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Objectives: Previous studies have examined the relationship between cardiovascular diseases (CVDs) and blood metal levels. However, fewer studies have investigated the role of the combinations of blood metals on CVDs. In the current study, our aim is to explore the roles of specific blood metals and further develop a model to differentiate between healthy participants and CVD patients using database from the National Health and Nutrition Examination Survey (NHANES).



Methods: Data from the National Health and Nutrition Examination Survey (NHANES) from 2011 to 2020 were collected and utilized in the present study. Demographic characteristics and examination results were gathered and analyzed to compare CVD and non-CVD participants. Logistic regression and random forest analyses were employed to determine the odds ratios and the effects of various blood metals on CVDs.



Results: A total of 23,448 participants were included and analyzed. Participants were divided into CVD (n = 2,676, 11.41%) and Non-CVD (N = 20,772, 88.59%) groups. A significant difference in the increased odds ratio of CVDs and higher blood Lead levels was found in the logistic analysis [OR (95% CI) = 13.545 (8.470–21.662) P < 0.001]. Although this significance blunted in the adjusted model, blood lead levels could be identified as the most important score through the random forest model in distinguishing cardiovascular diseases. In addition, the odds ratio of CVDs in logistic regression was 1.029 (95% CI: 1.022–1.035) for participants with higher blood cadmium levels (p < 0.001). The odds ratio increased [OR (95% CI) = 1.041 (95% CI: 1.032–1.049) P < 0.001] after the necessary adjustments were made for the gender, age, BMI, race and education background. In addition, blood selenium seems to be a protective factor of CVDs as the odds ratios were 0.650 and 0.786 in the crude and adjusted models, respectively. Additionally, the AUC was 0.91 in the predivtive model made by using the data of clinical indices and blood metals.



Conclusions: In summary, blood metals may play an important role in the onset and progression of CVDs, and they can be used to develop a predictive model for CVDs, which might be beneficial for the identification and early diagnosis of CVDs.
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Introduction

Cardiovascular diseases (CVDs) are prevalent globally and pose a serious threat to human health and life (1). Traditional risk factors for CVDs include disorders of glucose or lipid metabolism, such as diabetes mellitus, hyperlipemia, obesity, and metabolic syndrome, as well as unhealthy living habits like smoking, a high salt diet, and a sedentary lifestyle (2, 3). However, despite the identification and verification of these various risk factors, they do not fully account for the risk of developing CVDs. Environmental pollution, particularly air pollution and exposure to certain heavy metals, has been well-documented as being closely linked to the onset and progression of CVDs (4). These heavy metals can interfere with oxidative stress reactions and induce chronic inflammation, thereby adversely affecting cardiovascular health (5, 6). As a result, the adverse effects of heavy metals have been observed in various epidemiological studies and have garnered significant public concerns in recent years.

Generally, heavy metals refer to metals which have a density at least four times greater than that of water, including copper, lead, zinc, tin, nickel, cobalt, antimony, mercury, cadmium, and bismuth (7). Heavy metals are non-biodegradable and can be enriched and amplified under the food chain, eventually entering and accumulating in the human body. When heavy metals interact with the proteins and inactive enzymes in our body, they can contribute to chronic poisoning.

Although emerging evidence indicates a close relationship between CVDs and metals (5, 8), there are still few studies investigating the role of the mixtures of blood and metals in CVDs. Given these previous findings, data from the National Health and Nutrition Examination Survey (NHANES) 2011–2020 were collected and analyzed to explore the association between various blood metals and CVDs. We aim to explore the effect of heavy metal co-exposures on the risk of CVDs and further identify the crucial blood metals that are correlated with CVDs.



Materials and methods


Study sample

The NHANES data were obtained and used for the present study. We conducted a cross-sectional study of participants within the time period of 2011–2020. NHANES is an investigation program of the National Center for Health Statistics (NCHS) in the USA, which collects health and nutritional information from the American population through interviews and laboratory or medical examinations on participants. The survey is conducted biennially and encompasses the collection of demographic, dietary, examination, and laboratory data. NHANES employs a multi-stage sampling design to represent the U.S. civilian population. It first selects primary units (counties), then divides them, lists the households, and randomly selects from these lists. Subsequently, individuals are chosen based on age, sex, and race/ethnicity. NHANES utilizes stratified sampling and oversampling techniques to enhance the accuracy of subgroup estimates. The weight assigned to each individual reflects their representation in the population, thereby ensuring a nationally representative sample for research purposes. NHANES is a publicly available database, the above-mentioned information can be accessed publicly via the following URL: https://www.cdc.gov/nchs/nhanes/.

