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Background: Epidemiological evidence of the associations between metal

exposure and gout-related outcomes (including serum uric acid [SUA],

hyperuricemia and gout) is scarce. The aim of the study is to investigate the

associations of metal exposure with SUA, hyperuricemia and gout in general

adults.

Methods: In this study, the exposure to five blood metals (mercury,

manganese, lead, cadmium and selenium) of general adults was analyzed

based on the National Health and Nutrition Examination Survey (NHANES)

from 2011 to 2018 (n = 14,871). Linear, logistic and weighted quantile sum

(WQS) regression models were applied to examine the associations of blood

metals with gout-related outcomes. Possible dose-response relationships

were analyzed through restricted cubic spline regression.

Results: Compared with the lowest quartile of blood metals, mercury (quartile

2 and 4), lead (quartile 2, 3, and 4) and selenium (quartile 2 and 4) were found to

be positively correlated with SUA and hyperuricemia. Higher levels of mercury

and lead were associated with gout, but only those in the fourth quartile had

statistical significance (OR [95%CI]: 1.39 [1.10-1.75] and 1.905 [1.41-2.57])

respectively). The WQS index of the blood metals was independently

correlated with SUA (b [95%CI]: 0.17 [0.13-0.20]), hyperuricemia (OR [95%CI]:

1.29 [1.16-1.42]) and gout (OR [95%CI]: 1.35 [1.15-1.58]). Among them, lead was

the most heavily weighted component (weight = 0.589 for SUA, 0.482 for

hyperuricemia, and 0.527 for gout). In addition, restricted cubic spline

regression models showed a linear association of lead with the prevalence of

hyperuricemia and gout.

Conclusion: Our results suggested that blood metal mixtures were positively

associatedwith gout-related outcomes, with the greatest effect coming from lead.
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Introduction

Uric acid is an end product of the metabolism of purine

analogues. If there is an excessive production (an increased

endogenous purine catabolism and an excessive exogenous

purine intake) or an impaired excretion of uric acid, it may

lead to an increase in the level of serum uric acid (SUA) (1).

Hyperuricemia, which is defined when the level of SUA exceeds

a certain range (2), is a chronic metabolic disease in which large

amounts of uric acid are deposited in joints and tissues for a long

time, eventually developing into gout (3, 4). Patients with severe

gout may experience recurrent acute attacks with subsequent

joint damage and bone erosion, leading to functional

impairments and the combination of other chronic diseases

such as gouty nephropathy, cardiovascular diseases and

diabetes (5–8).

Scholars have conducted significant research on the factors

that influence hyperuricemia, including basic demographic

features such as age and gender, lifestyle factors like smoking

and alcohol intake, and chronic disorders such as hypertension,

diabetes mellitus, and dyslipidemia. In addition, there is a

growing interest in the possibility of being exposed to

environmental heavy metals (9). Metallic elements enter the

human body through multiple pathways and cause significant

harm to human health (10). Inconsistent results have been

obtained from studies examining the association between

heavy metals and hyperuricemia. In the majority of studies,

the association between one or more heavy metals and

hyperuricemia has been investigated without taking into

account the combined effects of metal combinations on the

human body (11–13). Since the level of metals in the blood is a

valuable indicator of the level of human exposure to metals, it is

crucial to investigate the association between the level of mixed

metals in blood and the prevalence of hyperuricemia.

In this study, based on the data from the National Health and

Nutrition Examination Survey (NHANES) 2011–2018 on general

adults, we assessed the relationship of five metals (mercury,

manganese, lead, cadmium and selenium) and their mixtures in

bloodwith gout-related outcomes (including SUA, hyperuricemia

and gout) through linear, logistic and weighted quantile sum

(WQS) regression models. These associations were evaluated to

provide epidemiological evidence for further studies on the

correlation of metal exposure with hyperuricemia and gout.
Materials and methods

Study population

The NHANES is a nationwide cross-sectional survey

conducted periodically by the National Center for Health

Statistics (NCHS) of Centers Disease Control and Prevention

(CDC), which aims to assess the health and nutritional status of
Frontiers in Endocrinology 02
adults and children in the United States. The research protocols

were approved by the National Center for Health Statistics

(NCHS) Research Ethics Review Board, and all participants

provided written informed consent.

