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Abstract 

Background Exposure to heavy metals alone or in combination can promote systemic inflammation. The aim of this 
study was to investigate potential associations between multiple plasma heavy metals and markers of systemic 
immune inflammation.

Methods Using a cross-sectional study, routine blood tests were performed on 3355 participants in Guangxi, China. 
Eight heavy metal elements in plasma were determined by inductively coupled plasma mass spectrometry. Immu-
noinflammatory markers were calculated based on peripheral blood WBC and its subtype counts. A generalised 
linear regression model was used to analyse the association of each metal with the immunoinflammatory mark-
ers, and the association of the metal mixtures with the immunoinflammatory markers was further assessed using 
weighted quantile sum (WQS) regression.

Results In the single-metal model, plasma metal Fe (log10) was significantly negatively correlated with the levels 
of immune-inflammatory markers SII, NLR and PLR, and plasma metal Cu (log10) was significantly positively corre-
lated with the levels of immune-inflammatory markers SII and PLR. In addition, plasma metal Mn (log10 conversion) 
was positively correlated with the levels of immune inflammatory markers NLR and PLR. The above associations 
remained after multiple corrections. In the mixed-metal model, after WQS regression analysis, plasma metal Cu 
was found to have the greatest weight in the positive effects of metal mixtures on SII and PLR, while plasma metals 
Mn and Fe had the greatest weight in the positive effects of metal mixtures on NLR and LMR, respectively. In addition, 
blood Fe had the greatest weight in the negative effects of the metal mixtures for SII, PLR and NLR.

Conclusion Plasma metals Cu and Mn were positively correlated with immunoinflammatory markers SII, NLR 
and PLR. While plasma metal Fe was negatively correlated with immunoinflammatory markers SII, NLR, and PLR.
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Introduction
In the complex immune response, inflammation is a 
protective response to a noxious stimulus that aims to 
remove the causative agent of injury, clear degenerated 
and necrotic cells, and promote reparative functions to 
keep the normal physiological activities of tissues and 
organs. When the inflammatory response persists, it can 
result in a variety of chronic diseases that can be harm-
ful to human health [1]. White blood cell (WBC) counts 
and their subtypes are commonly used clinical indica-
tors of systemic inflammation and are significantly ele-
vated in most chronic inflammation-related diseases, 
such as diabetes and neoplasms [2, 3]. Most of the previ-
ous investigations have focused only on the relationship 
between individual cell types and inflammatory diseases. 
However, different blood cell types have different func-
tions in chronic systemic inflammation. Therefore, a 
combination of inflammatory markers may better assess 
the association of chronic inflammation with the risk of 
disease development and death than a single inflamma-
tory marker, as well as the interaction among inflamma-
tory markers [4–7]. Five indicators of systemic immune 
inflammation based on the counting of leukocytes and 
their subtypes, including eosinophil–lymphocyte ratio 
(ELR), neutrophil–lymphocyte ratio (NLR), platelet–lym-
phocyte ratio (PLR), lymphocyte–monocyte ratio (LMR), 
and systemic immune-inflammation index (SII), are con-
sidered as relatively low-cost indicators of clinical inflam-
mation that accurately reflect the status of systemic 
immune inflammation [8].

Exposure to heavy metals, including arsenic (As), 
cadmium (Cd), copper (Cu), iron (Fe), manganese 
(Mn), nickel (Ni), lead (Pb), and zinc (Zn), may affect 
the occurrence and development of inflammatory pro-
cesses in the body. Potential routes of exposure to arse-
nic in the general population includes contamination of 
drinking water with industrial or agricultural chemical 
wastes or ingestion of preservatives containing inor-
ganic arsenic [9]. Studies have shown that chronic arse-
nic exposure induces cardiovascular diseases through 
oxidative stress damage, inflammation, and endothe-
lial dysfunction [10]. As for copper, zinc, and nickel, 
their main sources are drinking water and food. A ret-
rospective study has shown that acute zinc deficiency 
causes a decrease in the immune system of the body, 
while chronic zinc deficiency increases the chances of 
an inflammatory reaction in the body [11]. In addition, 
excessive nickel exposure induces apoptosis and inhib-
its proliferation, thereby suppressing the development 

of immune organs [12], which reduces the number of T 
and B lymphocytes [13]. Moreover, occupational expo-
sure to Pb was associated with significantly low LMR 
[14]. In a cross-sectional study, urinary cadmium levels 
were found to be negatively correlated with NLR and 
positively correlated with LMR [15]. Iron is an essential 
micronutrient for almost all living cells, and iron defi-
ciency or excess is usually associated with inflamma-
tory responses in the body [16]. Manganese is a trace 
essential metal necessary for the maintenance of human 
health and function, and the most common route of 
exposure to high levels of manganese is through inha-
lation of manganese from industrial sources. This may 
result in elevated levels of the metal in systemic tissues, 
which in turn disrupts the routine antioxidant activity 
of the MnSOD complex in mitochondria. This pertur-
bation may affect the regulation of immune-inflam-
matory responses in humans [17, 18]. In addition, in 
a Chinese study, Zhong and his colleagues discovered 
that study participants with higher blood levels of 
manganese and cadmium had higher levels of SII [19]. 
Based on the abovementioned studies, we hypothesized 
that heavy metal exposure may have a potential associ-
ation with immune-inflammatory markers in serum. To 
this point, findings on the relationship between indi-
cators of immune inflammation (including SII, ELR, 
LMR, PLR, and NLR) and multiple-heavy-metal expo-
sures are limited.

