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The single and mixed impacts of 
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Background: Studies on the association between mixed exposure to common 
pollutants such as cadmium (Cd), cobalt (Co), lead (Pb), and polycyclic aromatic 
hydrocarbons (PAHs) with Systemic Immune Inflammatory Index (SII), a novel 
hemocyte-based inflammatory marker, have not been reported. This study 
explored the relationship between co-exposure to Cd, Co, Pb, PAHs, and SII.

Methods: In this study, we used data from the National Health and Nutrition 
Examination Survey and enrolled adults with complete information on Cd, Co, 
Pb, PAHs, and SII. The linear regression was used to analyze the association of 
single pollutants with SII. Furthermore, a Bayesian Kernel Machine Regression 
analysis and a generalized weighted quantile sum regression analysis were used 
to analyze the association between mixed exposure to Cd, Co, Pb, and six PAHs 
and SII. We also separated males and females and analyzed the different effects 
of pollutants on SII, respectively.

Results: 5,176 participants were included in the study. After adjusting for age, 
gender, race, education, smoking, drinking, physical activity, and sedentary, Cd, 
Co, 1-OHN, 2-OHN and 2-OHF were positive with SII in the total population. 
Compared with the 50th percentile, the joint effect of pollutants on SII was 
positive. In the total population, males, and females, the top contaminant with 
the highest effect weights on SII were Co, Cd, and 1-OHN, respectively. The 
result of interaction analysis showed that the low concentrations of Cd had an 
elevation effect on SII in males.

Conclusion: This study found a positive association of mixed exposure to Cd, 
Co, Pb, and six PAHs with SII, which occurred mainly in females.
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1 Introduction

The systemic Immunity Inflammation Index (SII) proposed by Hu et al. for assessing the 
poor outcome of patients with hepatocellular carcinoma (1) is a novel inflammatory marker 
and can be  used to evaluate systemic and local immune responses. The level of SII can 
be obtained by calculating the platelet count multiplied by the neutrophil count/lymphocyte 
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count after the blood parameters have been tested, which is extremely 
convenient and cost-saving. The non-invasive SII reflects the changing 
in vivo levels and interactions of the three inflammatory cells and is 
more sensitive to the onset of an immune response than a single or 
two inflammatory cell indicator (2). As researchers have gradually 
recognized the importance of SII, an increasing number of reports 
have shown that SII is associated with many human health problems, 
such as hypertension (3), diabetes (4), and hyperlipidemia (5). The 
associations between SII and heart disease (6), kidney disease (7), and 
respiratory disease (8) have also been studied. As a relatively new 
marker of inflammation, much of the current research has focused on 
the relationship between SII and health problems, and research on the 
factors influencing SII is currently very limited. In the living 
environment, numerous factors such as harmful chemicals and metals 
can activate the immune system, leading to an inflammatory response 
in the body. The study by Wang et al. has shown that the toxicity of 
chemicals was associated with multi-organ interactions like the 
immune system, leading to inflammation (9). A cross-sectional study 
concluded that population exposure to PAH might affect the 
immunity produced by hepatitis vaccines (10). Sun et al. reported that 
exposure to heavy metal mixtures was positively correlated with 
immune responses, and there were synergistic and antagonistic effects 
of intermetallic interactions on immune responses (11). A study based 
on experiments with mice showed that interactions between heavy 
metals affected autoimmune diseases (12).

PAHs, a common family of chemicals, exist in coal, crude oil, and 
gasoline naturally and are produced by burning coal, oil, natural gas, 
wood, garbage, and tobacco (13). PAHs can also be made by the high 
temperatures in cooking and combined with or form small pellets in 
the environment (14). The human body could be exposed to PAHs 
through a variety of routes, such as inhaling contaminated air, 
consuming grilled or burned meat or food, and consuming food with 
airborne deposition of PAH particles, and some PAHs can pass 
through the skin and enter the body (15). When PAHs enter the body, 
the body will break down PAHs into metabolites that are subsequently 
excreted in urine or feces (16). The effects of exposure to PAHs on 
human health are multiorgan and multitissue. More than 100 
categories of PAHs have been identified, and the United  States 
Environmental Protection Agency lists the 16 most toxic PAHs as 
priority pollutants, which are carcinogens, mutagens, and teratogens, 
posing a serious threat to health (17). Some scientists have found that 
a variety of PAHs could affect blood parameters and the human 
immune system. A cohort study suggested that long-term exposure to 
PAH influenced the risk of cardiovascular disease through alterations 
in platelet counts (18). Parvez et al. have shown that PAH exposure 
could inhibit T cell division and impact the secretion of immune 
substances such as IL-2, IL-10, and IL-17A (19). PAH exposure may 
lead to the excessive secretion of pro-inflammatory mediators by 
macrophages, distributed to various organs like the circulatory system, 
inducing systemic inflammatory responses and further exacerbating 
localized pneumonia (20).

Heavy metals are also a group of widely distributed contaminants 
that are attached to various media, such as soil, drinking water, and 
suspended particulate matter in the air. Due to the prevalence of heavy 
metals in the soil and the widespread use of heavy metals in industry, 
agriculture, and medicine, people can be exposed to harmful heavy 
metals in a multitude of ways (21). Cadmium (Cd), cobalt (Co), and 
lead (Pb) are extensively accumulated in the environment and have 

complicated effects on human health, causing organ damage and even 
cancer (22–24). Cd has been found in at least 1,014 of the 1,669 most 
serious hazardous waste sites in the nation by the Environmental 
Protection Agency of the United States. The number of sites with Cd 
may increase as more waste disposal sites are evaluated (25). Frank 
et al. showed that Pb exposure was a widespread public health problem 
in the United States and this contamination affected all aspects of 
people’s daily lives, including electronics, cosmetics, etc. (26). Co is 
more abundant on the Earth’s surface than Pb and Cd (27). As a key 
component of electric vehicle batteries, Co has become more prevalent 
in people’s lives with the development of new power trams. The 
concentration of Co rises with an increase in municipal solid waste 
(28). Cd, Co, and Pb can induce an inflammatory response in the body 
through oxidative stress, disrupting the normal functioning of the 
immune system (29–32). The experimental result has demonstrated 
that rats exposed to Pb develop neuroinflammation of microglia in 
their brains, leading to adverse neurodevelopmental outcomes (33). 
Lin et  al. have demonstrated that Cd exposure induced an 
inflammatory response in the mouse heart by disrupting the secretion 
of inflammatory cytokines through the NF-κB signaling pathway (34). 
Cd was also able to promote inflammatory processes by making 
macrophages more susceptible to inflammatory polarization (35). Co 
induced a HIF-1α-dependent metabolic shift from oxidative 
phosphorylation to glycolysis in macrophages, which played an 
important role in activating inflammatory responses (36).

Given the recent interest in SII as a marker of inflammation, the 
importance of investigating the influences cannot be  overstated. 
Considering that metals and PAH pollutants are commonly 
distributed in life, it is crucial to explore the effects of metals and PAHs 
on SII. Therefore, we  applied data from the National Health and 
Nutrition Examination Survey (NHANES) to explore the effects of 
several common pollutants such as Cd, Co, Pb, and PAHs on SII, and 
to analyze the effects of mixed exposures in addition to understanding 
the role of single pollutants.