All interview and medical examination data can be

downloaded from the official website (https://www.cdc.gov/

nchs/nhanes), from which we obtained the data over four

cycle years (namely 2011–2012, 2013–2014, 2015–2016 and

2017–2018). Participants with missing data on five blood

metals (n=14,150) were excluded. Moreover, participants aged

<18 with missing information on assessment data of gout

(n=9,651) or SUA (n=335) and those who were pregnant

(n=149) were ruled out. Lastly, a total of 14,871 participants

were included in the analysis (Figure S1).
Assessment of metal levels in blood

In NHANES 2011-2018, the available data for heavy metals

detected in blood samples were mercury, manganese, lead,

cadmium and selenium. Heavy metals in blood were measured

directly by NCHS/CDC, which mainly used inductively coupled

plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS)

to analyze the level of metals in participants. We investigated five

metals, namely mercury, manganese, lead, cadmium and

selenium, meanwhile analyzing their concentration and

distribution in blood. The lower limit of detection (LOD) for

blood mercury, manganese, lead, cadmium and selenium was

0.28mg/dL, 0.99mg/dL, 0.07mg/dL, 0.10mg/dL and 24.48 mg/dL
respectively. The values that were less than the LOD were

substituted with a lower LOD divided by the square root of 2.
Assessment of SUA, hyperuricemia
and gout

Serum samples were collected from participants and stored at –

30°C until they were transported to NCHS/CDC for SUA testing.

Hyperuricemia was defined as a level of SUA that was ≥416 mmol/L

(7mg/dL) in men and ≥357 mmol/L (6 mg/dL) in women [9]. Gout

was defined as a physician’s self-reported diagnosis, obtained by

asking the following question (“Has a doctor or other health

professional ever told you that you have gout?”).
Covariates

Information on baseline data was collected through

questionnaires and laboratory tests, including age (years),

gender (male or female), education level (below high school,

high school and above high school), race/ethnicity (Mexican

American, other Hispanic, non-Hispanic white, non-Hispanic

black and other races), sedentary time (<3, 3-6, >6 hrs), body
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mass index (BMI, kg/m2), high-density lipoprotein cholesterol

(HDL-C, mg/dL), total cholesterol (mg/dL), urinary creatinine

(mg/dL), urinary albumin (ug/mL) and estimated glomerular

filtration rate (eGFR, ml/min/1.73 m2). Poverty was assessed

using the poverty income ratio (PIR) and defined according to a

PIR cutoff that was <1 for a given family. Participants with a

serum cotinine value that was >14 ng/mL were defined as

smokers. Individuals consuming at least 12 alcoholic drinks in

a single calendar year were defined as alcohol users. The intake

of energy, nutrients and other food components was calculated

by averaging the two values from two 24-hour recalled

interviews. We obtained information on the prevalence of

hypertension and diabetes among participants using self-

reported questionnaires. In addition, the usage of anti-gout

medicines, diuretics, and beta-blockers was recorded.
Statistical analysis

The continuous variables were presented as the mean

(standard deviation [SD]) or the median (interquartile range),

and the categorical variables were presented as n (%). The

Kolmogorov-Smirnov statistical test was used to determine if

continuous variables were normally distributed. To normalize

their distribution, the blood metals were log-transformed.

Spearman’s correlation was utilized to determine the exposure

correlation coefficients for all metals.

Using multiple linear regression models, corrected b-
coefficients and 95% confidence intervals (CIs) were calculated

to determine the level of SUA associated with the blood metals.

Multiple logistic regression models were used to calculate

adjusted odd ratios (ORs) and 95% CIs to assess the

prevalence rate of hyperuricemia and gout associated with the

blood metals. The blood metals were divided into quartiles, with

the lowest quartile being considered the reference category. To

investigate the dose-response curves of exposure variables and

the prevalence of hyperuricemia and gout, a restricted cubic

spline regression model with knots at the 5th, 35th, 65th, and 95th

percentile of each exposure variable was utilized.

TheWQS regressionmodel was used to assess the confounding

effect of multiple exposure variables on a given dependent variable,

each of which was given a weight in the model to indicate the

magnitude of its effect on the dependent variable. In themodel, 40%

of the datawas assigned to the training set and 60% to the validation

set, meanwhile the training set was bootstrapped 1000 times to

maximize the likelihood function of the linear model.