Therefore, we conducted a cross-sectional study 
among the general population of Gongcheng County, 
Guangxi, China. The area is rich in a variety of met-
als and reserves, such as iron, manganese, copper, and 
zinc, and mining plants are found in some areas, some 
of which have been shut down, but some of the min-
ing methods used in the past have had an impact on 
the environment. Most of the county’s residents drink 
water from wells, so the potential for metal contamina-
tion is relatively high. Thus, the level of metal exposure 
for residents in the area is potentially different from 
that of other places. The group’s previous investiga-
tions found that plasma heavy metal levels of most of 
the residents in the area were associated with a variety 
of diseases [20–22], but the association with systemic 
immune inflammation remains unknown. Therefore, 
the present study was conducted to comprehensively 
evaluate the potential effects of heavy metal expo-
sure on the body’s immune-inflammatory function by 
detecting the plasma concentrations of heavy metals 
(including As, Cd, Cu, Fe, Mn, Ni, Pb, and Zn) in the 
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population and by measuring and calculating the levels 
of serum immune-inflammatory markers in the study 
population to standardize the use of these immune-
inflammatory indicators in the population. The findings 
of this study have important implications for the full 
evaluation of the effects of multiple-heavy-metal expo-
sure on systemic immune-inflammatory function.

Materials and methods
Study population
The study participants were from rural populations who 
voluntarily participated in the 2018–2019 health sur-
vey in Guilin Yao Autonomous County, Guangxi, south-
western China. The study participants were screened in 
accordance with the inclusion and exclusion standards. 
The inclusion standards were as follows: (1) voluntarily 
signed an informed consent form and (2) have lived in the 
study area for more than 5 years and are ≥ 30 years of age. 
The exclusion standards were as follows: (1) Persons with 
hyperthyroidism, hypothyroidism, malignant neoplasm, 
nephrectomy, or renal atrophy prior to enrollment, as 
well as persons with infectious diseases, including res-
piratory, gastrointestinal, and urinary tract infections, 
within one-half month prior to enrollment; (2) Persons 
with abnormal plasma metal levels (defined as a level of 
each metal greater than three times the 99th percentile); 
and (3) Persons who did not complete the questionnaire 

or incomplete information on the questionnaire. Finally, 
a total of 3355 study participants (1292 males and 2063 
females) were included in the analysis (Fig. 1). The study 
has been approved by the Ethics Committee of Guilin 
Medical College (approval number: 20180702–3). Each 
of the participants provided a written informed consent.

Assessment of plasma heavy metals
Plasma samples were stored in an ultra-low temperature 
refrigerator at − 80  °C until analysis. The concentrations 
of the eight plasma heavy metals selected for the study 
were measured using an inductively coupled plasma mass 
spectrometer (Thermo Fisher scientific iCAPRQ 01408, 
USA). Measurements have been described elsewhere 
[22]. Quality control of the instrument was performed 
in this study by measuring one quality control sample 
every 25 samples (ClinChek human plasma controls for 
trace metals Level 1 [No. 8883] and Level 2 [No. 8884]; 
Recipe Chemicals, Germany). Meanwhile, in this study, 
we controlled the recovery of metallic elements between 
80 and 120%. When sample concentrations below the 
detection limit occurred, the detection limit/√2 was used 
instead [23]. The within-analytical coefficient of variation 
and among-analytical coefficient of variation of the eight 
plasma heavy metal concentrations selected for the study 
were found to be less than 10%. Therefore, they were 
included in the study.

Fig. 1 Flowchart of population included in our final analysis (N = 3355)
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Definition of immune inflammation biomarkers
All study participants had their blood samples drawn 
from a vein early in the morning after 12 h of fasting, and 
then the blood samples were transported by cold-chain 
transport to the Laboratory Department of the County 
People’s Hospital for testing. Conventional blood indi-
ces such as WBC count, neutrophil, eosinophil, baso-
phil, lymphocyte, monocyte, and platelet counts were 
measured using an automated clinical chemistry analyzer 
(Hitachi 7600–020, Kyoto, Japan) in accordance with the 
standardized criteria. The above indicators were set as 
parallel samples during testing to reduce errors. Immuno-
inflammatory markers were calculated in accordance 
with the following formulas: NLR = neutrophil count 
 (109/L)/lymphocyte count  (109/L); PLR = platelet count 
 (109/L)/lymphocyte count  (109/L); LMR = lymphocyte 
count  (109/L)/monocyte count  (109/L); ELR = eosinophil 
count  (109/L)/lymphocyte count  (109/L); SII = neutrophil 
count  (109/L)/lymphocyte count  (109/L) × platelet count 
 (109/L) [24]. These markers reflect the overall inflamma-
tory state of the individual body [8, 25].

