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Abstract
In reality, people are often co-exposed to multiple heavy metals; however, current research has focused on the association 
between individual heavy metals and inflammation. Therefore, it is more relevant to explore the combined effects of mul-
tiple heavy metal exposure on inflammation. The study included data from the National Health and Nutrition Examination 
Survey (NHANES), 2011–2016. The systemic immune-inflammation index (SII) was used to reflect systemic immune-
inflammation status. In this study, single variable models were used to assess the linear and non-linear relationships between 
single heavy metal exposures and SII. To analyze the combined effect of mixed heavy metals exposure on SII, we constructed 
three statistical models, including weighted quantile sum (WQS) regression, quantile-based g computation (qgcomp), and 
Bayesian kernel machine regression (BKMR). The single-exposure analysis found positive associations between multiple 
heavy metals and SII, while mercury in blood was negatively associated with SII, and U-shaped correlations were observed 
between blood lead, urine barium and strontium, and SII. In the WQS model, SII increased significantly with increasing 
concentrations of mixed heavy metals, while consistent results in the qgcomp model, but not statistically significant. In the 
BKMR model, exposure to heavy metal mixtures was positively associated with SII, with mercury, cadmium, and cobalt in 
urine contributing the most to the mixed exposure. In addition, synergistic and antagonistic effects between heavy metals 
on increasing SII were found in our study. In summary, our results reveal that combined exposure to multiple heavy metals 
is positively associated with SII in the US adults.
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Introduction

Inflammation is a protective response to stimulation by 
adverse environmental factors, such as infection, tissue 
stress, and injury [1]. There is an increasing prevalence of 
chronic diseases, which usually involve a disruption of the 
body’s homeostasis and are almost universally associated 

with chronic inflammation [2]. Prolonged chronic immune 
inflammatory abnormalities are also a common causal factor 
in many modern diseases, including not only common dis-
eases such as arthritis, obesity, and diabetes, but also major 
diseases such as cancer, coronary heart disease, and Alzhei-
mer’s disease [3, 4]. Therefore, the immune inflammatory 
system is closely related to various health outcomes.

Hu et al. created a new composite index, the systemic 
immune-inflammation index (SII), calculated as (neutro-
phil × platelet)/lymphocyte count, which integrates three 
hematologic markers of inflammation, has been proven 
to be a predictor of prognosis in various cancers and 
cardiovascular diseases, and is considered to provide a 
comprehensive reflection of the balance of inflammatory 
and immune status of the host [5–7]. A higher SII value 
indicates a more active immune system and inflammatory 
state, while a lower SII indicates a relatively weak immune 
system and inf lammatory state. Recently emerging 
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research has found that SII is associated with a variety of 
autoimmune diseases, such as rheumatoid arthritis, anky-
losing spondylitis, and Behçet’s disease, and that SII can 
be applied as a new predictive indicator of disease activity 
in such diseases [8–10].

Metals are defined as heavy metals (heavy metals) based 
on densities greater than 5 g/cm3 [11]. Heavy metals are a 
common group of persistent and harmful endocrine disrup-
tors in daily life [12] and are widely exposed in everyday 
life, including metal-based industries, the use of pesticides, 
herbicides, and fertilizers in agriculture, and the contamina-
tion of drinking water with heavy metals [11]. Heavy metals 
are known to be non-biodegradable; they are mainly excreted 
through urine, and when exposed to excessive amounts of 
heavy metals, they bioaccumulate in the organism [13]. 
Heavy metals have been found to have different effects on the 
nervous, respiratory, reproductive, hematopoietic, hepatic, 
and renal systems [14], with altered immune inflammatory 
states being an important and fundamental type of damage. 
Moreover, systemic inflammation may be a vital intermedi-
ate link in the process of heavy metals causing various dis-
eases, as has been demonstrated in several studies [15, 16].