2 Materials and methods

2.1 Study population

In this study, we used data from NHAENS, a population-based 
survey that investigated the health and nutritional status of different 
ethnic groups in the United States (37). The survey was approved by 
the National Center for Health Statistics Research Ethics Review 
Board and conducted in accordance with local legislation and 
institutional requirements. All participants provided their written 
informed consent to participate in this study. Through a complex 
multi-stage design, the study collected basic population information, 
biological samples, and examination data from a representative 
population (38). Information about the NHANES study design, data 
collection process, data weighting, and participants’ informed consent 
is obtainable in the National Center for Health Statistics public 
database (39). Our analysis combined data from the 2011–2012, 2013–
2014, 2015–2016, and 2017–2018 NHANES cycles. A total of 39,156 
subjects were initially enrolled, with participants younger than 
18 years old (n = 15,331), missing information on urinary Cd, Co, and 
Pb (n = 14,753), missing data on PAHs (n = 3,164), and missing 
information on confounders (n = 755) excluded from the study. 
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Finally, 5,176 appropriate participants were included in the study. The 
participant selection flowchart was shown in Figure 1.

2.2 Contaminants assessment

According to the standards of the Laboratory Sciences Division, 
National Center for Environmental Health, Atlanta, Georgia, urinary 
Cd, Co, and Pb were analyzed by inductively coupled plasma dynamic 
reaction cell mass spectrometry. Metal concentrations below the limit 
of detection (LOD) were calculated by dividing the LOD by the root 
sign 2 (40). Urinary monohydroxylated metabolites of PAH were 
commonly studied by researchers as stable biomarkers of PAH 
exposure. Although different techniques were used in different 
NHANES cycles and a slight error existed between techniques, 
1-hydroxynaphthalene (1-OHN), 2-hydroxynaphthalene (2-OHN), 
3-hydroxyfluorene (3-OHF), 2-hydroxyfluorene (2-OHF), 
1-hydroxyphenanthrene (1-OHPhe), and 1-hydroxypyrene 
(1-OHPyr) were measured in all four cycles from 2011 to 2018, and 
ultimately, urinary Cd, Co, Pb and six PAHs were included in the 
current study.

2.3 Outcomes

Blood samples were transported to the NHANES Mobile 
Examination Centers for final determination. Detailed descriptions of 
the sample collection, transportation, and processing were presented 
in the NHANES Laboratory/Medical Technician Procedures Manual. 

Automated blood analysis equipment was used to measure 
lymphocyte, neutrophil, and platelet counts, and finally, the SII level 
was calculated by multiplying the platelet count by the neutrophil 
count/lymphocyte count (5).

2.4 Other covariates

The other covariates included age, gender, body mass index 
(BMI), race, marriage, education level, drinking, smoking, physical 
activity, and sedentary. According to the NHANES statement, 
information on basic demographic characteristics of the study 
population and lifestyle information was collected by professionals. 
Age was categorized into <40 years, 40–60 years, and > 60 years. BMI 
was categorized into normal (18.5–24.9 kg/m2) and abnormal 
(< 18.5 kg/m2 or ≥ 25.0 kg/m2). Marriage was categorized into married, 
unmarried, and other status. Since participants younger than 20 were 
not asked for marital information on the survey, we  uniformly 
categorized the marital status of those younger than 20 as unmarried. 
Race was categorized into Hispanic, non-Hispanic white, 
non-Hispanic black, and non-Hispanic other. Education level was 
categorized into less than high school education, high school 
education, and more than high school education. Alcohol 
consumption was categorized into never drinking, ever drinking, and 
current drinking, and smoking was categorized as never smoking, ever 
smoking, and current smoking (41). Physical activity was categorized 
as <100 min MVPA(moderate to vigorous physical activity), 
and ≥ 100 min MVPA. 75 min of vigorous physical activity was equal 
to 150 min of moderate physical activity (42). Physical activity time 

FIGURE 1

Schematic diagram of study methodology in NHANES 2011–2018.
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was recorded as the time during the week that the participant engaged 
in any vigorous or moderate activity that would result in changes in 
breathing or heart rate. Sedentary was categorized as <360 min, 
and ≥ 360 min. Sedentary time was defined as all the time the 
participant spent sitting during the day, including time spent sitting 
working, learning, and resting. Due to the complex sampling methods 
of the NHANES database, the NHANES cycle was included as a 
covariate to weigh the different years of sampling.

2.5 Statistical analysis

SPSS 24.0 and R 4.2.0 were used for statistical description and 
analysis. All data were expressed as percentages for categorical 
variables and P50 (P25, P75) for skewed variables. The chi-square and 
non-parametric tests were used to compare the differences in 
fundamental information. The correlation test was used to analyze the 
relationship between the log-transformed concentration of Cd, Co, 
Pb, and PAHs. The single contaminant effect on SII used the linear 
regression model and restricted cubic spline (RCS) to analyze, with 
correcting for confounding factors such as age, gender, race, marriage, 
education, smoking, drinking, physical activity, and sedentary. To 
explore the multiple contaminants effect on SII, a Bayesian Kernel 
Machine Regression (BKMR) analysis was performed. The modeling 
of BKMR consists of three parts: the regression analysis layer, the 
kernel function layer, and variable selection (43). It does not need to 
set up parametric expressions, allows for nonlinear effects and 
interactions, generates a kernel function based on the exposure 
variables put into the model, and then generates the relationship 
curves (dose–response curves) between the mixture components and 
the exposure variables by using the Bayesian sampling and analytical 
methods. The formula of BKMR is as follows:

 
Y h z z xi i iM i i= …( ) + +1, ,. ββ 

Y: the event for individual i; z: the exposure factor; χ: the 
covariate; h(): exposure response function; β: effect on covariates; 
ϵ: residual term. We also used generalized weighted quantile sum 
(gWQS) regression analysis to explore the effect weight of Cd, Co, 
Pb, and six PAHs on SII. The gWQS is used for multivariate 
regression on common high-dimensional datasets such as 
environmental exposures, genomics, and metabolomics studies. The 
model builds a weighted index that estimates the mixed effect of all 
predictor variables on the outcome, which can then be used in a 
regression model with associated covariates to test the association 
of the index with the dependent variable or outcome (44). The 
contribution of each individual predictor to the whole can then 
be assessed by the weighting index assigned to each variable by the 
model. Finally, to assess the different impacts of Cd, Co, Pb, and six 
PAHs on SII in males and females, the interaction analysis was used. 
Cd, Co, Pb, and six PAHs were divided into high and low 
concentration groups by median, and then the interaction between 
pollutants and males and females was analyzed to determine 
whether there was a statistically significant effect of pollutants on 
SII. The distribution of males and females in both the high and low 
concentration groups was counted in the results of the interaction. 
In this study, we used R language packages such as “compareGroups,” 

“rms,” “QualInt,” etc. Two-sided test with a test level of α = 0.05 
was used.