Definition of covariates
Participant’s socio-demographic characteristics and 
lifestyle habits were collected by trained interviewers 
through face-to-face interviews (Supplementary file), 
which included gender (male or female), age (30–59 years 
or ≥ 60  years), ethnicity (Yao or other), marital status 
(married or single/divorced/widowed), level of education 
(no education, 1–6 years or > 7 years and above), smoking 
(yes or no), and alcohol consumption (yes or no). Smok-
ing is defined as smoking at least one cigarette a day for 
at least six months. Alcohol consumption is defined as 
drinking at least 50 g of alcohol or more per month for at 
least six months. The body mass index (BMI) was calcu-
lated on the basis of weight and height data: BMI = weight 
(kg)/height2  (m2). Underweight was defined as 
BMI < 18.5 kg/m2; normal weight was defined as 18.5 kg/
m2 ≤ BMI ≤ 23.9 kg/m2; and overweight and obesity were 
defined as BMI ≥ 24.0  kg/m2 [26]. Diabetes was defined 
as one or more of the following conditions or taking 
glucose-lowering medication: glycosylated hemoglobin 
(HbA1c) ≥ 6.5% or fasting blood glucose ≥ 7.0  mmol/L 
[27]. Hypertension was defined as one or more of the fol-
lowing conditions or currently taking antihypertensive 
medication: systolic blood pressure ≥ 140  mmHg and/
or diastolic blood pressure ≥ 90  mmHg [28]. Dyslipi-
demia was defined as one or more of the following con-
ditions and/or taking lipid-lowering medications: total 
cholesterol ≥ 6.22  mmol/L, triglycerides ≥ 2.26  mmol/L, 
low-density lipoprotein cholesterol ≥ 4.14  mmol/L, and 
high-density lipoprotein cholesterol < 1.04 mmol/L [20].

Statistical analysis
We described and analyzed all demographic and clini-
cal characteristics of the study participants. In particu-
lar, normality test of the data was performed by using 
methods such as the Kolmogorov–Smirnov test and 
histograms. Continuous variables were described by 
mean ± standard deviation (mean ± SD) if normally dis-
tributed and median (25th percentile, 75th percentile) 
if not normally distributed. Comparisons between two 
groups were conducted by using t-test or Wilcoxon rank 
sum test. Categorical variables were described by fre-
quency (n%), and comparisons between two groups were 
performed using the chi-square test or Fisher’s exact 
probability method. In addition, the heavy metal level 
data were skewed. Thus, the levels of all heavy metals 
were  log10 (lg) transformed to bias reduction.

Then, Spearman’s correlation analysis was used to con-
firm the existence of a correlation among heavy metals. 
Generalized linear regression models were developed to 
assess the linear relationship between each heavy metal 
variable  (log10-transformed continuous variables and 
quartiles) and immunoinflammatory biomarkers (raw 
continuous variables, including SII, NLR, PLR, LMR, and 
ELR). Models were adjusted for control variables such 
as sex, age, race, education, marital status, BMI, smok-
ing, alcohol consumption, hypertension, dyslipidemia, 
and diabetes. False-positive rate controlled by Benja-
mini & Hochberg method. In addition, the estimation of 
the combined effect of multiple heavy metal exposures 
in plasma was performed by WQS regression, and sig-
nificant individual components of mixtures contributing 
most to the effect on immunoinflammatory biomarkers 
were identified. In our study, we analyzed samples using 
two sets of WQS regression models designed to explore 
positive or negative correlations between metal mix-
tures and immunoinflammatory biomarkers. The param-
eters of each model were set as follows: 40% of the data 
were used as the test set and the remaining 60% as the 
validation set with 1000 bootstrap steps. In addition, to 
optimize the weight estimation, we applied positive or 
negative constraints in the optimization function. The 
WQS model was adjusted for gender, age, Ethnicity, Edu-
cated, BMI, Smoking, Drinking, Marital status, Diabates, 
Dyslipidemia, and Hypertension.

All P-values are two-sided with a statistically signifi-
cant level of 0.05. All the above analyses were performed 
using IBM SPSS Statistics version 27 and R Studio ver-
sion 4.2.1.