Currently, a large number of studies have shown a cor-
relation between heavy metal exposure and inflammation 
levels. A study in China found that exposure to Cd and Pb 
promoted inflammation throughout the body [17]. A Korean 
study showed that subjects in the highest quartile of blood 
mercury had an increased risk of increased high sensitivity 
C-reactive protein levels compared to subjects in the lowest 
quartile of blood mercury [18]. However, Balkrishna et al. 
described the use of arsenic or mercury preparations for the 
treatment of various diseases and found that an herb-metal 
medicine consisting of arsenic, mercury, and its oxides could 
act as an effective anti-asthmatic and anti-inflammatory 
agent by modulating various pathways [19]. The effect of 
mercury on inflammation is not yet clear. Furthermore, in 
one study, exposure to cobalt-based pigments, even at non-
toxic doses, induced dysfunction in macrophages that lasted 
for a long time [20]. Harmon et al. found that the weighted 
proximity of residence to abandoned uranium mines was 
associated with the circulating inflammatory potential in res-
idents [21]. Exposure to fine particulate matter PM2.5 bound 
to metals (such as vanadium, arsenic, selenium, cadmium, 
and lead) causes oxidative stress and systemic inflammatory 
responses [22]. Taken together, these studies suggest a com-
plex association between heavy metals on immune inflam-
mation; however, current studies have focused on the asso-
ciation between individual heavy metals and inflammation. 
In reality, people are often simultaneously exposed to mul-
tiple low concentrations of heavy metals through contami-
nated air, food, water, or soil, and these metals may exhibit 
additive, synergistic, or antagonistic effects in the organism 
[23–25]. Therefore, exploring the combined impact of mixed 

exposure to multiple heavy metals on inflammatory indica-
tors of SII has more practical significance and is worth being 
explored.

The association between heavy metals and SII was inves-
tigated in this study using the National Health and Nutrition 
Examination Survey (NHANES) database. Specifically, the 
linear and non-linear associations between individual metals 
and SII were investigated with a generalized linear model 
(GLM) and restricted cubic spline regression method (RCS), 
and mixed models including weighted quantile sum (WQS) 
regression, quantile-based g computation (qgcomp), and 
Bayesian kernel machine regression (BKMR) were used to 
explore the joint associations between mixed heavy metal 
exposures and SII and the unknown interaction patterns 
within it, aiming to provide new insights into the complex 
associations between heavy metals and inflammation.

Methods

Study Design and Population

The NHANES is a long-term, national cross-sectional sur-
vey focused on the health and nutrition of Americans. The 
survey was approved by the National Centre for Health 
Statistics (NCHS) Ethics Review Board. Data from three 
cycles of NHANES from 2011 to 2016 were included in this 
research. A total of 8648 participants included both blood 
and urinary heavy metals and complete blood count data. 
Next, participants with missing heavy metals, urine creati-
nine, and complete blood count data were excluded. Preg-
nancy and people younger than 20 years of age were also 
excluded, as was the lack of covariate data. A final total of 
4463 participants were entered into our study, and detailed 
data are presented in Fig. 1.

Assessment of Blood and Urinary Heavy Metals

The exposure factors in this study were 5 heavy metals in 
blood including lead, cadmium, mercury, selenium, and 
manganese (Pb, Cd, Hg, Se, Mn), and 13 heavy metals in 
urine including barium, cadmium, cobalt, cesium, molyb-
denum, manganese, lead, antimony, tin, strontium, thallium, 
tungsten, and uranium (Ba, Cd, Co, Cs, Mo, Mn, Pb, Sb, Sn, 
Sr, Tl, Tu, Ur). Inductively coupled plasma mass spectrom-
etry (ICP-MS) was used to detect the concentrations of 18 
heavy metals. In the case of results below the detection limit 
(LOD), the value of the heavy metal variables was accounted 
for as the LOD divided by the square root of two. Urinary 
Mn was excluded from this study as more than half of the 
final 4463 participants had urinary Mn detection values 
below the LOD. In summary, 17 heavy metals were entered 
into our study. Details of the detection rates for each heavy 
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metal are given in Table S1. All urinary heavy metals are 
standardized by dividing by the gram weight of creatinine 
per liter of urine, thus eliminating the effect of the concen-
tration of urine [26].

Assessment of SII

SII is the outcome indicator of interest in this study. The 
formula for calculating SII is the platelet count multiplied 
by the neutrophil count divided by the lymphocyte count and 
expressed as × 10®3 cells/µL. The complete blood count was 
performed on a quantitative, automated hematology analyzer 
(Coulter® DxH 800 analyzer) using the participants’ EDTA 
blood tubes at the NHANES Mobile Examination Centre 
(MEC). All quality control procedures recommended by 
the manufacturer were followed throughout. The counting 
method was based on the Coulter Principle. The results were 
measured in duplicate and averaged.