3 Results

3.1 Study population characteristics

The general characteristics of the study participants were 
presented in Table 1. The percentage of males and females in this study 
population was 51.3 and 48.7%, respectively. 76.1% of the participants 
were Non-Hispanic. Over 70% of the participants reported having an 
abnormal BMI. 76.7% of the participants had a high school degree or 
higher, and this percentage was higher for females than for males. The 
percentage of current smokers was 31.4% for males and 21.7% for 
females. The percentage of current drinkers was 73.3% for males and 
62.9% for females. There was no statistically significant difference 
between the time of physical activity and sedentary in males and 
females. All six PAHs were present in higher concentrations in the 
urine of males than females. The level of Co in urine is higher in 
females than in males (0.37 μg/L vs. 0.36 μg/L), and the distribution of 
Pb was opposite in males and females (0.42 μg/L vs. 0.31 μg/L). A 
difference existed in the distribution of SII by gender, with males being 
higher than females (467 103/μL vs. 430 103/μL). The correlation 
analysis between the concentrations of the three metals and the six 
PAHs after log transformation was shown in Supplementary Figure 1.

3.2 Single contaminant and SII

Linear regression results of log-transformed concentration of 
contaminants with SII were shown in Figure  2. In model 3, after 
adjusting for age, gender, race, BMI, marriage, education, smoking, 
drinking, physical activity, sedentary, and NHANES cycles, Cd, Co, 
1-OHN, 2-OHN and 2-OHF were positive with SII in the total 
population, with the coefficients of β being 28.413 (95%CI: 6.985, 
49.841), 47.675 (95%CI: 23.372, 71.979), 19.911 (95%CI: 4.984, 
34.837), 30.416 (95%CI: 10.741, 50.090) and 28.041 (95%CI: 7.628, 
48.454), respectively. In males, after adjusting for all covariates, only 
Cd and 2-OHN were positive with SII. In females, after adjusting for 
all covariates, Co, 1-OHN, and 2-OHF were positive with SII and the 
β coefficient were 57.496 (95%CI: 23.393, 91.599), 21.823 (95%CI: 
0.784, 42.862) and 31.915 (95%CI: 0.529, 63.301), respectively. RCS 
analyses showed no significant nonlinear associations between all 
contaminants and SII (with all p for the nonlinearity of >0.05), while 
the associations between Cd, Co, and SII were statistically significant 
(with p for overall of 0.025 and < 0.001; Supplementary Figure 2).

3.3 Multiple contaminant and SII

As shown in Figure 3, Co, 1-OHN, and 2-OHF were positively 
correlated with SII when other contaminants were fixed at the 
median, and Pb, 3-OHF, and 1-OHPhe had a negative association 
with SII in the total participants. The joint effect of Cd, Co, Pb, and 
six PAHs on SII was presented in Figure 4. Compared with the 50th 
percentile, the level of SII tended to increase with the increase of 
contaminant concentration, and the overall effects of the total 
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TABLE 1 Characteristics of study population in NHANES 2011–2018 (n  =  5,176).

Total (n  =  5,176) Male (n  =  2,656) Female (n  =  2,520) p

Age (%) 0.434

<40 years 1947 (37.6) 1,020 (38.4) 927 (36.8)

40–60 years 1760 (34.0) 885 (33.3) 875 (34.7)

>60 years 1,469 (28.4) 751 (28.3) 718 (28.5)

Race (%) 0.027

Mexican American 689 (13.3) 332 (12.5) 357 (14.2)

Other Hispanic 553 (10.7) 260 (9.8) 293 (11.6)

Non-Hispanic White 2042 (39.4) 1,049 (39.5) 993 (39.4)

Non-Hispanic Black 1,147 (22.2) 618 (23.3) 529 (21.0)

Non-Hispanic other 745 (14.4) 397 (14.9) 348 (13.8)

BMI (%) 0.781

Normal 1,518 (29.3) 784 (29.5) 734 (29.1)

Abnormal 3,658 (70.7) 1872 (70.5) 1786 (70.9)

Marriage (%) <0.001

Married 2,442 (47.2) 1,379 (51.9) 1,063 (42.2)

Unmarried 1,211 (23.4) 639 (24.1) 572 (22.7)

Other status 1,523 (29.4) 638 (24.0) 885 (35.1)

Education (%) <0.001

Less than high school degree 1,203 (23.2) 660 (24.8) 543 (21.6)

High school degree 1,187 (23.0) 637 (24.0) 550 (21.8)

More than high school degree 2,786 (53.8) 1,359 (51.2) 1,427 (56.6)

Smoking (%) <0.001

Current 1,383 (26.7) 835 (31.4) 548 (21.8)

Ever 1,088 (21.0) 677 (25.5) 411 (16.3)

Never 2,705 (52.3) 1,144 (43.1) 1,561 (61.9)

Drinking (%) <0.001

Current 3,532 (68.2) 1948 (73.3) 1,584 (62.9)

Ever 845 (16.3) 465 (17.5) 380 (15.1)

Never 799 (15.5) 243 (9.2) 556 (22.0)

Physical activity (%) 0.071

<100 min MVPA 2,909 (56.2) 1,460 (55.0) 1,449 (57.5)

≥100 min MVPA 2,267 (43.8) 1,196 (45.0) 1,071 (42.5)

Sedentary (%) 0.364

<360 min 2,304 (44.5) 1,199 (45.1) 1,105 (43.8)

≥360 min 2,872 (55.5) 1,457 (54.9) 1,415 (56.2)

Cd (μg/L) 0.20 (0.10, 0.43) 0.20 (0.10, 0.42) 0.21 (0.09, 0.44) 0.924

Co (μg/L) 0.36 (0.21, 0.58) 0.36 (0.21, 0.55) 0.37 (0.21, 0.65) <0.001

Pb (μg/L) 0.36 (0.20, 0.65) 0.42 (0.23, 0.74) 0.31 (0.17, 0.55) <0.001

1-OHN (ng/L) 1720 (681, 6,725) 2,129 (838, 7,801) 1,388 (572, 5,510) <0.001

2-OHN (ng/L) 5,776 (2,452, 12,995) 5,910 (2,650, 13,295) 5,608 (2,249, 12,604) 0.008

3-OHF (ng/L) 90 (40, 330) 117 (50, 432) 69 (31, 216) <0.001

2-OHF (ng/L) 227 (104, 648) 272 (129, 808) 178 (84, 500) <0.001

1-OHPhe (ng/L) 114 (61, 217) 124 (66, 236) 107 (56, 199) <0.001

1-OHPyr (ng/L) 119 (50, 238) 127 (65, 258) 111 (50, 222) <0.001

Platelet count (103/μL) 232 (197, 271) 221 (188, 257) 244 (208, 288) <0.001

(Continued)
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population and males were not significant, but a significance existed 
in the overall effect of females when contaminant levels exceeded 
50%. As shown in Supplementary Figure  3, to examine the 
contribution of a single pollutant to the overall effect with mixed 
exposures, we fixed the other pollutants at the 25th, 50th, or 75th 
percentile and determined significant associations between Co, Pb, 
3-OHF, and 2-OHF and SII in the total population and females. Our 

findings suggest that increased exposure to 2-OHF is associated 
with higher levels of SII, whereas 3-OHF is associated with lower 
levels of SII. Results of the effect weight of contaminant mixtures 
on SII derived from the gWQS model were presented in Figure 5. 
In the total population, the top three contaminants with the highest 
effect weights on SII were Co [weight (w) = 0.385], 2-OHF 
(w = 0.214), and Cd (w = 0.130). In males, the top three contaminants 

FIGURE 2

Linear regression results of log-transformed concentration of individual contaminants with SII. Model 1: no covariates were adjusted; Model 2: age, 
gender, and race were adjusted (only age and race in male or female); Model 3: age, gender, race, BMI, marriage, education, smoking, drinking, 
physical activity, sedentary, and NHANES cycles were adjusted.