Results
Basic characteristics
A total of 3355 participants were included in this study, 
of which 61.5% were female and 38.5% were male. Table 1 



Page 5 of 14Zhao et al. BMC Public Health         (2024) 24:1192  

Table 1 Characteristics of the study participants stratified by genders (n = 3355)

PLT platelet count, MONO absolute monocyte count, WBC white blood cell count, LYM absolute lymphocyte count, EOS Absolute eosinophil count, NEU absolute 
neutrophil count, ELR eosinophil-lymphocyte ratio, LMR lymphocyte-monocyte ratio, PLR platelet-lymphocyte ratio, NLR neutrophil–lymphocyte ratio, SII Systemic 
Immune-Inflammation Index
* Statistical significance was set at P < 0.05 and marked in bold
a The Wilcoxon rank sum test was used to compare non-normally distributed data between groups
b The chi-square test was used to compare categorical variables

Variable Total Male Female P-value*

(n = 3355) (n = 1292) (n = 2063)

Age [Years, n(%)] < 0.001b

 30–59 1672 (49.84) 567 (43.89) 1105 (53.56)

 ≥ 60 1683 (50.16) 725 (56.11) 958 (46.44)

Ethnicityn [n(%)] 0.008b

 Yao 2506 (74.69) 998 (77.24) 1508 (73.10)

 Others 849 (25.31) 294 (22.76) 555 (26.90)

Educated [n(%)] < 0.001b

 No formal educated 502 (14.96) 92 (7.12) 410 (19.87)

 1–6 years 1639 (48.85) 572 (44.27) 1067 (51.72)

 7 or more years 1214 (36.18) 628 (48.61) 586 (28.41)

BMI [kg/m2, n(%)] < 0.001b

 < 18.5 267 (7.96) 66 (5.11) 201 (9.74)

 18.5–23.9 2035 (60.66) 808 (62.54) 1227 (59.48)

 ≥ 24 1053 (31.39) 418 (32.35) 635 (30.78)

Marital status [n(%)] 0.004b

 Married 2817 (83.96) 1115 (86.30) 1702 (82.50)

 Single/divorced/widowed 538 (16.04) 177 (13.70) 361 (17.50)

Smoking [n(%)] < 0.001b

 No 2723 (81.16) 668 (51.70) 2055 (99.61)

 Yes 632 (18.84) 624 (48.30) 8 (0.39)

Alcohol consumption [n(%)] < 0.001b

 No 2285 (68.11) 596 (46.13) 1689 (81.87)

 Yes 1070 (31.89) 696 (53.87) 374 (18.13)

Diabates [n(%)] < 0.001b

 No 2954 (88.05) 1095 (84.75) 1859 (90.11)

 Yes 401 (11.95) 197 (15.25) 204 (9.89)

Dyslipidemia [n(%)] 0.873

 No 944 (28.14) 361 (27.94) 583 (28.26)

 Yes 2411 (71.86) 931 (72.06) 1480 (71.74)

Hypertension [n(%)] 0.034†

 No 1825 (54.40) 733 (56.73) 1092 (52.93)

 Yes 1530 (45.60) 559 (43.27) 971 (47.07)

PLT  [109/L, median [Q1; Q3]] 225.00 [191.00; 263.00] 209.00 [179.00; 245.00] 236.00 [201.00; 274.00] < 0.001a

MONO  [109/L, median [Q1; Q3]] 0.39 [0.32; 0.49] 0.44 [0.35; 0.55] 0.37 [0.31; 0.46] < 0.001a

WBC  [109/L, median [Q1; Q3]] 6.08 [5.15; 7.26] 6.14 [5.17; 7.53] 6.03 [5.12; 7.11] 0.001a

LYM  [109/L, median [Q1; Q3]] 1.78 [1.46; 2.17] 1.72 [1.38; 2.12] 1.81 [1.50; 2.19] < 0.001a

EOS  [109/L, median [Q1; Q3]] 0.12 [0.07; 0.20] 0.14 [0.08; 0.24] 0.11 [0.07; 0.18] < 0.001a

NEU  [109/L, median [Q1; Q3]] 4.04 [3.30; 5.00] 4.16 [3.39; 5.32] 3.98 [3.24; 4.86] < 0.001a

SII [median [Q1; Q3]] 508.35 [373.65; 702.56] 513.24 [367.98; 712.60] 506.53 [376.20; 697.18] 0.644

NLR [median [Q1; Q3]] 2.27 [1.77; 2.97] 2.45 [1.89; 3.21] 2.19 [1.69; 2.83] < 0.001a

PLR [median [Q1; Q3]] 126.47 [100.57; 158.63] 122.45 [95.23; 156.36] 128.71 [104.46; 160.12] < 0.001a

LMR [median [Q1; Q3]] 4.54 [3.60; 5.69] 3.98 [3.11; 4.94] 4.97 [4.00; 6.04] < 0.001a

ELR [median [Q1; Q3]] 0.07 [0.04; 0.11] 0.08 [0.05; 0.13] 0.06 [0.04; 0.10] < 0.001a
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shows the baseline characteristics of the study population 
stratified in accordance with gender. Among the baseline 
characteristics of the study population, a significant dif-
ference (P < 0.05) in all the characteristics of the study 
population was observed except for diabetes mellitus 
among the different genders. Among them, the male pop-
ulation generally had a higher level of education than the 
female population, and they were more likely to smoke 
and drink alcohol. However, the rates of hypertension 
and diabetes were higher in the female population than in 
the male population. The median levels of MONO, WBC, 
EOS, and NEU were higher in the male population than 
in the female population, whereas the median levels of 
PLT and LYM were higher in the female population than 
in the male population.