Covariates

Based on previous studies, several foundational biologi-
cal characteristics including age, gender, and race, and 

sociodemographic characteristics including education, 
marriage, and household economic level were screened as 
covariates [27]. Other covariates associated with inflam-
mation including body mass index (BMI, m/kg2), smok-
ing, hypertension, and diabetes status were also included 
[28–30]. Cotinine, the main metabolite of nicotine in the 
body, can be considered a biomarker of tobacco exposure 
in both active and passive smoking [31]. Smoking status is 
classified as high exposure (≥ 0.052 ng/mL) and low expo-
sure (< 0.052 ng/mL) according to serum cotinine level 
[32]. Household economic status is expressed in terms of 
the household poverty-income ratio (PIR). The household 
economic situation is divided into three levels according 
to the level of PIR (< 1.30, 1.30–2.99, and ≥ 3.00) [33]. As 
shown in Table 1, age and BMI are continuous variables, and 
the rest are categorical.

Statistical Analysis

In the original description, continuous variables are 
expressed as medians (interquartile range), and categorical 
variables are expressed as frequencies (percentages). In this 
study, we first described the associations between covariates 

Fig. 1  Flowchart of participants 
included in our final analysis 
(N = 4463), NHANES, US, 
2011–2016
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Table 1  Participants’ 
characteristics in NHANES, 
2011–2016

PIR, poverty-income ratio; BMI, body mass index
Categorical variables were presented as n (%), and continuous variables were expressed as median (IQR). 
The metal concentrations in urine have been corrected for creatinine

Characteristics Total SII(1000 cell/µL) P value

Total participants 4463 (100.0) 445.0 (312.5–626.8)
Gender  < 0.001

  Male 2244 (50.3) 429.1 (304.1–611.7)
  Female 2219 (49.7) 458.8 (326.1–645.7)

Age 48.0 (34.0–63.0) / 0.009
Race  < 0.001

  Mexican American 591 (13.2) 466.0 (342.4–655.2)
  Other Hispanic 487 (10.9) 468.0 (336.2–636.3)
  Non-Hispanic White 1759 (39.4) 475.0 (345.6–668.7)
  Non-Hispanic Black 934 (20.9) 361.2 (251.1–530.5)
  Other 692 (15.5) 429.0 (304.2–581.1)

Education 0.476
  Lower than high school 945 (21.2) 447.9 (319.4–643.5)
  High school or equivalent 961 (21.5) 448.4 (308.0–634.3)
  Above high school 2557 (57.3) 444.0 (312.5–620.7)

Marriage 0.012
  Unmarried 1290 (28.9) 447.8 (306.7–630.0)
  Married 2270 (50.9) 436.6 (310.2–617.6)
  Separated 903 (20.2) 462.5 (330.9–642.9)

PIR 0.677
  < 1.30 1454 (32.6) 448.8 (319.4–630.0)
  1.30–2.99 1366 (30.6) 440.6 (305.0–629.8)
  ≥ 3.00 1643 (36.8) 445.0 (313.1–619.5)

BMI 27.9 (24.3–32.6) /  < 0.001
Serum cotinine 0.398

  Low exposure 2515 (56.4) 444.0 (313.3–617.7)
  High exposure 1948 (43.6) 448.2 (312.0–643.1)

Hypertension  < 0.001
  Yes 1577 (35.3) 463.8(327.3–657.1)
  No 2886 (64.7) 432.4(307.1–612.3)

Diabetes 0.011
  Yes 583 (13.1) 467.4(343.3–662.2)
  Borderline 124 (2.8) 482.8(309.8–602.1)
  No 3756 (84.2) 440.0(310.9–622.4)

Blood
  Pb (µg/dL) 1.010 (0.650–1.610) / 0.214
  Cd (µg/L) 0.300 (0.190–0.560) / 0.045
  Hg (µg/L) 0.790 (0.420–1.650) /  < 0.001
  Se (µg/L) 193.210 (178.940–208.465) / 0.564
  Mn (µg/L) 9.300 (7.465–11.690) /  < 0.001

Urine
  Ba (µg/g creatinine) 1.101 (0.599–2.032) / 0.016
  Cd (µg/g creatinine) 0.211 (0.114–0.400) /  < 0.001
  Co (µg/g creatinine) 0.369 (0.245–0.559) /  < 0.001
  Cs (µg/g creatinine) 4.194 (3.064 –5.915) / 0.001
  Mo (µg/g creatinine) 37.357 (24.938–55.526) / 0.744
  Pb (µg/g creatinine) 0.364 (0.223–0.598) / 0.275
  Sb (µg/g creatinine) 0.048 (0.033–0.073) / 0.003
  Sn (µg/g creatinine) 0.488 (0.270(0.990) /  < 0.001
  Sr (µg/g creatinine) 94.903 (58.728–147.815) /  < 0.001
  Tl (µg/g creatinine) 0.157 (0.110–0.229) / 0.971
  Tu (µg/g creatinine) 0.061 (0.036–0010) /  < 0.001
  Ur (µg/g creatinine) 0.005 (0.003–0.010) /  < 0.001
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and exposure variables with SII. Since both SII and the 
heavy metal concentrations were right-skewed distributions, 
we applied the logarithmic transformation (ln-transformed) 
to approximate the normal distribution for subsequent analy-
sis. Spearman correlation coefficients (r) between the ln-
transformed heavy metals were also calculated in this study.