In our study, data from NHANES 2011–2020 were aggregated to augment the sample sizes. We recruited individuals with complete blood metal information and cardiovascular disease (CVD) information. CVDs are include heart failure, coronary artery diseases such as angina, myocardial infarction or stroke. The verification of heart failure, coronary artery disease, angina, stroke, or heart attack is based on the questionnaire of MCQ160B, MCQ160C, MCQ160D, MCQ160F, and MCQ160E, respectively. Hypertension was verified by the questionnaire of BPQ020, which asked “Ever told you had high blood pressure”. Diabetes was verified by the questionnaire of DIQ010, which asking “Doctor mentioned you have diabetes”. Demographic information and characteristics, including age, gender, BMI, race, education, and current smoking status, were obtained through interviews. The indicators for blood heavy metal levels are sourced from the NHANES database, and their respective identifiers are LBDBPBSI: Blood lead (umol/L), LBDBCDSI: Blood cadmium (nmol/L), LBDTHGSI: Blood mercury, total (nmol/L), LBDBSESI: Blood selenium (umol/L) and LBDBMNSI: Blood manganese (umol/L). Meanwhile, we can retrieve their specific indicator description information (including the years of recording) from the search interface at https://wwwn.cdc.gov/nchs/nhanes/search/default.aspx. Data for these indicators are available for the years 2011–2020. Data from before 2011 have not been collected into our group due to the absence of test results for these indicators.

Detailed instructions regarding specimen collection and processing can be found in the NHANES Laboratory/Medical Technologists Procedures Manual (LPM). Vials are stored under appropriate frozen conditions (–30°C) until they are shipped to the National Center for Environmental Health for testing. Whole blood concentrations of lead (Pb), cadmium (Cd), total mercury (THg), manganese (Mn), and selenium (Se) are determined using inductively coupled plasma mass spectrometry (ICP-MS). This multi-element analytical technique is based on quadrupole ICP-MS technology. Then, we also analyzed the relationship between cardiovascular mortality and blood heavy metals from 2011 to 2018, using the accessible mortality data from that period. In the current analysis, 68,488 participants from NHANES were enrolled. This present study is a secondary data analysis which lacks personal identifiers and does not require institutional reviewing. However, all procedures conducted in the NHANES were approved by the National Center for Health Statistics Research Ethics Review Board, and all participants were provided with a written informed consent.



Statistical analysis

The data were processed using R or SPSS 20.0. Student's t-test analysis or the Mann–Whitney U test was used for comparing continuous variables, while the chi-square test was used to compare the composition ratios of each group. The Levene test was performed to assess the homogeneity of variances. Logistic regression analysis was conducted to assess the relationship between each blood metal and CVD after adjusting for covariates. In the logistic model, the included covariates are: Age, Gender, BMI, Race, Education, Diabetes, and Hypertension. In which, the variable number of Age (age) in the database is RIDAGEYR. The variable number of Gender, which clearly defined as male or female is RIAGENDR. The variable number of Body mass index (BMI, kg/m2) is BMXBMI. The variable number of race/ethnicity which includes Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and other races or mixed races is RIDRETH1. The variable number of education level which divided into education level below senior high school and education level above senior high school is DMDEDUC2. The variable number of Hypertension is BPQ020. The variable number of Diabetes is DID040. Random forest analysis was performed using the blood metal with or without examination variables (BMI, age and cholesterol) using R and 10-fold cross-validation. We employed a rigorous method to organize and analyze death data and clinical outcomes. The variable were UCOD LEADING, MORTSTAT, and PERMTH INT, which facilitated the accurate identification and categorization of deaths and their underlying causes. The website that can be visited is: https://www.cdc.gov/nchs/data-linkage/mortality.htm. Kaplan-Meier curve, Receiver Operating Characteristic (ROC) curves and the area under curves (AUCs) were constructed using the pROC package in R. Random forest model utilized by Machine learning was used to calculate the AUC score (area under the curve) and explore the potentially important blood metals associated with CVDs. In all analyses, statistical significance was considered at a P-value of < 0.05.




Results


Descriptive statistics

There were 68,488 participants enrolled from NHANES 2011–2020 in the present analysis (Figure 1). In this study, CVD patients were defined as individuals with coronary heart disease, angina, congestive heart failure, stroke, or heart attack. First, we excluded participants without the information on cardiovascular disease (n = 36,645). Then, we excluded participants without examination of blood metals (n = 13,197). Finally, a total of 23,448 individuals were enrolled, including 20,772 non-CVD participants and 2,676 CVD patients.
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FIGURE 1
The flow diagram of study populations and the participants for the association between heavy metals and CVDs from NHANES 2011–2020.