In addition, significant differences (P < 0.05) in the 
median level of the immunoinflammatory biomark-
ers NLR, PLR, LMR, and ELR were found between the 
two populations. Among them, the median levels of 
the immunoinflammatory biomarkers NLR and ELR 
were higher in the male population than in the female 
population, whereas the median levels of PLR and LMR 
were higher in the female population than in the male 
population.

Plasma heavy metal concentrations and correlation
Table  2 demonstrates the plasma levels of heavy metals 
in different gender populations. The results showed sig-
nificant differences in the plasma levels of metals Fe, Ni, 
Cu, As, and Pb between the two gender populations (all 
P < 0.05). Among them, the median plasma levels of met-
als Fe, Ni, As, and Pb were higher in the male population 
than in the female population, and the median plasma 
levels of metal Cu were higher in the female population 
than in the male population.

The results of the correlations between the eight heavy 
metals and the immunoinflammatory biomarkers are 

shown in Fig. 2, where the correlations between the met-
als and the immunoinflammatory biomarkers ranged 
from negative to positive (− 0.17 to 0.16). Among them, 
a positive correlation was found between Cu and SII 
(r = 0.16), and a negative correlation was found between 
Fe and PLR (r =  − 0.17).

Association between immune inflammation biomarkers 
and plasma heavy metals
Single effect of heavy metal exposure on immune 
inflammation biomarkers
As shown in Fig.  3, plasma metal Fe was discov-
ered to be significantly negatively correlated with the 
levels of immune inflammatory markers SII, NLR 
and PLR. In the monometallic model, after adjust-
ing for potential confounders, when plasma heavy 
metals were used as a continuous variable, for 
every 1 SD unit increase in the  log10-transformed 
level of plasma Fe, the levels of immunoinflam-
matory markers SII, NLR, and PLR (95% CI) were 
decreased to − 248.557 (− 297.489, − 199.625), − 0.667 
(− 0.843, − 0.491), − 40.465 (− 47.699, − 33.231). Mean-
while, the levels of immuno-inflammatory markers 
SII, NLR and PLR were significantly decreased with 
increasing quartiles of plasma metal Fe  (log10 conver-
sion) after multiple corrections (all P trend < 0.001). 
Plasma metal Cu was significantly and positively corre-
lated with the levels of immune inflammatory markers 
SII and PLR. In the monometallic model, after adjust-
ing for potential confounders, each 1 SD unit increase 
in the  log10-transformed level of plasma Cu was asso-
ciated with an increase in the levels (95% CI) of the 
immunoinflammatory markers SII and PLR of 254.820 
(153.771, 355.869), 23.041 (8.022, 38.060). Mean-
while, the levels of immuno-inflammatory markers SII 
and PLR were significantly decreased with increasing 
quartiles of plasma metal Cu  (log10 converted) after 

Table 2 Plasma levels of heavy metal elements in study populations by genders (n = 3355)

* Statistical significance was set at P < 0.05 and marked in bold
a The Wilcoxon rank sum test was used to compare non-normally distributed data between groups

Plasma Heavy Metals
[µg/L, median [Q1; Q3]]

Total Male Female P-value*

(n = 3355) (n = 1292) (n = 2063)

Iron, mg/L 1.08 [0.83; 1.35] 1.29 [0.95; 1.50] 1.00 [0.76; 1.25] < 0.001a

Nickel 5.08 [4.18; 6.16] 5.40 [4.40; 6.52] 4.89 [4.04; 5.87] < 0.001a

Copper, mg/L 0.92 [0.80; 1.04] 0.87 [0.77; 0.99] 0.94 [0.84; 1.06] < 0.001a

Zinc, mg/L 1.05 [0.76; 4.33] 1.06 [0.76; 4.37] 1.04 [0.76; 4.32] 0.458

Arsenic 1.19 [0.92; 1.95] 1.23 [0.94; 1.89] 1.17 [0.91; 2.00] 0.044a

Cadmium 0.19 [0.13; 0.27] 0.19 [0.13; 0.29] 0.19 [0.13; 0.27] 0.477

Lead 5.16 [3.32; 8.64] 5.74 [3.61; 9.18] 4.80 [3.17; 8.22] < 0.001a

Manganese 2.12 [1.56; 2.97] 2.12 [1.57; 3.04] 2.11 [1.55; 2.93] 0.410
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multiple corrections (all P trend < 0.001). Plasma metal 
Mn  (log10-converted) as a continuous variable was sig-
nificantly and positively correlated with the levels of 
immune inflammatory markers NLR and PLR. After 
multiple corrections, the levels of the immune inflam-
matory markers NLR (P trend = 0.009) and PLR (P 
trend = 0.005) were significantly increased with increas-
ing quartiles of plasma metal Mn  (log10 conversion).