Finally, we conducted a stratified analysis in age (>50 years

versus ≤ 50 years) and sex (male versus female). All models were

adjusted by age, sex, education level, race, poverty, smoker,

alcohol user, energy intake level, sedentary time, BMI, total

cholesterol, HDL-C, eGFR, urinary creatinine, urinary albumin,

diuretics, beta-blockers, diabetes and hypertension. We

performed all statistical analyses using R software (Version 4.2.0).
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Results

Population characteristics of participants

This study comprised 14,871 adults, whose baseline

characteristics are presented in Table 1. The average age of the

participants was 50.02 years, 49.3% of them were male, and

55.7% of them had completed education beyond high school.

White non-Hispanics constituted 37.2% of the entire study

population. The median level of SUA in the overall population

was 5.30 (IQR 4.40, 6.40) mg/dL, and the prevalence of

hyperuricemia as well as gout was 18.6% and 4.9%, respectively.
TABLE 1 Characteristics of the study population.

Variable Overall (n= 14,871)

Age, years 50.02 (17.57)

Male, % 7328 (49.3)

Education level, %

Below high school 3259 (21.9)

High school 3330 (22.4)

Above high school 8282 (55.7)

Race/ethnicity, %

Mexican American 1953 (13.1)

Other Hispanic 1541 (10.4)

Non-Hispanic White 5527 (37.2)

Non-Hispanic Black 3342 (22.5)

Other race 2508 (16.9)

Poverty, % 3273 (22.0)

Smoker, % 3482 (23.4)

Alcohol user, % 10641 (71.6)

Sedentary time, h

<3 h 2119 (14.2)

3-6 h 6868 (46.2)

>6 h 5884 (39.6)

Energy intake, kcal/day 1959.00 [1470.00, 2569.00]

Body mass index, kg/m2 3.09 (0.85)

HDL-C, mg/dL 1.37 (0.41)

Total cholesterol, mg/dL 190.29 (41.06)

Urinary creatinine, mg/dL 109.00 [61.00, 166.00]

Urinary albumin, µg/mL 8.50 [4.30, 18.50]

eGFR, ml/min/1.73 m2 93.62 (23.95)

Hypertension, % 5529 (37.2)

Diabetes, % 2107 (14.2)

Anti-gout medications, % 245 (1.6)

Diuretics, % 1828 (12.3)

Beta-blockers, % 1759 (11.8)

Uric acid, mg/dL 5.30 [4.40, 6.40]

Hyperuricemia, % 2766 (18.6)

Gout, % 736 (4.9)
Data are presented as median (IQR) or n (%); IQR, interquartile range; HDL-C, high-
density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate.
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Distribution and correlation of metals
in blood

The concentration and detection rate of the blood metals are

listed in Table S1. Mercury, manganese, lead, cadmium, and

selenium all had median values of 0.78 ug/L, 9.26 ug/L, 1.02 ug/

L, 0.32 ug/L, and 191.51 ug/L, respectively. The detection rate for

lead was 99.9%, whereas all other blood metals were 100%. No

notable correlations were discovered among the blood metals

(Figure S2), with the exception of a rather minor link between

lead and cadmium (r = 0.34).
Association between the blood metals
and SUA

We used linear regression to assess the relationship between

blood metals and SUA. The histogram of residuals showed that the

residuals were normally distributed (Figure S3). Mercury, lead, and

seleniumwere positively correlatedwith SUA (P<0.05), as shown in

Table 2 of the findings of the linear regression analysis. In themodel

adjusted by all covariates, the b (quartile, 95% CI) of SUAwas 0.084

(quartile 2, 0.032-0.136), 0.100 (quartile 3, 0.046-0.153) and 0.188

(quartile 4, 0.133-0.244) formercury, 0.111 (quartile 2, 0.058-0.166),

0.193 (quartile 3, 0.135-0.250) and 0.287 (quartile 4, 0.225-0.350) for

lead, and 0.082 (quartile 2, 0.030-0.135), 0.057 (quartile 3, 0.005-

0.110) as well as 0.114 (quartile 4, 0.061-0.168) for selenium.
Association between the blood metals
and hyperuricemia

In multiple logistic regression analysis (Table 3), after the

adjustment of all covariates, the OR (quartile, 95% CI) of

hyperuricemia was 1.205 (quartile 2, 1.059-1.370) and 1.273
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(quartile 4, 1.110-1.459) for mercury, 1.177 (quartile 2, 1.022-