FIGURE 3

Univariate exposure–response functions and 95% confidence interval for association between single metal exposure when other metals exposure are 
fixed at the median in total population (A), males (B) and females (C). Models were adjusted for age, gender, race, BMI, marriage, education, smoking, 
drinking, physical activity, sedentary, and NHANES cycles.

TABLE 1 (Continued)

Total (n  =  5,176) Male (n  =  2,656) Female (n  =  2,520) p

Neutrophils count (103/μL) 4.00 (3.10, 5.20) 3.90 (3.10, 5.00) 4.10 (3.10, 5.30) 0.001

Lymphocyte count (103/μL) 2.10 (1.70, 2.60) 2.00 (1.60, 2.50) 2.20 (1.70, 2.70) <0.001

SII (103/μL) 450 (316, 636) 430 (305, 614) 467 (330, 662) <0.001

BMI, body mass index; MVPA, moderate to vigorous physical activity; Cd, cadmium; Co, cobalt; Pb, lead; 1-OHN, 1-hydroxynaphthalene; 2-OHN, 2-hydroxynaphthalene; 3-OHF, 
3-hydroxyfluorene; 2-OHF, 2-hydroxyfluorene; 1-OHPhe, 1-hydroxyphenanthrene; 1-OHPyr, 1-hydroxypyrene; SII, Systemic Immunity Inflammation Index.
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were Cd (w = 0.429), 2-OHN (w = 0.342), and 1-OHN (w = 0.229). 
In females, the three contaminants were 1-OHN (w = 0.457), Co 
(w = 0.218), and 3-OHF (w = 0.129). The impact of mixed pollutant 
exposure on SII in the gWQS results was presented in 
Supplementary Table 1.

3.4 Interaction analysis

Finally, the interaction analyses were conducted to explore the 
interaction between gender and contaminants on SII. As shown in 
Supplementary Figure  4, the interaction effect between the 
concentrations of Cd and gender on SII was statistically significant (p 
for interaction = 0.023), and in combination with the results of 
Figure 5, the conclusion was that the low concentrations of Cd had an 
elevation effect on SII in males. The interaction effect between the 
concentrations of Co and gender on SII was almost statistically 

significant (p for interaction = 0.057), and the high concentration of 
Co had an elevation effect on SII in females.

4 Discussion

SII is negatively correlated with the recovery of many diseases. 
Wang et al. conducted a retrospective study to investigate the effect of 
SII on the prognosis of patients with advanced lung cancer and found 
that SlI (HR = 1.960) was an independent factor affecting the 
progression-free survival of patients (45). Another prospective cohort 
study showed that SII > 663 103/μL in the baseline was associated with 
an increased risk of cervical cancer recurrence and death (46). Jiang 
et  al. investigated the association of arthritic disease with new 
inflammatory markers and found that SII was significantly higher in 
the acute ventilatory arthritis group than in the healthy population 
group (p < 0.05) (47). A study based on clinical trial data exposes that 

FIGURE 4

The joint effects of contaminant mixtures on SII were estimated in total population (A), males (B) and females (C), when all the contaminants at 
particular percentiles were compared to all the metals at their 50th percentile. Models were adjusted for age, gender, race, BMI, marriage, education, 
smoking, drinking, physical activity, sedentary, and NHANES cycles.

FIGURE 5

The effect weight of contaminant mixtures on SII of the total population (A), males (B) and females (C). Models were adjusted for age, gender, race, 
BMI, marriage, education, smoking, drinking, physical activity, sedentary, and NHANES cycles.
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patients with cardiovascular disease in the high SII group had 
significantly lower survival rates than those in the low SII group (48). 
Considering the importance of novel biomarkers in disease research, 
the comprehensive discovery of factors associated with SII is of great 
clinical significance.

By reviewing the literature, previous epidemiologic studies have 
primarily emphasized the relationship between individual categories 
of pollutants and SII, and the complications of mixed exposures to 
different pollutants have not been elucidated. An epidemiologic study 
conducted in a population in northwest China found that after 
combined exposure to Cd and Pb, subjects in the high co-exposure 
group had higher levels of SII compared with those in the medium 
and low co-exposure groups, suggesting that co-exposure to Cd and 
Pb is associated with SII and that the immune-inflammatory response 
is exacerbated with rising co-exposure to Cd and Pb (49). Based on 
2015–2016 NHANES data, Zhong et  al. used generalized linear 
models to assess the independent and joint effects of SII with blood 
Mn, Cd, and Pb levels, respectively (50). More recently, using 
NHANES data, sun et al. similarly used univariate models to evaluate 
the linear and nonlinear relationships between single metal exposures 
and SII, and analyzed the combined effects of mixed metal exposures 
on SII (11). In addition, a study investigating the relationship between 
co-exposure to PAH and phthalates and SII in children aged 
4–12 years showed that concurrent exposure to PAH and phthalates 
was related to increased inflammation in children, with 1-OHPyr 
having an important role (51). SII, a novel marker of systemic 
inflammation, has been demonstrated to be strongly associated with 
the development of various diseases. Given the widespread 
co-existence of multiple pollutants in the environment, it is of great 
significance for this study to investigate the combined exposure with 
Cd, Co, Pb, and PAHs.

In this study, we examined the relationship between Cd, Co, Pb, 
1-OHN, 2-OHN, 3-OHF, 2-OHF, 1-OHPhe, 1-OHPyr, and SII among 
U.S. adults, exploring the differential effects of these pollutants in 
men and women. In the analysis between a single contaminant and 
SII, we found that Cd, Co, 1-OHN, 2-OHN, and 2-OHF were positive 
with SII in the total population. According to previous reports, the 
results of this study are reasonable and evidence-based. Chronic 
exposure to Cd resulted in a significant increase in platelet counts and 
a decrease in lymphocyte counts in mice (52). Akbar et al. showed 
that Co was not directly cytotoxic to lymphocytes but might affect 
intracellular molecular homeostasis and thus inhibit lymphocyte 
proliferation (53). Exposure to diesel exhaust containing high levels 
of PAHs triggers an increase in neutrophils and lymphocytes (54). 
Whereas, there have also been experiments with different conclusions. 
To explore chronic exposure to PAHs and changes in platelet indices, 
Cui et al. used longitudinal data from repeated-measures analyses 
and found a linearly correlated dose–response relationship between 
1-OHN and platelets (55). The results of a cross-sectional study 
revealed that neutrophil and monocyte counts were lower in the 
high-concentration Cd group compared to the low-concentration Cd 
group (56). More studies need to be  conducted to explore the 
association between metals and PAHs exposure and SII. Interestingly, 
in males, only Cd and 2-OHN had a positive association with SII, 
while in females, these were Co, 1-OHN, and 2-OHF, which might 
be because different pollutants exert different effects in males and 
females. Yang et al. found that after exposure to Cd, female mice 
gained normal body weight while male mice lost significant body 

weight, which was related to the different responses of gut microbiota 
and adrenocorticotropic hormone homeostasis in female and male 
mice (57). Li et al. showed that lipid metabolites in mice exhibited 
different susceptibility and trends in male and female mice after 
exposure to PAHs (58). Ferrari et al. used Gaussian to identify effects 
and interactions between pollutants and found negative effects of Co 
exposure to be stronger for males than females (59). The specific 
mechanisms by which pollutants play different effects on males and 
females remain to be  explored in further animal or 
cellular experiments.