In addition, plasma metal Pb  (log10 conversion) as 
a continuous variable was significantly positively cor-
related with the levels of immune inflammatory mark-
ers SII and PLR, and significantly negatively correlated 
with the levels of LMR, but this association disap-
peared after multiple corrections. Similarly, plasma 
metal Zn  (log10-converted) as a continuous variable 
was significantly negatively correlated with levels of the 

Fig. 2 Heat map of association between plasma heavy metal concentrations  (log10 conversion) and immune-inflammatory biomarkers in 3355 
participants. ELR: eosinophil-lymphocyte ratio; LMR: lymphocyte-monocyte ratio; PLR: platelet-lymphocyte ratio; NLR: neutrophil–lymphocyte ratio; 
SII: Systemic Immune-Inflammation Index

Fig. 3 Generalized linear regression model-based investigation of the effect of single heavy metal exposures (all log10 transformed) 
on immunoinflammatory biomarkers. All above are adjusted for gender, age, Ethnicity, Educated, BMI, Smoking, Alcohol consumption, 
Marital status, Diabates, Dyslipidemia, and Hypertension. β is the change in the standardized systemic inflammatory index per 1 SD increase 
in  log10-converted plasma heavy metal concentrations. The value of β at the blue dashed line is 0. P trend was examined by using the median 
of each quartile of plasma heavy metals as a continuous variable in the model. *P value/P trend in multiple testing. ELR: eosinophil-lymphocyte ratio; 
LMR: lymphocyte-monocyte ratio; PLR: platelet-lymphocyte ratio; NLR: neutrophil–lymphocyte ratio; SII: Systemic Immune-Inflammation Index

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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immunoinflammatory marker ELR, but this association 
disappeared after multiple corrections.

Combined effects of heavy metal mixture exposure 
on immune inflammation biomarkers
We used a WQS regression model to explore the com-
bined effects of metal mixtures on immunoinflammatory 
biomarkers (Fig.  4). The results showed that the mix-
ture exposure of total metals significantly increased SII 
[β(95%CI): 0.094 (0.067, 0.122)], NLR [β(95%CI): 0.041 
(0.016, 0.065)], PLR [β(95%CI): 0.040 (0.018, 0.062)], 
and LMR in the positive WQS model [β (95%CI): 0.039 

(0.022, 0.057)] levels. Among them, plasma Cu had the 
greatest weight in the positive effects of mixed metals on 
SII (0.645) and PLR (0.423), and plasma Fe (0.682) had 
the greatest weight in the positive effects of mixed metals 
on LMR. In addition, plasma Mn (0.424) had the great-
est weight in the positive effect of mixed metals on NLR, 
while Cu had a weight of 0.353.

Meanwhile, mixed exposure to total metals sig-
nificantly increased the negative WQS model SII 
[β(95% CI): − 0.079 (− 0.103, − 0.055], PLR [β(95% 
CI): − 0.067 (− 0.084, − 0.051)], NLR [β(95% CI): − 0.046 
(− 0.066, − 0.026)] levels. Among them, plasma Fe had the 

Fig. 4 Positive or negative associations between heavy metal mixture exposure (all log transformed) and immunoinflammatory biomarkers 
were explored based on WQS regression modeling. The model was adjusted for gender, age, Ethnicity, Educated, BMI, Smoking, Alcohol 
consumption, Marital status, Diabates, Dyslipidemia, and Hypertension. ELR: eosinophil-lymphocyte ratio; LMR: lymphocyte-monocyte ratio; PLR: 
platelet-lymphocyte ratio; NLR: neutrophil–lymphocyte ratio; SII: Systemic Immune-Inflammation Index
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greatest weight in the negative effect of mixed metals on 
SII (0.820), PLR (0.807), and NLR (0.788).

