide 
polymorphism of twist2 may be a modifier for the association between high-density 
lipoprotein cholesterol and blood lead (pb) level. Int J Environ Res Public Health. (2022) 
19:19. doi: 10.3390/ijerph19031352

	37.	Das P, Pal S, Basu S. Metabolic adaptability in liver and gastrocnemius muscle of 
mice following subacute lead toxicity. Toxicol Ind Health. (2020) 36:487–501. doi: 
10.1177/0748233720937196

	38.	Javorac D, Antonijević B, Anđelković M, Repić A, Bulat P, Djordjevic AB, et al. 
Oxidative stress, metallomics and blood toxicity after subacute low-level lead exposure 
in wistar rats: benchmark dose analyses. Environ Pollut. (2021) 291:118103. doi: 
10.1016/j.envpol.2021.118103

	39.	Găman MA, Dobrică EC, Cozma MA, Antonie NI, Stănescu AMA, Găman AM, 
et al. Crosstalk of magnesium and serum lipids in dyslipidemia and associated disorders: 
a systematic review. Nutrients. (2021) 13:13. doi: 10.3390/nu13051411

	40.	Randell EW, Mathews M, Gadag V, Zhang H, Sun G. Relationship between serum 
magnesium values, lipids and anthropometric risk factors. Atherosclerosis. (2008) 
196:413–9. doi: 10.1016/j.atherosclerosis.2006.11.024

	41.	Cao Y, Wang C, Guan K, Xu Y, Su YX, Chen YM. Association of magnesium in 
serum and urine with carotid intima-media thickness and serum lipids in middle-aged 
and elderly Chinese: a community-based cross-sectional study. Eur J Nutr. (2016) 
55:219–26. doi: 10.1007/s00394-015-0839-8

	42.	Cambray S, Ibarz M, Bermudez-Lopez M, Marti-Antonio M, Bozic M, Fernandez 
E, et al. Magnesium levels modify the effect of lipid parameters on carotid intima media 
thickness. Nutrients. (2020) 12:12. doi: 10.3390/nu12092631

	43.	Simental-Mendia LE, Simental-Mendia M, Sahebkar A, Rodriguez-Moran M, 
Guerrero-Romero F. Effect of magnesium supplementation on lipid profile: a systematic 
review and meta-analysis of randomized controlled trials. Eur J Clin Pharmacol. (2017) 
73:525–36. doi: 10.1007/s00228-017-2212-8

	44.	Asbaghi O, Moradi S, Nezamoleslami S, Moosavian SP, Hojjati Kermani MA, 
Lazaridi AV, et al. The effects of magnesium supplementation on lipid profile among type 
2 diabetes patients: a systematic review and meta-analysis of randomized controlled 
trials. Biol Trace Elem Res. (2021) 199:861–73. doi: 10.1007/s12011-020-02209-5

	45.	Li W, Xiao H, Wu H, Pan C, Deng K, Xu X, et al. Analysis of environmental 
chemical mixtures and nonalcoholic fatty liver disease: NHANES 1999-–2014. Environ 
Pollut. (2022) 311:119915. doi: 10.1016/j.envpol.2022.119915

	46.	Duan W, Xu C, Liu Q, Xu J, Weng Z, Zhang X, et al. Levels of a mixture of heavy 
metals in blood and urine and all-cause, cardiovascular disease and cancer mortality: a 
population-based cohort study. Environ Pollut. (2020) 263:114630. doi: 10.1016/j.
envpol.2020.114630

	47.	Wu X, Cobbina SJ, Mao G, Xu H, Zhang Z, Yang L. A review of toxicity and 
mechanisms of individual and mixtures of heavy metals in the environment. Environ Sci 
Pollut Res Int. (2016) 23:8244–59. doi: 10.1007/s11356-016-6333-x

	48.	Li S, Yang C, Yi X, Wei R, Aschner M, Jiang Y, et al. Effects of sub-chronic lead 
exposure on essential element levels in mice. Biol Trace Elem Res. (2022) 201:282–93. 
doi: 10.1007/s12011-022-03137-2

https://doi.org/10.3389/fnut.2023.1129169
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.2188/jea.JE20170255
https://doi.org/10.1007/s12011-018-1486-8
https://doi.org/10.1186/s12979-022-00321-9
https://doi.org/10.1186/s12979-022-00321-9
https://doi.org/10.1186/s12937-020-00603-2
https://doi.org/10.1016/S2213-8587(21)00045-0
https://doi.org/10.1111/liv.14828
https://doi.org/10.1016/j.ecoenv.2022.114306
https://doi.org/10.1016/j.ecoenv.2022.114306
https://doi.org/10.1136/bmj.m997
https://doi.org/10.1136/bmj.m997
https://doi.org/10.3389/fimmu.2021.666953
https://doi.org/10.1186/s12933-020-01121-5
https://doi.org/10.1186/s12933-020-01121-5
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1007/s12011-021-02972-z
https://doi.org/10.1007/s12011-021-02972-z
https://doi.org/10.1016/j.envint.2018.11.076
https://doi.org/10.1016/j.envpol.2022.119780
https://doi.org/10.1016/j.envpol.2022.119780
https://doi.org/10.1197/j.aem.2003.09.006
https://doi.org/10.1016/j.envint.2019.104993
https://doi.org/10.1007/s12011-020-02270-0
https://doi.org/10.1016/j.jtemb.2020.126651
https://doi.org/10.3390/ijerph19031352
https://doi.org/10.1177/0748233720937196
https://doi.org/10.1016/j.envpol.2021.118103
https://doi.org/10.3390/nu13051411
https://doi.org/10.1016/j.atherosclerosis.2006.11.024
https://doi.org/10.1007/s00394-015-0839-8
https://doi.org/10.3390/nu12092631
https://doi.org/10.1007/s00228-017-2212-8
https://doi.org/10.1007/s12011-020-02209-5
https://doi.org/10.1016/j.envpol.2022.119915
https://doi.org/10.1016/j.envpol.2020.114630
https://doi.org/10.1016/j.envpol.2020.114630
https://doi.org/10.1007/s11356-016-6333-x
https://doi.org/10.1007/s12011-022-03137-2

	Single and combined associations of blood lead and essential metals with serum lipid profiles in community-dwelling adults
	Introduction
	Methods
	Study design and population enrollment
	Measurements
	Outcome definitions
	Statistical analysis

	Results
	General characteristics of participants
	The associations of blood Pb and essential metal levels with serum lipid profiles using the multivariable linear regression
	The associations of the mixture of blood Pb and essential metals with serum lipid profiles using the WQS model
	The associations of the mixture of blood Pb and the essential metals with serum lipid profiles using the BKMR model

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest

	References