Our study consists of three parts: firstly, to explore the 
linear association between single heavy metal exposure vari-
ables and SII, secondly, to analyze the non-linear association 
between single heavy metal exposure variables and SII, and 
thirdly, to analyze the joint effect of the mixture of heavy 
metals on SII.

In this study, the GLM model was constructed to evaluate 
the linear association between each heavy metal variable and 
SII. Based on the included covariates, we applied three GLM 
models. Model 1 was not corrected for any covariates, model 
2 was corrected only for foundational biological characteris-
tics (age, gender, and race), and model 3 added covariates of 
education, marriage, PIR, BMI, cotinine, hypertension, and 
diabetes on the basis of model 2. In addition, we performed 
gender-stratified analyses. The estimates and 95% confidence 
intervals (β (95%CI)) are provided to express the effect of 
heavy metals on SII. In this study, the RCS method with 3 
knots was utilized to fit a smooth curve to assess the non-
linear association between single heavy metal exposure and 
SII. The three knots of this method were the 10th, 50th, and 
90th percentiles of the heavy metal variables.

To evaluate the combined effects of mixed heavy metal 
exposure on SII, three statistical models were constructed, 
including WQS regression, qgcomp, and BKMR models. 
Simultaneously, we applied blood, urine, and total mixed 
heavy metal exposure to the three models. Moreover, we 
also performed gender-stratified analyses.

The WQS regression model is able to estimate the effect 
of mixture exposure on the outcome and assess the degree 
of importance of each exposure variable on the outcome 
by assigning weights to each exposure variable [34]. As 
the direction of the association between heavy metals mix-
tures and SII is not clear, both positive and negative models 
were constructed. The WQS regression model has an obvi-
ous drawback, which is that it assumes that the correlation 
between exposure and outcome is linear, additive, and in the 
same direction. Therefore, we developed the qgcomp model, 
which is based on the WQS model with a flexible combina-
tion of g-computation and is not limited by the homogeneity 
of direction.

Finally, we built the BKMR model. The model allows 
for non-linear effects between exposures and outcomes and 
the existence of interactions between exposures, which is its 
advantage over the two models above. The exposure vari-
ables were standardized before the BKMR model was devel-
oped. This study investigates the combined effects of mixed 
heavy metal exposure on SII by fixing heavy metal mixtures 

at different percentile levels compared to the median level. 
To obtain the relative importance of each heavy metal varia-
ble on SII, we present posterior inclusion probabilities (PIPs) 
from the BKMR. The BKMR model includes the ability to 
visualize different cross-sections of the exposure–response 
surface to observe the non-linear association between uni-
variate and SII. Binary exposure–response functions were 
applied to further explore the interactions between heavy 
metal variables that have an effect on SII in this BKMR 
model. In this research, the model was run for 10,000 itera-
tions using the Markov Chain Monte Carlo method.

All statistical analysis was performed using R software 
(version 4.2.2, www.r- proje ct. org) with R packages “stats,” 
“rms,” “gWQS,” “qgcomp,” and “bkmr.” P values less than 
0.05 were considered statistically significant (two-tailed).

Results

Basic Characteristics of Participants

As shown in Table 1, a total of 4463 participants were 
included in our study with a median SII level of 445.0 × 1000 
cells/µL, 2244 (50.3%) for males and 2219 (49.7%) for 
females, with a median age of approximately 48 years. The 
covariates associated with SII were gender, age, race, mar-
riage, BMI, hypertension, and diabetes status. Cd, Hg, and 
Mn in blood and Ba, Cd, Co, Cs, Sb, Sn, Sr, Tu, and Ur in 
urine were significantly associated with SII. The Spearman 
correlation matrix plot between the heavy metals suggested 
that the correlation coefficients between the metal variables 
were all below 0.8 (coefficients ranged from –0.07 to 0.78), 
there were no strongly correlated metals, and most of the 
metals were positively correlated with each other (Fig. S1).