Discussion
The inflammatory response is a self-protective mecha-
nism produced by the organism in response to external 
stimuli or infections. However, chronic inflammatory 
responses can lead to a combination of organizational 
damage, pain, changes in pathology, and the development 
of a pathological microenvironment [29]. In accurately 
evaluating the severity of inflammation, the research-
ers have developed a series of inflammatory markers 
[2, 8, 30]. As a biomarker of inflammation and immune 
response, peripheral WBC count and its subtypes are 
closely related to the development of many diseases. 
However, past studies have focused on the correlation 
between different subtype counts and diseases. In addi-
tion, different types of blood cells play different roles in 
the systemic inflammatory response. Moreover, based on 
the results of previous studies conducted by the group, 
a correlation between the presence of heavy metals and 
a variety of diseases was found in our study participants 
[20–22], which are closely related to inflammation [31, 
32]. Meanwhile, metal exposure induces an inflamma-
tory response in the organism, which is manifested by 
different degrees of changes in blood cell levels [33, 
34]. However, changes in these conventional indicators 
often do not provide enough information to fully explain 
the complex mechanisms of inflammatory responses 
induced by metal exposure. In order to more comprehen-
sively assess the effects of metal exposure on the body’s 
immune system, a set of comprehensive indicators based 
on the counting of leukocytes and their subtypes were 
used in this study. These comprehensive indices take into 
account the changes in different cell types, and thus can 
more accurately reflect the overall effect of the inflam-
matory response induced by metal exposure. Compared 
with single indicators, this set of composite indicators 
has higher sensitivity and specificity in assessing the 
association between metal exposure and immune func-
tion. It can help us better understand the regulation of 
the immune system by metal exposure and reveal possi-
ble interactions and mechanisms of influence.

Iron is an essential nutrient, but in excess it can have 
deleterious effects. Excess iron can contribute to an 
increase in free iron, resulting in increased oxidative 
stress, as well as the production of a range of free radi-
cals and reactive oxygen species that damage cellular 
structure and function [35, 36]. This oxidative stress may 
be damaging to cells, tissues and organs and result in 
increased inflammatory responses [37]. Meanwhile, iron 
is the fundamental element for neutrophil functioning 

[38], and the iron-dependent metalloprotein myeloperox-
idase in neutrophils exerts antimicrobial effects through 
its  Fe3+/Fe2+ redox state [39]. In addition, recent studies 
have shown that iron inhibits Th1 cell differentiation and 
interferon-γ (IFN-g) expression [40]. Thus, there is a cor-
relation between iron and inflammation. However, previ-
ous studies have focused only on the association between 
iron levels and single inflammatory indicators (e.g., sin-
gle blood cell levels), and a single indicator represents 
the level of immune inflammation in  vivo. In contrast, 
our study focused on more than just the effect of iron on 
single inflammatory blood cell levels. The results of our 
study showed a significant negative correlation associa-
tion between plasma metallic iron levels and inflamma-
tory markers such as SII, NLR, and PLR. Consistent with 
our study, Yang et al. showed that higher or lower SII may 
be associated with recognition of iron overload and iron 
deficiency [41]. A negative correlation between plasma 
levels of metallic iron and immunoinflammatory mark-
ers, such as SII, NLR, MLR, and PLR, was also found in 
Xu et al.’s study [42]. In a study conducted by Zhou et al., 
a significantly negative correlation was found between 
plasma iron levels and NLR [43]. Therefore, high iron lev-
els may inhibit the elevated levels of immune inflamma-
tion in vivo.

Copper (Cu) is a major trace element, and the homeo-
static regulatory mechanism of Cu levels in the body is 
important for the maintenance of cellular homeostasis in 
inflammatory states. The disruption of Cu homeostasis in 
the body may trigger an adverse inflammatory response 
[44, 45]. Studies have shown that zinc finger protein 36 
(Tristetraprolin, TTP) plays an important role in regu-
lating the inflammatory response, and when Cu concen-
tration increases, some of the Cu is induced to bind to 
TTP, which prevents TTP from inhibiting the inflamma-
tory response, resulting in increased inflammation levels 
[46]. Animal experiments have shown that the addition 
of metals such as Cu to the diet enhances the immunity 
of dairy cows in the pre-and post-partum period and 
increases the percentage of neutrophils by promoting 
neutrophil–endothelial interactions, which reduces the 
mobility of polymorphonuclear neutrophils and causes 
them to adhere to the endothelium [47, 48]. The above 
studies have also demonstrated that changes in copper 
levels in vivo can significantly affect changes in the levels 
of single inflammatory cells. The five composite indices 
chosen for our study, which are based on the calculation 
of WBC and their subtype counts, have elevated levels 
that are essentially a combined increase or decrease in 
WBC and their subtype counts. A pilot study showed a 
positive correlation between blood copper concentration 
and preoperative SII in coronary artery bypass grafting 
[49]. This finding is consistent with our findings. That is, 
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Cu-induced oxidative stress may determine the inflam-
matory response, and elevated Cu levels may affect 
inflammatory mechanisms [50]. Nevertheless, there is 
some heterogeneity in the results of different studies, 
and a study including 93 participants showed that the 
association between plasma Cu levels and inflammatory 
markers of immunity was not significant [42], which may 
result from the small sample size of the study.