1.356), 1.267 (quartile 3, 1.094-1.468) and 1.538 (quartile 4,

1.316-1.798) for lead, and 1.155 (quartile 2, 1.013-1.317) as well

as 1.239 (quartile 4, 1.086-1.414) for selenium. In addition, the

restricted cubic spline revealed a positive linear association

between three blood metals (mercury, lead, and selenium) and

the prevalence of hyperuricemia (P for nonlinearity = 0.512,

0.187 and 0.711) (Figure 1).
Association between the blood metals
and gout

The multiple logistic regression study of the association

between blood metals and the prevalence of gout is shown in

Table 4. Participants in the 4th quartile of mercury showed a

statistically significant increase in the prevalence of gout (OR

[95% CI]: 1.390 [1.104-1.751]), and those in the 4th quartile of

lead showed a statistically significant increase in the prevalence

of gout (OR [95% CI]: 1.905 [1.412-2.572]) compared to the

lowest referent quartile. Additionally, the restricted cubic spline

demonstrated a positive linear correlation between two blood

metals (mercury and lead) and the prevalence of hyperuricemia

(P for nonlinearity = 0.382 and 0.741) (Figure 2).
Mixed effects of five blood metals

The adverse relationships between metal mixtures and SUA

or the prevalence of hyperuricemia and gout were analyzed using

WQS regression analysis (Table 5). The WQS index of the blood

metals was independently correlated with SUA (b [95%CI]: 0.17

[0.13-0.20]), hyperuricemia (OR [95%CI]: 1.29 [1.16-1.42]) and

gout (OR [95%CI]: 1.35 [1.15-1.58]). After all covariates were

adjusted (Figure 3), lead was the top predominant metal among
TABLE 2 Multiple linear regression associations of blood metal levels with serum uric acid in adults.

Metals Continuous log2-transformed
Metals

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for
trend

b b (95%CI) b (95%CI) b (95%CI)

Mercury, µg/L 0.046 (0.032, 0.059) *** 0.00
[Reference]

0.084 (0.032, 0.136)
**

0.100 (0.046, 0.153)
***

0.188 (0.133, 0.244)
***

<0.001

Manganese, µg/L 0.009 (-0.031, 0.048) 0.00
[Reference]

-0.016 (-0.069, 0.036) 0.002 (-0.051, 0.056) 0.020 (-0.036, 0.076) 0.394

Lead, µg/dL 0.107 (0.085, 0.129) *** 0.00
[Reference]

0.111 (0.058, 0.166)
***

0.193 (0.135, 0.250)
***

0.287 (0.225, 0.350)
***

<0.001

Cadmium, µg/L -0.002 (-0.023, 0.019) 0.00
[Reference]

-0.029 (-0.082, 0.024) -0.053 (-0.110, 0.005) 0.015 (-0.053, 0.083) 0.889

Selenium, µg/L 0.119 (0.020, 0.218) * 0.00
[Reference]

0.082 (0.030, 0.135)
**

0.057 (0.005, 0.110)
**

0.114 (0.061, 0.168)
***

<0.001
fr
Model was adjusted as age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total cholesterol, high-density lipoprotein cholesterol, eGFR,
urinary creatinine, urinary albumin, diuretics, anti-gout medications, beta-blockers, diabetes, and hypertension.
CI, confidence interval; * p < 0.05, ** p < 0.01 and *** p < 0.001.
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the blood metals that were positively correlated with SUA

(weight = 0.589), hyperuricemia (weight = 0.482) and gout

(weight = 0.527).
Subgroup analysis

Stratified analysis was performed to explore further whether

subgroups in age (≤50 years; n=7534, and >50 years; n=7337) and

sex (male; n=7328, and female; n=7543) had differential effects on

the association of exposure to bloodmetals with the prevalence of

hyperuricemia and gout (Tables S2, S3). Interestingly, sex was
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likely a potential modifier for the association between bloodmetal

and the prevalence of hyperuricemia because the risk estimates for

mercury (P for interaction = 0.001), lead (P for interaction <

0.001), and selenium (P for interaction = 0.003) in female are

statistically different from those inmale. In addition, compared to

participants aged <50 years, a significantly stronger positive

association was observed between cadmium exposure and the

prevalence of hyperuricemia in those aged >50 years (P for

interaction < 0.001). Further stratified analyses showed that age

and sex did not significantly affect the modification of the

association between metal exposure and the prevalence of gout

(all P for interaction > 0.05).
TABLE 3 Multiple logistic regression associations of blood metal levels with hyperuricemia in adults.