The Single Effect of Heavy Metal Exposure on SII

Of the three GLM models, there was a high degree of 
confidence that individual metals were significantly cor-
related with SII when all three models were significant. 
When unstratified for gender, all three GLM model results 
showed positive correlations between blood Cd and urine 
Cd, Co, Tu, and Ur, and SII and negative correlations with 
blood Hg (Table 2). After stratification by gender, the 
GLM model for males showed that blood Pb and Cd and 
urine Cd and Tu were positively correlated with SII and 
negatively correlated with blood Hg (Table S2), while the 
GLM model for females showed that urine Co was posi-
tively correlated with SII and negatively correlated with 
blood Hg and Pb (Table S3). From this, we can find that 
blood Pb showed a very different behavior by gender, with 
a positive correlation in males and a negative correlation 
in females, and therefore did not show an association with 

http://www.r-project.org
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SII in the total population. Blood Cd and urine Cd and Tu 
were similar, with a significant association with SII only 
in males, but not in females.

The curves fitted by the RCS model revealed a non-
linear correlation between blood Pb and urine Ba and Sr 
and SII (all P-nonlinear < 0.05, Fig. S2), and all were 
U-shaped correlations. The inverse-ln transformation 
of the lowest point of the curve showed that the lowest 
SII levels were found at blood Pb and urine Ba and Sr 
concentrations of 1.03 µg/dL, 1.16 µg/g creatinine, and 
73.60 µg/g creatinine, respectively.

The Combined Effect of the Mixture of Heavy Metal 
Exposure on SII

Total metal co-exposure significantly increased SII in the 
positive WQS model (0.087 (0.042, 0.132), Fig. 2A), with 
urinary Cd and Sn contributing the highest weighted index 
(Fig. S3). Mixed urinary metal exposure had a significant 
effect on SII (0.081 (0.042, 0.120), Fig. 2A), with urinary 
Cd and Sn being the most important (Fig. S3). In the gender 
stratification, the metals found to contribute more in males 
were blood Mn and urine Cd, and in females, the more 

important metals were urine Sb and Tu (Fig. S3). No sta-
tistically significant effects on SII were found in the WQS 
model for blood (0.021 (− 0.014, 0.056)) and its gender strat-
ification (males: − 0.016 (− 0.053, 0.021), females: 0.020 
(− 0.025, 0.065)). In the negative WQS model, there was a 
statistically significant association for SII in the model for 
total as well as for blood, and this association was more pro-
nounced in females (Fig. S5). Based on the weighting plots 
(Fig. S6), we were able to identify blood Hg as the main 
driver of the negative model. In the qgcomp model, results 
showed a significant positive correlation between metals in 
urine and its gender stratification (Fig. 2B), while in total 
metals, results showed a positive trend but not statistically 
significant (0.040 (− 0.001, 0.081), with blood Hg and urine 
Mo and Cd occupying the top three positions (Fig. S4).

In the BKMR model, co-exposure to mixed metals in 
total or urine significantly increased the level of SII, no 
such effect was found in blood (Fig. 3). The effect of mixed 
metal exposure on SII was unchanged in gender stratifica-
tion compared with non-stratification (Fig. 3). We further 
analyzed the effects of the individual metal variable on SII. 
Trends in the association between individual metal variables 
and SII were observed through univariate exposure–response 

Table 2  Association between single heavy metal concentration and SII in GLM

All heavy metals were ln-transformed
Model 1 was not corrected for any covariates
Model 2 was corrected only for foundational biological characteristics (age, gender, and race). Model 3 added covariates of education, marriage, 
PIR, BMI, cotinine, hypertension, and diabetes on the basis of Model 2
β (95%CI): The estimates and 95% confidence intervals in GLM. Bold: P < 0.05

Variables Model 1 Model 2 Model 3

β (95%CI) P value β (95%CI) P value β (95%CI) P value

Blood
  Pb  − 0.012 (− 0.035, 0.011) 0.298  − 0.009 (− 0.035, 0.016) 0.470 0.002 (− 0.025, 0.028) 0.894
  Cd 0.023 (0.004, 0.041) 0.019 0.028 (0.009, 0.047) 0.004 0.032 (0.011, 0.028) 0.003
  Hg  − 0.059 (− 0.074, − 0.044)  < 0.001  − 0.054 (− 0.070, − 0.038)  < 0.001  − 0.045 (− 0.061, − 0.028)  < 0.001
  Se  − 0.068 (− 0.191, 0.055) 0.275  − 0.086 (− 0.208, 0.036) 0.165  − 0.087 (− 0.208, 0.028) 0.159
  Mn 0.061 (0.016, 0.106) 0.008 0.024 (− 0.023, 0.072) 0.316 0.020 (− 0.028, 0.028) 0.414