Manganese is an essential human metal and is criti-
cal for the regulation of protein synthesis, metabolism, 
neurotransmitter production and immune function [51, 
52]. However, excessive manganese exposure is toxic to 
humans and contributes to the development of various 
health conditions [52]. Manganese exposure in the gen-
eral population is mainly related to daily nutritional and 
water intake [53] and environmental exposures [54]. It 
has been shown that manganese exposure is positively 
associated with osteoporosis, and that the inflammatory 
response acts as a mediator in this association [55]. Fur-
thermore, recent studies have identified that manganese 
exposure and related diseases affect elevated levels of oxi-
dative stress and inflammation in vivo [56]. The present 
study was conducted to investigate the effect of heavy 
metal exposure alone and in combination on the collec-
tive immune-inflammatory response by using five com-
posite metrics calculated based on counts of leukocytes 
and their subtypes to represent in vivo immune-inflam-
matory levels. The results showed that as plasma metal 
Mn  (log10-converted) quartiles increased, so did the levels 
of the immune inflammatory markers SII, PLR and NLR, 
and this association persisted after multiple corrections. 
However, the study conducted by Xu et al. did not find a 
significant correlation between plasma manganese metal 
and SII, MLR, NLR, and PLR [42]. This contradictory 
result may be due to different populations, sample sizes 
(our study: n = 3355; Xu et al.’s study: n = 93), and plasma 
manganese doses (median plasma manganese metal level 
in our study: 2.12 μg/L; median plasma manganese metal 
level in Xu et  al.’s study: 1.98  μg/L). Similarly, the study 
conducted by Zhou et al. found no significant correlation 
between plasma Mn metal and NLR [43]. This contradic-
tory conclusion needs to be confirmed by further studies.

Zinc has been shown to play a key role in the regula-
tion of inflammatory responses [57–59]. Nevertheless, 
the effect of zinc deficiency on the immune response 
system remains unknown with regard to changes in the 
distribution of total WBCs. Japanese researchers discov-
ered that zinc deficiency increased the total number of 
leukocytes, granulocytes, and monocytes, but it did not 
alter the number of lymphocytes, T-lymphocytes, B-lym-
phocytes, or NK cells within 2–4  weeks [60]. Animal 
experiments have also demonstrated that zinc deficiency 
significantly influences the counts of total leukocytes, 

neutrophils, and eosinophils in rats, but their recovery 
response is reversible, and inflammatory and stress reac-
tions may play an important role in their changes [61]. 
In our study, ELR its level was reduced essentially by a 
decrease in eosinophil count and an increase in lympho-
cyte count. However, in our study, we did not discover an 
association between zinc and any of the immunoinflam-
matory markers. Exposure to arsenic, cadmium, nickel, 
and lead affects the levels of inflammatory markers in 
the human organism in occupational populations and in 
populations living in areas contaminated with heavy met-
als [62–64]. However, evidence in the general population 
is limited, and the results of a cross-sectional study in 
China showed a significant positive association between 
plasma cadmium metal and SII, but did not discover an 
association between lead and SII. The study conducted by 
Yu et al. using a large population showed that early occu-
pational lead exposure increased NLR and induced geno-
toxicity [65]. Exposure levels of arsenic, cadmium, and 
lead were higher among participants in these studies than 
in the current study.

To this point, our study has the following strengths. 
First, our study used a comprehensive index based on 
the counts of leukocytes and their subtypes to assess 
the inflammatory response induced by metal exposure. 
Compared with the traditional single index, this com-
posite index more comprehensively considers changes 
in different cell types and accurately reflects the effects 
of metal exposure on immune function. Second, while 
several older investigations have examined the asso-
ciation between five systemic immune-inflammatory 
markers and exposure to heavy metals, our study can 
provide further insight into the relationship. Also, the 
large sample size supports a substantial association 
between immune inflammatory markers and heavy 
metal exposure alone and in combination. In addition, 
this study used extensive covariate data to account 
for potential confounding variables that may alter the 
relationship between blood metal element concentra-
tions and immune inflammatory markers. However, 
this study has some limitations. First, ours was a cross-
sectional study and therefore could not show causal or 
temporal relationships. Second, the baseline counts of 
leukocytes and their subtypes were one-time measure-
ments and not representative of a long-term chronic 
systemic inflammatory state, which may lead to an 
underestimation of immune inflammatory markers 
associated with plasma metals. Finally, as the present 
study analysed a total of 40 combinations of exposures 
and outcomes by analysing associations between five 
immune inflammatory markers and eight plasma heavy 
metals. We therefore used the Benjamini & Hochberg 
method to control for false discovery rates. However, 
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this resulted in the loss of many statistically signifi-
cant results, thus potentially overlooking most of the 
possible true associations. In the future, longitudinal 
studies with larger sample sizes could be conducted to 
track and determine causal relationships between expo-
sures and outcomes and to gain insight into the poten-
tial mechanisms of action of multiple metal exposures 
affecting inflammatory states in vivo.

Conclusion
In conclusion, plasma metals Cu and Mn were posi-
tively correlated with immunoinflammatory markers 
SII, NLR, and PLR. While plasma metal Fe was nega-
tively correlated with immunoinflammatory markers 
SII, NLR, and PLR.
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