Metals Continuous log2-transformed Metals Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for trend

OR OR (95%CI) OR (95%CI) OR (95%CI)

Mercury, ug/L 1.05 (1.02-1.09) ** 1.00 [Reference] 1.21 (1.06-1.37) ** 1.05 (0.92-1.20) 1.27 (1.11-1.46) ** 0.001

Manganese, ug/L 0.95 (0.86-1.04) 1.00 [Reference] 0.92 (0.81-1.05) 0.94 (0.82-1.07) 0.96 (0.84-1.11) 0.621

Lead, ug/dL 1.17 (1.11-1.23) *** 1.00 [Reference] 1.18 (1.02-1.36) * 1.27 (1.09-1.47) ** 1.54 (1.32-1.80) *** <0.001

Cadmium, ug/L 1.03 (0.98-1.08) 1.00 [Reference] 1.07 (0.94-1.21) 1.00 (0.87-1.15) 1.15 (0.97-1.35) 0.224

Selenium, ug/L 1.26 (0.99-1.61) 1.00 [Reference] 1.16 (1.01-1.32) * 1.05 (0.92-1.20) 1.24 (1.09-1.41) *** 0.006
f

Model was adjusted as age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total cholesterol, high-density lipoprotein cholesterol, eGFR,
urinary creatinine, urinary albumin, diuretics, anti-gout medications, beta-blockers, diabetes, and hypertension.
CI, confidence interval; * p < 0.05, ** p < 0.01 and *** p < 0.001.
A B

D E

C

FIGURE 1

Association between the blood metal (A: Mercury, B: Manganese, C: Lead, D: Cadmium, and E: Selenium) levels and the prevalence of
hyperuricemia. The odds ratio of hyperuricemia from a restricted cubic spline logistic regression model with knots at the 10th, 50th, and 90th

percentiles. Model was adjusted for age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total
cholesterol, high-density lipoprotein cholesterol, eGFR, urinary creatinine, urinary albumin, diuretics, beta-blockers, diabetes, and hypertension.
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Discussion

This study analyzed the cross-sectional data from the 2011–

2018 NHANES project to explore the association between five

blood metals (mercury, manganese, lead, cadmium and

selenium) and gout-related outcomes (including SUA,

hyperuricemia and gout) in 14871 general adults. We found a

positive association of an increased level of mercury, lead and

selenium with gout-related outcomes. The WQS regression

model showed that blood metal mixtures were associated with

an increased prevalence of hyperuricemia and gout, with the

greatest effect coming from lead. In addition, restricted cubic
Frontiers in Endocrinology 06
spline regression showed a linear association of blood lead level

with the prevalence of hyperuricemia and gout.

Metallic mercury, inorganic mercury compounds,

methylmercury and other organic compounds are the primary

forms of mercury (14). Mercury exposure occurs mostly through

the consumption of methylmercury-contaminated fish and

shellfish, the inhalation of mercury vapor, and the use of

mercury-containing items (15). Mercury is a recognized toxic

substance, whose effect on hyperuricemia is controversial. Park

et al. found a positive association between the level of blood

mercury and SUA among women. However, there was no

statistical association between the fourth quartile grouping of
TABLE 4 Multiple logistic regression associations of blood metal levels with the prevalence of gout in adults.

Metals Continuous log2-transformed Metals Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for trend
OR OR (95%CI) OR (95%CI) OR (95%CI)

Mercury, ug/L 1.08 (1.02-1.14) * 1.00 [Reference] 1.08 (0.86-1.36) 1.11 (0.88-1.41) 1.39 (1.10-1.75) ** 0.029

Manganese, ug/L 1.10 (0.93-1.29) 1.00 [Reference] 1.18 (0.83-1.27) 1.01 (0.81-1.26) 1.08 (0.86-1.37) 0.917

Lead, ug/dL 1.29 (1.17-1.41) *** 1.00 [Reference] 1.30 (0.88-1.60) 1.13 (0.83-1.53) 1.91 (1.41-2.57) *** <0.001

Cadmium, ug/L 1.08 (0.99-1.18) 1.00 [Reference] 1.21 (0.96-1.54) 1.10 (0.86-1.41) 1.10 (0.83-1.45) 0.454