When exploring the association between mixed exposure to Cd, 
Co, Pb, six PAHs, and SII, the results of BKMR showed that Pb, 
3-OHF, and 1-OHPhe had a negative association with SII in the 
total, male and female populations, which was different from the 
result of a single pollutant. We hypothesize that this may be due to 
the interaction between multiple contaminants, leading to different 
conclusions than single contaminants. The joint effect of 
contaminant mixtures on SII was positive when contaminant levels 
exceeded 50% and this was only statistically significant in females. 
According to the interaction analysis results, the interaction between 
the low Cd concentration group, the high Co concentration group, 
and gender was statistically significant for SII, which meant that the 
two groups did not play the same role in males or females. The result 
of gWQS model showed that in the total population, Co had the 
main role on SII, whereas in males and females, those were Cd and 
1-OHN, respectively. Combining the above conclusions, 
we concluded that low concentrations of Cd had a greater elevation 
effect on SII in males than in females, and the high concentration of 
Co had a stronger elevation effect on SII in females than in males. 
Not sufficient scientific evidence existed to demonstrate that Cd and 
Co had significantly different effects on the immune systems in 
males and females. However, sensitivity to Cd and Co was different 
in males and females (60–62), suggesting that changes in SII in males 
and females at different concentrations of Cd and Co were likely to 
be inconsistent. Lamtai et al. showed that in male rats, all doses of 
Cd triggered depressive-like behavior, whereas in female rats, only 
those receiving high doses exhibited depressive-like behavior (63). 
Isaksson et al. found a higher percentage of positive skin reactions 
to Co in females than in males (64). The above results indicated that 
when we  study the association between metal exposure and 
inflammatory markers, we should not only focus on how different 
pollutants affect males and females differently but also study the 
effects at different concentrations.

Several innovative points are addressed in this study. First, 
we  explored for the first time the association between mixed 
exposure to metals and PAHs and SII, elucidating the different roles 
played by different pollutants in males and females. Second, 
we utilized models such as BKMR and gWQS, which are specifically 
designed to analyze the association between mixed exposures and 
outcomes, making our results accurate and reliable. Finally, the study 
population included in this survey was more than 5,000 people, 
which is a relatively sufficient sample size to stabilize the results of 
this study. This study also has some limitations. First, the ability of 
this study to verify causality is weaker than cohort studies. Therefore 
the generalizability of this article remains to be confirmed by more 
cohort studies. Second, this study only explored the association of 
mixed exposure with SII, which could be studied in combination 
with more inflammatory markers.
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5 Conclusion

Based on the results of the present study, we found a positive 
association of mixed exposure to Cd, Co, Pb, and six PAHs with 
the novel inflammatory marker SII, which occurred mainly in 
females. In the total population, males, and females, the pollutants 
with the greatest effect on SII were Co, Cd, and 1-OHN, 
respectively.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author/s.

Ethics statement

The studies involving humans were approved by the National 
Center for Health Statistics Research Ethics Review Board. The studies 
were conducted in accordance with the local legislation and 
institutional requirements. The participants provided their written 
informed consent to participate in this study.

Author contributions

JN: Writing – review & editing. DL: Writing – review & editing. 
ZH: Methodology, Writing – original draft. CX: Visualization, Writing 
– review & editing. MH: Visualization, Writing – review & editing. 
WZ: Conceptualization, Data curation, Software, Writing – 
original draft.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank the National Center for Health Statistics of the 
Centers for Disease Control and Prevention for sharing the data.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1356459/
full#supplementary-material

References
 1. Hu B, Yang XR, Xu Y, Sun YF, Sun C, Guo W, et al. Systemic immune-inflammation 

index predicts prognosis of patients after curative resection for hepatocellular carcinoma. 
Clin Cancer Res. (2014) 20:6212–22. doi: 10.1158/1078-0432.ccr-14-0442

 2. Zeng P, Jiang C, Liu A, Yang X, Lin F, Cheng L. Association of systemic immunity-
inflammation index with metabolic syndrome in U.S. adult: a cross-sectional study. BMC 
Geriatr. (2024) 24:61. doi: 10.1186/s12877-023-04635-1

 3. Ma LL, Xiao HB, Zhang J, Liu YH, Hu LK, Chen N, et al. Association between 
systemic immune inflammatory/inflammatory response index and hypertension: a 
cohort study of functional community. Nutr Metab Cardiovasc Dis. (2023). doi: 
10.1016/j.numecd.2023.09.025

 4. Cao C, Li C, Li X, Sun W, Wang Y. Association of systemic immune-inflammation 
index (SII) and aggregate index of systemic inflammation (AISI) with thyroid nodules 
in patients with type 2 diabetes mellitus: a retrospective study. BMC Endocr Disord. 
(2023) 23:251. doi: 10.1186/s12902-023-01509-w

 5. Mahemuti N, Jing X, Zhang N, Liu C, Li C, Cui Z, et al. Association between 
systemic immunity-inflammation index and Hyperlipidemia: a population-based study 
from the NHANES (2015-2020). Nutrients. (2023) 15:1177. doi: 10.3390/nu15051177

 6. Zheng H, Yin Z, Luo X, Zhou Y, Zhang F, Guo Z. Associations between systemic 
immunity-inflammation index and heart failure: evidence from the NHANES 
1999-2018. Int J Cardiol. (2023) 395:131400. doi: 10.1016/j.ijcard.2023.131400

 7. Kawalec A, Stojanowski J, Mazurkiewicz P, Choma A, Gaik M, Pluta M, et al. 
Systemic immune inflammation index as a key predictor of dialysis in Pediatric chronic 
kidney disease with the use of random Forest classifier. J Clin Med. (2023) 12:6911. doi: 
10.3390/jcm12216911

 8. Ye C, Yuan L, Wu K, Shen B, Zhu C. Association between systemic immune-
inflammation index and chronic obstructive pulmonary disease: a population-based 
study. BMC Pulm Med. (2023) 23:295. doi: 10.1186/s12890-023-02583-5

 9. Wang Z, Zhou Y, Xiao X, Liu A, Wang S, Preston RJS, et al. Inflammation and 
cardiometabolic diseases induced by persistent organic pollutants and nutritional 
interventions: effects of multi-organ interactions. Environ Pollut. (2023) 339:122756. doi: 
10.1016/j.envpol.2023.122756

 10. Andrews FV, Smit E, Welch BM, Ahmed SM, Kile ML. Urinary polycyclic aromatic 
hydrocarbons concentrations and hepatitis B antibody serology in the United States 
(NHANES, 2003-2014). Environ Res. (2021) 195:110801. doi: 10.1016/j.
envres.2021.110801