Urine
  Ba 0.014 (− 0.002, 0.030) 0.090  − 0.013 (− 0.030, 0.003) 0.116  − 0.008 (− 0.025, 0.028) 0.327
  Cd 0.038 (0.021, 0.055)  < 0.001 0.037 (0.017, 0.058)  < 0.001 0.049 (0.028, 0.028)  < 0.001
  Co 0.083 (0.061, 0.106)  < 0.001 0.044 (0.019, 0.068)  < 0.001 0.054 (0.030, 0.028)  < 0.001
  Cs 0.047 (0.017, 0.078) 0.002  − 0.021 (− 0.055, 0.013) 0.222 0.006 (− 0.028, 0.028) 0.729
  Mo 0.009 (− 0.014, 0.033) 0.440  − 0.015 (− 0.040, 0.009) 0.220  − 0.007 (− 0.031, 0.028) 0.571
  Pb 0.014 (− 0.006, 0.035) 0.173  − 0.009 (− 0.032, 0.013) 0.405 0.007 (− 0.016, 0.028) 0.561
  Sb 0.038 (0.015, 0.061) 0.001 0.022 (0.000, 0.045) 0.054 0.023 (0.001, 0.028) 0.042
  Sn 0.029 (0.014, 0.044)  < 0.001 0.019 (0.003, 0.034) 0.021 0.014 (− 0.002, 0.028) 0.082
  Sr 0.029 (0.009, 0.049) 0.005  − 0.009 (− 0.030, 0.012) 0.420 0.006 (− 0.015, 0.028) 0.597
  Tl  − 0.007 (− 0.034, 0.019) 0.592  − 0.034 (− 0.062, − 0.007) 0.015  − 0.015 (− 0.043, 0.028) 0.284
  Tu 0.029 (0.011, 0.047) 0.002 0.022 (0.004, 0.040) 0.015 0.021 (0.003, 0.028) 0.020
  Ur 0.047 (0.030, 0.064)  < 0.001 0.025 (0.008, 0.043) 0.004 0.026 (0.009, 0.028) 0.003
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function curves, and the relative importance of each metal 
variable was reflected through PIPs. In the model for total 
metals, blood Hg and urinary Cd and Co were the most 
important (Table S4), with blood Hg significantly decreased 
SII levels and urine Cd and Co significantly increased SII 
levels (Fig. 4A). In the effect of single metal exposure strati-
fied by gender, it can be seen that blood Hg is consistently 
significant in both males and females (Fig. 4B, C); however, 
there are some differences in that urinary Sr and Cd are 
more influential in males and urinary Co and Ur are more 
pronounced in females (Table S4).

Finally, the interaction between metals was analyzed by 
the bivariate exposure–response function from the BKMR 
model. In the total model, there was some interaction 
between blood Hg and urinary Sr, Co, and Cd (Fig. S7A), 
with stronger associations of urinary Co and Sr with SII, 
and weaker associations of urinary Cd with SII observed as 
blood Hg concentrations increased, suggesting synergistic 
effects of blood Hg with urinary Co and Sr and antagonistic 
effects with urinary Cd. At lower urinary Cd levels (from the 
10th to the 50th percentile), there was an antagonistic effect 
between urinary Co and Cd (Fig. S7A). In the blood model, 
there was an interaction between blood Hg and Cd, with a 
stronger negative effect of Hg on SII when Cd increased and 
a weaker positive effect of Cd on SII when Hg increased 
(Fig. S7B), suggesting an antagonistic effect between the 
two metals, which is consistent with the results found in the 
total model. In the urinary model, the effect of Tu on SII was 
weaker as Co increased (Fig. S7C), suggesting an antago-
nistic effect between the metals. At lower levels of Cd, there 

was an antagonistic effect between Co and Cd (Fig. S7C), 
similarly, which is consistent with the results found in the 
total model.