Selenium, ug/L 0.79 (0.53-1.17) 1.00 [Reference] 0.79 (0.63-0.98) * 0.83 (0.67-1.03) 0.85 (0.68-1.05) 0.147
f

Model was adjusted as age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total cholesterol, high-density lipoprotein cholesterol, eGFR,
urinary creatinine, urinary albumin, diuretics, beta-blockers, diabetes, and hypertension.
CI, confidence interval; * p < 0.05, ** p < 0.01 and *** p < 0.001.
A B

D E

C

FIGURE 2

Association between the blood metal (A: Mercury, B: Manganese, C: Lead, D: Cadmium, and E: Selenium) levels and the prevalence of gout. The
odds ratio of gout from a restricted cubic spline logistic regression model with knots at the 10th, 50th, and 90th percentiles. Model was adjusted
for age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total cholesterol, high-density
lipoprotein cholesterol, eGFR, urinary creatinine, urinary albumin, diuretics, beta-blockers, diabetes, and hypertension.
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blood mercury and hyperuricemia (16). Jung et al. reported no

significant association between the level of mercury in blood and

SUA or hyperuricemia in their study (12), which differed from the

results of our study, where a positive associationwas found between

the level of mercury in blood and SUA. Meanwhile, the level of

mercury in blood was associated with an increased prevalence of

hyperuricemia and gout. The different results may be due to

geographical and ethnic variability. In a fundamental study, it

was discovered that oral mercuric chloride might enhance the

amount of SUA in rabbits. However, the specific mechanism

required further investigation (17).

Most lead comes from human activities, including burning

fossil fuels, mining, smelting and exposure to products containing

lead compound (18). Lead is a widespread poison, and long-term

exposure to a high level of it can lead to the occurrence of many

chronic diseases (19). Jung et al. showed a positive correlation

between the level of lead in blood and SUA. However, this

association was only among women, and no association was

found between the level of lead in blood and the prevalence of
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hyperuricemia (12). Shadick et al. reported that chronic lead

accumulation was positively correlated with SUA among older

adults but not with hyperuricemia or gout (20). Dai et al. found

that continuous exposure to lead had an independent effect on

SUA among both men and women. In contrast, exposure to lead

was significantly associated with hyperuricemia among women

but not men (21). Krishnan et al. found that the level of lead in

blood was associated with an increased prevalence of

hyperuricemia and gout, which was consistent with our findings

(22). However, a negative association between urinary lead and

SUAwas found in a cross-sectional study on Chinese traffic police

(23). Buser et al. showed a positive correlation between urinary

lead and glomerular filtration rate as well as a negative correlation

between blood lead and glomerular filtration rate (24). This

finding seems to be able to explain the different associations of

blood and urinary lead concentration with SUA.

Selenium is commonly found in organic or inorganic forms

in living organisms (25), which is necessary to maintain normal

immune system functions. However, a high selenium intake can
TABLE 5 WQS regression model to assess the adverse association of the mixture of blood metals with gout-related outcomes.

Gout-related outcomes b/OR 95%CI P value

Uric acid 0.17 0.13-0.20 <0.001

Hyperuricemia 1.29 1.16-1.42 <0.001

Gout 1.35 1.15-1.58 <0.001
front
WQS regression model was adjusted as age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total cholesterol, high-density lipoprotein
cholesterol, eGFR, urinary creatinine, urinary albumin, diuretics, anti-gout medications, beta-blockers, diabetes, and hypertension.
OR, odds ratio; CI, confidence interval; WQS, weighted quantile sum.
FIGURE 3

Weights from weighted quantile sum regression (WQS) for the blood metal mixtures and gout-related outcomes. Adverse model was adjusted
for age, sex, education level, race, poverty, smoker, alcohol user, energy intake levels, sedentary time, BMI, total cholesterol, high-density
lipoprotein cholesterol, eGFR, urinary creatinine, urinary albumin, diuretics, beta-blockers, diabetes, and hypertension.
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also be somewhat toxic (26). A negative association between

serum selenium level and SUA was found in a 2-year

longitudinal study on patients undergoing haemodialysis (27).

Wang et al. found a positive linear association between plasma

selenium concentration and the prevalence of hyperuricemia,

but this association was diminished when a polymetallic model

was utilized (28). It was found in an intervention study that

dietary selenium intake was positively associated with the level of

SUA in early and mid-pregnancy (29). In our study, exposure to

selenium was associated with an elevated SUA and incidence of

hyperuricemia but not with gout incidence. This disparity could

be due to characteristics such as race, age, and occupation.