 11. Sun X, Deng Y, Fang L, Ni M, Wang X, Zhang T, et al. Association of Exposure 
to heavy metal mixtures with systemic immune-inflammation index among US 
adults in NHANES 2011-2016. Biol Trace Elem Res. (2023). doi: 10.1007/
s12011-023-03901-y

 12. Puente-Marin S, Hultman P, Ekstrand J, Nielsen JB, Havarinasab S. Secondary 
exposure to heavy metal in genetically susceptible mice leads to acceleration of 
autoimmune response. Environ Toxicol Pharmacol. (2023) 104:104317. doi: 10.1016/j.
etap.2023.104317

 13. Gearhart-Serna LM, Tacam M Jr, Slotkin TA, Devi GR. Analysis of polycyclic 
aromatic hydrocarbon intake in the US adult population from NHANES 2005-2014 
identifies vulnerable subpopulations, suggests interaction between tobacco smoke 
exposure and sociodemographic factors. Environ Res. (2021) 201:111614. doi: 10.1016/j.
envres.2021.111614

 14. Arem H, Gunter MJ, Cross AJ, Hollenbeck AR, Sinha R. A prospective 
investigation of fish, meat and cooking-related carcinogens with endometrial cancer 
incidence. Br J Cancer. (2013) 109:756–60. doi: 10.1038/bjc.2013.252

 15. Dutta S, Sengupta P, Bagchi S, Chhikara BS, Pavlík A, Sláma P, et al. Reproductive 
toxicity of combined effects of endocrine disruptors on human reproduction. Front Cell 
Dev Biol. (2023) 11:1162015. doi: 10.3389/fcell.2023.1162015

https://doi.org/10.3389/fpubh.2024.1356459
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1356459/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1356459/full#supplementary-material
https://doi.org/10.1158/1078-0432.ccr-14-0442
https://doi.org/10.1186/s12877-023-04635-1
https://doi.org/10.1016/j.numecd.2023.09.025
https://doi.org/10.1186/s12902-023-01509-w
https://doi.org/10.3390/nu15051177
https://doi.org/10.1016/j.ijcard.2023.131400
https://doi.org/10.3390/jcm12216911
https://doi.org/10.1186/s12890-023-02583-5
https://doi.org/10.1016/j.envpol.2023.122756
https://doi.org/10.1016/j.envres.2021.110801
https://doi.org/10.1016/j.envres.2021.110801
https://doi.org/10.1007/s12011-023-03901-y
https://doi.org/10.1007/s12011-023-03901-y
https://doi.org/10.1016/j.etap.2023.104317
https://doi.org/10.1016/j.etap.2023.104317
https://doi.org/10.1016/j.envres.2021.111614
https://doi.org/10.1016/j.envres.2021.111614
https://doi.org/10.1038/bjc.2013.252
https://doi.org/10.3389/fcell.2023.1162015


Nie et al. 10.3389/fpubh.2024.1356459

Frontiers in Public Health 10 frontiersin.org

 16. Huang X, Deng X, Li W, Liu S, Chen Y, Yang B, et al. Internal exposure levels of 
polycyclic aromatic hydrocarbons in children and adolescents: a systematic review and 
meta-analysis. Environ Health Prev Med. (2019) 24:50. doi: 10.1186/s12199-019-0805-9

 17. Mallah MA, Changxing L, Mallah MA, Noreen S, Liu Y, Saeed M, et al. Polycyclic 
aromatic hydrocarbon and its effects on human health: an overeview. Chemosphere. 
(2022) 296:133948. doi: 10.1016/j.chemosphere.2022.133948

 18. Hu C, Hou J, Zhou Y, Sun H, Yin W, Zhang Y, et al. Association of polycyclic 
aromatic hydrocarbons exposure with atherosclerotic cardiovascular disease risk: a role 
of mean platelet volume or club cell secretory protein. Environ Pollut. (2018) 233:45–53. 
doi: 10.1016/j.envpol.2017.10.042

 19. Parvez F, Lauer FT, Factor-Litvak P, Liu X, Santella RM, Islam T, et al. Assessment 
of arsenic and polycyclic aromatic hydrocarbon (PAH) exposures on immune function 
among males in Bangladesh. PLoS One. (2019) 14:e0216662. doi: 10.1371/journal.
pone.0216662

 20. Øvrevik J, Refsnes M, Låg M, Holme JA, Schwarze PE. Activation of 
proinflammatory responses in cells of the airway mucosa by particulate matter: oxidant-
and non-oxidant-mediated triggering mechanisms. Biomol Ther. (2015) 5:1399–440. doi: 
10.3390/biom5031399

 21. Choi HI, Ko HJ, Kim AS, Moon H. The association between mineral and trace 
element concentrations in hair and the 10-year risk of atherosclerotic cardiovascular 
disease in healthy community-dwelling elderly individuals. Nutrients. (2019) 11:637. 
doi: 10.3390/nu11030637

 22. Filippini T, Torres D, Lopes C, Carvalho C, Moreira P, Naska A, et al. Cadmium 
exposure and risk of breast cancer: a dose-response meta-analysis of cohort studies. 
Environ Int. (2020) 142:105879. doi: 10.1016/j.envint.2020.105879

 23. Jensen AA, Tüchsen F. Cobalt exposure and cancer risk. Crit Rev Toxicol. (1990) 
20:427–39. doi: 10.3109/10408449009029330

 24. Rhee J, Graubard BI, Purdue MP. Blood lead levels and lung cancer mortality: an 
updated analysis of NHANES II and III. Cancer Med. (2021) 10:4066–74. doi: 10.1002/
cam4.3943

 25. Faroon O, Ashizawa A, Wright S, Tucker P, Jenkins K, Ingerman L, et al. Agency 
for Toxic Substances and Disease Registry (ATSDR) toxicological profiles In: 
Toxicological Profile for Cadmium. eds. C.J. Portier US: Atlanta (GA): Agency for Toxic 
Substances and Disease Registry (2012)

 26. Frank JJ, Poulakos AG, Tornero-Velez R, Xue J. Systematic review and meta-
analyses of lead (pb) concentrations in environmental media (soil, dust, water, food, and 
air) reported in the United  States from 1996 to 2016. Sci Total Environ. (2019) 
694:133489. doi: 10.1016/j.scitotenv.2019.07.295

 27. Lide DR. CRC handbook of chemistry and physics, vol. 85. US: CRC press (2004).

 28. Khan ZI, Ashfaq A, Ahmad K, Batool AI, Aslam M, Ahmad T, et al. Cobalt uptake by 
food plants and accumulation in municipal solid waste materials compost-amended soil: 
public health implications. Biol Trace Elem Res. (2023). doi: 10.1007/s12011-023-04000-8

 29. Amerikanou C, Kleftaki SA, Karavoltsos S, Tagkouli D, Sakellari A, Valsamidou E, 
et al. Vanadium, cobalt, zinc, and rubidium are associated with markers of inflammation 
and oxidative stress in a Greek population with obesity. Front Endocrinol (Lausanne). 
(2023) 14:1265310. doi: 10.3389/fendo.2023.1265310