Discussions

This cross-sectional study is the first to comprehensively 
analyze the association between blood and urine metal con-
centrations and SII. In the analysis of individual metals and 
SII, Cd in blood and Cd, Co, Tu, and Ur in urine were found 
to be positively correlated with SII, while Hg in blood was 
negatively correlated with SII. Interestingly, there was a 
U-shaped correlation between blood Pb and urine Ba and Sr 
and SII. In the WQS and BKMR model, results suggest that 
SII increases significantly with increasing concentrations of 
mixed metals, with blood Hg and urinary Cd and Co con-
tributing the most in mixed exposure metals. In the qgcomp 
model, total metals showed a positive but not statistically 
significant association with SII, possibly due to the inability 
of this model to identify metal interactions. In the BKMR 
model, Hg remained the main driver of the negative correla-
tion with SII, while among the metals positively correlated 
with SII, Cd and Sr were more important in males, and Co 
and Ur were more important in females. Taken together, the 
results show that co-exposure to multiple heavy metals is 
associated with SII levels.

Although the mechanisms of action of different metals 
on inflammation are often varied, there are similar ways of 
acting. There are several potential mechanisms to explain 

Fig. 2  A Associations of total, blood, and urinary heavy metal expo-
sure with SII levels and their gender-stratified subgroups by the posi-
tive WQS model. B Associations of total, blood, and urinary heavy 
metals exposure with SII levels and their gender-stratified subgroups 

by the qgcomp model. These models were corrected for age, gender, 
race, education, marriage, PIR, BMI, cotinine, hypertension, and dia-
betes
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the results of this study. Heavy metal ions are covalently 
bound to the sulfhydryl group (-SH) of proteins, which is 
the active group of many important enzymes in cellular 
metabolism, and, when bound to the sulfhydryl group of 
some endogenous antioxidant enzymes such as superoxide 
dismutase and glutathione oxidase, can interfere with their 
activity or even inactivate them, thus affecting inflamma-
tion levels [35–37]. Another classical pathway is that when 
metal ions accumulate in the body, they can produce large 
amounts of free radicals that disrupt the antioxidant sys-
tem causing oxidative stress damage and leading to altered 
levels of inflammation [38]. An increasing number of 
studies have found that heavy metals affect the metabolic 
health of the host by altering the composition and function 

of the intestinal flora [39, 40]. When there is an imbalance 
in the intestinal flora, systemic chronic inflammation often 
occurs along with it [41].

In this study, multiple heavy metals were associated with 
SII, both in the single metal and mixed metal analyses. In a 
study by Liu et al., heavy metal Hg was found to be nega-
tively correlated with four immunoinflammatory biomark-
ers, and cadmium was positively correlated with four immu-
noinflammatory biomarkers [42], which is consistent with 
the findings of this study and adds stability to the conclu-
sions of this study. In the present study, a significant positive 
association was found between Cd and SII, and this associa-
tion was more pronounced in males. The heavy metal Cd is 
known to be an immunotoxin inhibitor, which can induce 

Fig. 3  Associations of total, blood, and urinary heavy metals exposure with SII levels and their gender-stratified subgroups by BKMR model. 
These models were corrected for age, gender, race, education, marriage, PIR, BMI, cotinine, hypertension, and diabetes
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Fig. 4  Univariate exposure–
response function curves for 
the association of single heavy 
metal exposure with SII levels 
and their gender-stratified sub-
groups by the BKMR model. 
The models were corrected for 
age, gender, race, education, 
marriage, PIR, BMI, cotinine, 
hypertension, and diabe-
tes. h(exposure) represents the 
value of the dose effect on SII 
produced by each exposure
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apoptosis or oxidative stress by competitively displacing 
essential metals in proteases, leading to the production of 
large amounts of inflammatory factors [43]. In addition, a 
study has also found that metallic cadmium accumulation 
leads to electron leakage and the production of reactive oxy-
gen species in mitochondria, resulting in altered levels of 
inflammation [44]. This is consistent with our findings. The 
effect of the heavy metal Hg on the immune-inflammatory 
state of the organism remains controversial, with Hg found 
to promote an inflammatory response in most previous stud-
ies [45, 46], but mercuric chloride also indicated to weaken 
the macrophage pro-inflammatory response [47, 48]. How-
ever, in this study, metal Hg showed a remarkable negative 
correlation in both single variable analysis and mixed model 
analysis. It has been reported that low doses of Hg may be 
beneficial against inflammation [49], and a study has shown 
that methylmercury has an immunosuppressive effect in ani-
mal models [50]. Therefore, it is speculated that the change 
in concentration as well as the chemical form of Hg may 
have different effects on the immune inflammatory system 
and deserve further exploration. Besides Cd and Hg, the 
effect of other heavy metals on SII cannot be overlooked. In 
a study among the elderly population, tumor necrosis factor-
alpha levels were found to elevate with rising serum Co con-
centration [51], and also, Harmon et al. found that the heavy 
metal Ur was able to promote circulating inflammation [21], 
both of which are consistent with our findings. Furthermore, 
Scammell et al. observed that upper tertile urinary Ba, Cs, 
Pb, Sr, and Tu were associated with autoimmune biomarker 
(antinuclear antibodies) positivity at 1:160 dilution [52], 
and similarly, Cs and Tu were generally consistent with our 
result. However, in our study, there was a U-shaped correla-
tion between urinary Ba, Sr, and SII, and this difference in 
results was found to be mainly due to the fact that urinary 
metal concentrations in the Scammell investigation were 
generally higher than those in our study, with mean urinary 
Ba and Sr concentrations in the Scammell study being 2.03 
and 151.29 µg/g creatinine, compared to 1.01 and 94.90 µg/g 
creatinine in our study, respectively.