Cadmium is distributed in the environment at a low level,

including cadmium fumes and cadmium compounds (30), the

primary uses of which are in manufacturing batteries, pigments

and electronic products (31). Zeng et al. explored the relationship

between the level of blood cadmium with SUA and

hyperuricemia. The regression analysis showed that the level of

cadmium in blood was associated with an increased prevalence of

hyperuricemia, but this association only existed among women.

A non-linear relationship was found between the level of

cadmium in blood and hyperuricemia among men, and this sex

difference might be a hormonal effect (13). Sun et al. found that

the positive correlation between the level of blood cadmium and

SUA only existed in men (11). Zhang et al. found that cadmium

in blood and urine was a risk factor for gout flares (32). However,

none of these associations was found in our study.

Inconsistent conclusions have been reached for studies on the

association of metals with hyperuricemia and gout, which may be

related to differences in demographic characteristics and the

interference of confounding factors. In addition to exploring the

relationship between a single metal and SUA, researchers have

increasingly focused on the effect of metal mixtures on it. Ma et al.

investigated the combined effect of metal mixtures in urine on SUA

and hyperuricemia using three statistical models, through all of

which significant roles of arsenic, cadmium and cobalt were found

in changes in SUA and hyperuricemia (33). Using Bayesian kernel

machine regression (BKMR) analysis, Gao et al. found that

exposure to metal mixtures was associated with a higher level of

SUA, with the most considerable effect coming from blood lead,

urinary cadmium and urinary arsenic (in males only) (34).

Through WQS analysis, we found that blood metal mixtures

were associated with an increased prevalence of hyperuricemia

and gout, with the enormous effect coming from lead.

Themechanisms underlying the effect of lead level in the human

body on SUA are unclear. It is well known that hyperuricemia, gout,

and kidney diseases are closely related (35). Studies have shown that

starting with glomerular and tubulointerstitial changes, a long-term

low-level exposure to lead can lead to irreversible functional and

morphological changes in kidneys, which ultimately leads to renal

failure, hypertension and hyperuricemia (36). It has been reported

that oxidative stress is one mechanism of lead-induced toxicity,

mainly by inducing ROS production or depleting antioxidant
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reserves (37). Kasperczyk et al. demonstrated that occupational

exposure to lead could induce xanthine oxidase activity and increase

the level of SUA (38). In addition, lead can not only interfere with

purine metabolism in the human body (39) but also induce

inflammatory responses (40). In conclusion, the association

mechanism between lead and SUA is complex, and more research

is needed for exploration.

The main advantage of this study is that it uses the WQS

regression to explore the mixture effects of environmental

pollutants on gout-related outcomes, which is more in line with

the reality of exposure. In terms of study design, most of them

involved single metal exposure. However, humans are

simultaneously exposed to multiple metals, of which the levels

are usually highly correlated. TheWQS statistical approach ensures

that our results are not confounded by exposure collinearity issues,

which allows a specific metal’s statistical significance to be

independent of the effect of co-exposure to other metals.

Moreover, we identified that lead was the largest contributor to

the positive association of metal mixtures with the prevalence of

hyperuricemia and gout, which had rarely been assessed in previous

studies. Thirdly, since the sample size of this study is large and

representative, the conclusions can be generalized to other

American adults. Fourthly, the exposure to metals in blood is

analyzed in this study, which is different from that in urine (41).

Akerstrom et al. found that blood cadmium was a valid biomarker

of exposure to cadmium,while urinary cadmiumwas susceptible to

blood cadmium and urinary protein (42). Finally, the most known

confounding factors are adjusted in our study.

This study has several limitations. First of all, as a cross-

sectional study, we were unable to demonstrate a causal

association. Secondly, a history of gout based on self-reports

might not be completely accurate. Thirdly, blood metals were

measured simultaneously without repeated measurements, which

might not represent long-term exposure to metals. Finally, the

exact mechanism through which metals caused changes in SUA

was not known and needed to be confirmed by further research.
Conclusion

In this cross-sectional study based on general adults, we

found an association between the level of blood mercury, lead

and selenium and SUA. Our findings suggested that metal

mixtures in blood were associated with an increased

prevalence of hyperuricemia and gout, with the greatest effect

coming from lead. Additional research is necessary to confirm

these findings and clarify the underlying mechanism.
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