 30. Hassanen EI, Abdelrahman RE, Aboul-Ella H, Ibrahim MA, El-Dek S, Shaalan M. 
Mechanistic approach on the pulmonary Oxido-inflammatory stress induced by cobalt 
ferrite nanoparticles in rats. Biol Trace Elem Res. (2023) 202:765–77. doi: 10.1007/
s12011-023-03700-5

 31. Sulayman Aboulqassim NS, Hazem SH, Sharawy MH, Suddek GM. Roflumilast 
extenuates inflammation and oxidative stress in cadmium-induced hepatic and testicular 
injury in rats. Int Immunopharmacol. (2023) 124:111027. doi: 10.1016/j.intimp.2023.111027

 32. Zhao ZM, Mei S, Zheng QY, Wang J, Yin YR, Zhang JJ, et al. Melatonin or vitamin 
C attenuates lead acetate-induced testicular oxidative and inflammatory damage in mice 
by inhibiting oxidative stress mediated NF-κB signaling. Ecotoxicol Environ Saf. (2023) 
264:115481. doi: 10.1016/j.ecoenv.2023.115481

 33. De Simone R, Ajmone-Cat MA, Tartaglione AM, Calamandrei G, Minghetti L. 
Maternal suboptimal selenium intake and low-level lead exposure affect offspring's 
microglial immune profile and its reactivity to a subsequent inflammatory hit. Sci Rep. 
(2023) 13:21448. doi: 10.1038/s41598-023-45613-2

 34. Lin X, Xu Y, Tong T, Zhang J, He H, Yang L, et al. Cadmium exposure disturbs 
myocardial lipid signature and induces inflammation in C57BL/6J mice. Ecotoxicol 
Environ Saf. (2023) 265:115517. doi: 10.1016/j.ecoenv.2023.115517

 35. Zhu Y, Chai XX, Zhao Y, Feng Q, Dong R, Shi MJ, et al. Saturated fatty acids 
synergizes cadmium to induce macrophages M1 polarization and hepatic inflammation. 
Ecotoxicol Environ Saf. (2023) 259:115040. doi: 10.1016/j.ecoenv.2023.115040

 36. Salloum Z, Lehoux EA, Harper ME, Catelas I. Effects of cobalt and chromium ions 
on glycolytic flux and the stabilization of hypoxia-inducible factor-1α in macrophages 
in vitro. J Orthop Res. (2021) 39:112–20. doi: 10.1002/jor.24758

 37. Liu L, Cheng YT, Xu A, Cheung BMY. Association between high sensitivity cardiac 
troponin and mortality risk in the non-diabetic population: findings from the National 
Health and nutrition examination survey. Cardiovasc Diabetol. (2023) 22:296. doi: 
10.1186/s12933-023-02003-2

 38. Xu X, Nembhard WN, Kan H, Kearney G, Zhang ZJ, Talbott EO. Urinary 
trichlorophenol levels and increased risk of attention deficit hyperactivity disorder 

among US school-aged children. Occup Environ Med. (2011) 68:557–61. doi: 10.1136/
oem.2010.063859

 39. Tucker LA. Alpha-and gamma-tocopherol and telomere length in 5768 US men 
and women: a NHANES study. Nutrients. (2017) 9:601. doi: 10.3390/nu9060601

 40. Li T, Yu L, Yang Z, Shen P, Lin H, Shui L, et al. Associations of diet quality and 
heavy metals with obesity in adults: a Cross-sectional Study from National Health and 
nutrition examination survey (NHANES). Nutrients. (2022) 14:4038. doi: 10.3390/
nu14194038

 41. Liu Y, Yang D, Shi F, Wang F, Liu X, Wen H, et al. Association of Serum 25(OH)D, 
cadmium, CRP with all-cause, cause-specific mortality: a prospective cohort study. Front 
Nutr. (2022) 9:803985. doi: 10.3389/fnut.2022.803985

 42. Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, et al. World 
Health Organization 2020 guidelines on physical activity and sedentary behaviour. Br J 
Sports Med. (2020) 54:1451–62. doi: 10.1136/bjsports-2020-102955

 43. Bobb JF, Claus Henn B, Valeri L, Coull BA. Statistical software for analyzing the 
health effects of multiple concurrent exposures via Bayesian kernel machine regression. 
Environ Health. (2018) 17:67. doi: 10.1186/s12940-018-0413-y

 44. Czarnota J, Gennings C, Wheeler DC. Assessment of weighted quantile sum 
regression for modeling chemical mixtures and cancer risk. Cancer Inform. (2015) 
14:159–71. doi: 10.4137/cin.s17295

 45. Wang T, Zhang C, Gao Y, Yang H, Li K, Wang J, et al. Predictive value of CRP 
combined with peripheral blood cell ratio for the prognosis of advanced NSCLC. Am J 
Cancer Res. (2023) 13:5667–83.

 46. Chen C, Chen Y, Gao Q, Wei Q. Association of systemic immune inflammatory 
index with all-cause and cause-specific mortality among individuals with type 2 
diabetes. BMC Cardiovasc Disord. (2023) 23:596. doi: 10.1186/s12872-023-03638-5

 47. Jiang Y, Tu X, Liao X, He Y, Wang S, Zhang Q, et al. New inflammatory marker 
associated with disease activity in gouty arthritis: the systemic inflammatory response 
index. J Inflamm Res. (2023) 16:5565–73. doi: 10.2147/jir.s432898

 48. Gao Y, Li Y, Chen X, Wu C, Guo Z, Bai G, et al. The systemic inflammation index 
predicts poor clinical prognosis in patients with initially diagnosed acute coronary 
syndrome undergoing primary coronary angiography. J Inflamm Res. (2023) 16:5205–19. 
doi: 10.2147/jir.s435398

 49. Zhang H, Yan J, Niu J, Wang H, Li X. Association between lead and cadmium co-
exposure and systemic immune inflammation in residents living near a mining and 
smelting area in NW China. Chemosphere. (2022) 287:132190. doi: 10.1016/j.
chemosphere.2021.132190

 50. Zhong Q, Zhou W, Lin J, Sun W, Qin Y, Li X, et al. Independent and combined 
associations of blood manganese, cadmium and Lead exposures with the systemic 
immune-inflammation index in adults. Toxics. (2023) 11:659. doi: 10.3390/toxics11080659

 51. Zhao L, Liu M, Liu L, Guo W, Yang H, Chen S, et al. The association of co-exposure 
to polycyclic aromatic hydrocarbon and phthalates with blood cell-based inflammatory 
biomarkers in children: a panel study. Environ Pollut. (2022) 307:119479. doi: 10.1016/j.
envpol.2022.119479

 52. Chen H, Zhu C, Zhou X. Effects of Lead and cadmium combined heavy metals on 
liver function and lipid metabolism in mice. Biol Trace Elem Res. (2023) 201:2864–76. 
doi: 10.1007/s12011-022-03390-5

 53. Akbar M, Brewer JM, Grant MH. Effect of chromium and cobalt ions on primary 
human lymphocytes in  vitro. J Immunotoxicol. (2011) 8:140–9. doi: 
10.3109/1547691x.2011.553845