In the present study, a significant positive association 
was found between heavy metal mixtures and SII, while the 
effect of the heavy metals Cd and Sr on SII was more pro-
nounced in males, and the effects of the heavy metals Co 
and Ur on SII were more pronounced in females. Among 
US adults, the prevalence of smoking is higher in males than 
in females [53], and Cd is the major heavy metal in tobacco 
[54], and the exposure rate of Cd is much higher in males 
than in females, which may be one of the reasons why Cd 
is more prominent in males. In addition, one study found 
that exposure patterns to metal mixtures were associated 
with sex hormone imbalance in children aged 12–19 years 
in a sexually dimorphic pattern [55] and that sex hormones 
mediate the balance of immune inflammation [41, 56], 

suggesting that differences in sex hormone levels in differ-
ent genders may impact the association between metals and 
inflammation.

Potential interactions between heavy metals on increasing 
SII were identified in our study, with Hg being antagonistic 
with Cd, synergistic with Co and Sr, Co antagonistic with 
Tu, and at low concentrations of Cd, Co antagonistic with 
Cd. These heavy metals interact in the organism, possibly 
by competing for target protein sites causing metal-to-metal 
interactions [57], or some metals are able to regulate the 
damage caused by others in key pathways [58], or by gradu-
ally reaching a limit on the immune-inflammatory state into 
a stable plateau as more and more heavy metals are exposed 
and are not merely additive. The mechanism of action has 
not yet been elucidated in the literature, and future studies 
should explore the above-mentioned antagonistic and syn-
ergistic effects in depth.

Among the 17 heavy metals in this study, they have a 
cumulative effect on the immune-inflammatory state of the 
population through simple additive effects and potential 
interactions. Most metals are positively correlated with SII, 
a few are negatively correlated with SII, and some metals 
interact with each other, but the overall trend of heavy metals 
to SII is increasing. However, it is necessary to mention that 
part of the heavy metals is not associated with SII, probably 
due to the concentrations of these metals at safe doses in the 
US adult population, which does not represent a real lack of 
effect on inflammation.

This study has the following advantages. This study is 
the first to explore the association between a variety of 
heavy metals and SII and specifically analyze the associa-
tion between each metal and SII as well as the interactions 
between metals, filling in the gaps. Secondly, three models 
were employed to analyze the association between mixed 
heavy metal exposure and SII, increasing the stability of 
the results. Finally, multiple confounding factors were cor-
rected, and there was still a significant positive association 
between mixed heavy metal exposure and SII. However, 
there are some limitations in this research. First, this study 
is cross-sectional and cannot determine the causal asso-
ciation of mixed heavy metals exposure to SII. Second, 
NHANES applied a complex multi-stage probability sam-
pling strategy, whereas the sample was not weighted in 
this study. However, the weighted analysis method may 
introduce excessive adjustment bias when the model con-
trol includes variables that calculate sampling weights [59]. 
In addition, sampling weights should not be considered 
when the purpose of this study is to explore the associa-
tion between pollutant exposure and health outcomes. 
Third, this article only used a single indicator to reflect 
the systemic immune-inflammatory status, and repeated 
analysis should be combined with multiple indicators in 
future studies.
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Conclusions

In conclusion, our results show that combined exposure to 
multiple heavy metals is positively associated with SII lev-
els in the US adult population, with the heavy metals Hg, 
Cd, and Co being the main drivers of altered SII levels. In 
addition, synergistic and antagonistic effects between heavy 
metals were found to increase SII levels. Further studies 
are needed to confirm our findings, and deeper studies are 
needed to explore the mechanisms involved.
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