 54. Friberg M, Behndig AF, Bosson JA, Muala A, Barath S, Dove R, et al. Human 
exposure to diesel exhaust induces CYP1A1 expression and AhR activation without a 
coordinated antioxidant response. Part Fibre Toxicol. (2023) 20:47. doi: 10.1186/
s12989-023-00559-1

 55. Cui J, Zhang T, Zhang C, Xue Z, Chen D, Kong X, et al. Long-term exposure to low 
concentrations of polycyclic aromatic hydrocarbons and alterations in platelet indices: 
a longitudinal study in China. PLoS One. (2022) 17:e0276944. doi: 10.1371/journal.
pone.0276944

 56. Xiong L, Fan C, Song J, Wan Y, Lin X, Su Z, et al. Associations of long-term 
cadmium exposure with peripheral white blood cell subtype counts and indices in 
residents of cadmium-polluted areas. Chemosphere. (2022) 308:135946. doi: 10.1016/j.
chemosphere.2022.135946

 57. Yang JL, Chen S, Xi JF, Lin XY, Xue RY, Ma LQ, et al. Sex-dependent effects of rice 
cadmium exposure on body weight, gut microflora, and kidney metabolomics based on 
a mouse model. Sci Total Environ. (2024) 908:168498. doi: 10.1016/j.
scitotenv.2023.168498

 58. Li F, Xiang B, Jin Y, Li C, Li J, Ren S, et al. Dysregulation of lipid metabolism 
induced by airway exposure to polycyclic aromatic hydrocarbons in C57BL/6 mice. 
Environ Pollut. (2019) 245:986–93. doi: 10.1016/j.envpol.2018.11.049

 59. Ferrari F, Dunson DB. Identifying main effects and interactions among exposures 
using gaussian processes. Ann Appl Stat. (2020) 14:1743–58. doi: 10.1214/20-aoas1363

 60. Everett CJ, Frithsen IL. Association of urinary cadmium and myocardial infarction. 
Environ Res. (2008) 106:284–6. doi: 10.1016/j.envres.2007.10.009

 61. Vahter M, Akesson A, Lidén C, Ceccatelli S, Berglund M. Gender differences in 
the disposition and toxicity of metals. Environ Res. (2007) 104:85–95. doi: 10.1016/j.
envres.2006.08.003

https://doi.org/10.3389/fpubh.2024.1356459
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1186/s12199-019-0805-9
https://doi.org/10.1016/j.chemosphere.2022.133948
https://doi.org/10.1016/j.envpol.2017.10.042
https://doi.org/10.1371/journal.pone.0216662
https://doi.org/10.1371/journal.pone.0216662
https://doi.org/10.3390/biom5031399
https://doi.org/10.3390/nu11030637
https://doi.org/10.1016/j.envint.2020.105879
https://doi.org/10.3109/10408449009029330
https://doi.org/10.1002/cam4.3943
https://doi.org/10.1002/cam4.3943
https://doi.org/10.1016/j.scitotenv.2019.07.295
https://doi.org/10.1007/s12011-023-04000-8
https://doi.org/10.3389/fendo.2023.1265310
https://doi.org/10.1007/s12011-023-03700-5
https://doi.org/10.1007/s12011-023-03700-5
https://doi.org/10.1016/j.intimp.2023.111027
https://doi.org/10.1016/j.ecoenv.2023.115481
https://doi.org/10.1038/s41598-023-45613-2
https://doi.org/10.1016/j.ecoenv.2023.115517
https://doi.org/10.1016/j.ecoenv.2023.115040
https://doi.org/10.1002/jor.24758
https://doi.org/10.1186/s12933-023-02003-2
https://doi.org/10.1136/oem.2010.063859
https://doi.org/10.1136/oem.2010.063859
https://doi.org/10.3390/nu9060601
https://doi.org/10.3390/nu14194038
https://doi.org/10.3390/nu14194038
https://doi.org/10.3389/fnut.2022.803985
https://doi.org/10.1136/bjsports-2020-102955
https://doi.org/10.1186/s12940-018-0413-y
https://doi.org/10.4137/cin.s17295
https://doi.org/10.1186/s12872-023-03638-5
https://doi.org/10.2147/jir.s432898
https://doi.org/10.2147/jir.s435398
https://doi.org/10.1016/j.chemosphere.2021.132190
https://doi.org/10.1016/j.chemosphere.2021.132190
https://doi.org/10.3390/toxics11080659
https://doi.org/10.1016/j.envpol.2022.119479
https://doi.org/10.1016/j.envpol.2022.119479
https://doi.org/10.1007/s12011-022-03390-5
https://doi.org/10.3109/1547691x.2011.553845
https://doi.org/10.1186/s12989-023-00559-1
https://doi.org/10.1186/s12989-023-00559-1
https://doi.org/10.1371/journal.pone.0276944
https://doi.org/10.1371/journal.pone.0276944
https://doi.org/10.1016/j.chemosphere.2022.135946
https://doi.org/10.1016/j.chemosphere.2022.135946
https://doi.org/10.1016/j.scitotenv.2023.168498
https://doi.org/10.1016/j.scitotenv.2023.168498
https://doi.org/10.1016/j.envpol.2018.11.049
https://doi.org/10.1214/20-aoas1363
https://doi.org/10.1016/j.envres.2007.10.009
https://doi.org/10.1016/j.envres.2006.08.003
https://doi.org/10.1016/j.envres.2006.08.003


Nie et al. 10.3389/fpubh.2024.1356459

Frontiers in Public Health 11 frontiersin.org

 62. Bilgic A, Bozca BC, Subası GY, Dicle Ö, Uzun S, Yılmaz E, et al. Standard 
patch test results and clinical relevance: a Cross-sectional study of 10-year 
retrospective experience. Indian J Dermatol. (2022) 67:258–64. doi: 10.4103/ijd.
ijd_965_21

 63. Lamtai M, Chaibat J, Ouakki S, Berkiks I, Rifi E-H, El Hessni A, et al. Effect of 
chronic administration of cadmium on anxiety-like, depression-like and memory 

deficits in male and female rats: possible involvement of oxidative stress mechanism. J 
Behav Brain Sci. (2018) 8:240–68. doi: 10.4236/jbbs.2018.85016

 64. Isaksson M, Hagvall L, Glas B, Lagrelius M, Lidén C, Matura M, et al. Suitable test 
concentration of cobalt and concomitant reactivity to nickel and chromium: a 
multicentre study from the Swedish contact dermatitis research group. Contact Derm. 
(2021) 84:153–8. doi: 10.1111/cod.13710

https://doi.org/10.3389/fpubh.2024.1356459
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.4103/ijd.ijd_965_21
https://doi.org/10.4103/ijd.ijd_965_21
https://doi.org/10.4236/jbbs.2018.85016
https://doi.org/10.1111/cod.13710

	The single and mixed impacts of cadmium, cobalt, lead, and PAHs on systemic immunity inflammation index in male and female
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Contaminants assessment
	2.3 Outcomes
	2.4 Other covariates
	2.5 Statistical analysis

	3 Results
	3.1 Study population characteristics
	3.2 Single contaminant and SII
	3.3 Multiple contaminant and SII
	3.4 Interaction analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