Demography characteristics of study participants

The demographic characteristics of the present study are shown in Table 1. A total of 23,448 participants were included in the study, with a mean age of 50.32 ± 17.59 years old and 48.5% males. We found that the prevalence of coronary heart disease, congestive heart failure, heart attack, angina, and stroke was 4.1% (n = 963), 3.5% (n = 807), 4.3% (n = 1,016), 2.5% (n = 584), and 4.5% (n = 1,048), respectively. In addition, the overall prevalence of total cardiovascular disease was 11.4% (n = 2,676), consistent with previous findings in other countries (9). Most of the subjects were Non-Hispanic White and had a high level of education. Compared to participants in the non-CVD group, those in CVD group had higher levels of blood lead (0.045 μmol/L vs. 0.610 μmol/L, P < 0.001), and blood cadmium (2.687 nmol/L vs. 3.559 nmol/L, P < 0.001). Moreover, CVD group was likely to have lower levels of blood mercury (3.700 nmol/L vs. 3.240 nmol/L, P < 0.001), blood selenium (2.400 μmol/L vs. 2.340 μmol/L, P < 0.001) and blood manganese (169.260 nmol/L vs. 157.630 nmol/L, P < 0.001).


TABLE 1 Characteristics of the study population.
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Association between blood metals and CVDs

Table 2 represents the crude and adjusted odds ratios (ORs) for the association between blood metals and CVDs. Amazingly, the crude model indicates a statistically significant difference between increased odds of CVDs and higher blood lead levels [OR (95% CI) = 13.545 (8.470–21.662) P < 0.001]. Futrhermore, participants with higher blood cadmium levels exhibited a higher OR for CVDs [OR (95% CI) = 1.029 (1.022–1.035) P < 0.001]. However, blood mercury, blood selenium, and blood manganese demonstrated an opposite trend. Notably, higher blood selenium appears to be a protective factor against CVDs, associated with a lower OR for CVDs [OR (95% CI) = 0.650 (0.573–0.737) P < 0.001]. Surprisingly, there was also a significant difference between increased odds of CVDs and lower blood mercury levels [OR (95% CI) = 0.991 (0.987–0.995) P < 0.001], traditionally considered an important environmental pollutants. Additionally, individuals with higher levels of blood manganese had lower odds of CVDs [OR (95% CI) = 0.997 (0.996–0.997) P < 0.001].


TABLE 2 Logistic regression analysis of blood metals on CVDs.
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After adjusting for gender, age, BMI, race, and educational background, the significance of blood lead and blood manganese disappeared. However, the relationship persisted in the adjusted model for blood cadmium, with higher levels showing a higher adjusted OR for CVDs [OR (95% CI) = 1.041 (1.032–1.049) P < 0.001]. Conversely, higher blood mercury levels were associated with a lower adjusted OR for CVDs [OR (95% CI) = 0.995 (0.900–0.999) P < 0.05]. Additionlly, the association between CVDs and blood selenium and CVDs remained significant in the adjusted model, with a lower OR for CVDs [OR (95% CI) = 0.786 (0.688–0.898) P < 0.001].



Random forest modeling of CVDs using traditional risk factor and blood metals

To further explore the relationship between CVDs and blood metals, we subsequently constructed prediction models for CVDs. Random forest analysis distinguished CVD patients from non-CVD individuals with an AUC of 0.87 using the clinical examination (BMI, age, and blood cholesterol) and 0.9 using blood metals, respectively (Figure 2a). Importantly, the AUC score increased to 0.91 when clinical indices and blood metals were combined. These results suggested that the blood metals have a significant predivtive effect (Figure 2a). Additionally, blood lead and blood cadmium levels were elevated in the CVDs group, whereas blood manganese, mercury, and selenium levels were decreased (Figure 2b). Consequently, the key blood metal indices included in constructing the random forest model were blood lead, manganese, cadmium, selenium, and mercury (Figure 2c). Blood lead emerged as the most important indicator in the random forest model, aligning with the findings from the logistic model.
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FIGURE 2
Random forest analysis and AUC curves of machine learning (a) presented the AUC curves performed in three models, the scatter-boxplot (b) presented the differences of each metal between CVDs and non-CVDs, (c) presented the importance score and AUC value of each metal, both B and C were calculated based on the metal-single model.




Association between each blood metals

Figure 3 displays the associations among the various blood metals. Blood lead and blood cadmium demonstrate the strongest correlation, with an R value of 0.215. Additionally, the correlations between blood lead and manganese, blood cadmium and manganese, as well as blood selenium and manganese, are all negative, according to Spearman analysis.
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FIGURE 3
Correlate plots presented the correlation relationships between each two metals.




Association between each blood metals

We divided the levels of heavy metals in blood samples into three groups based on tertiles, labeled as Level 1, Level 2, and Level 3 according to their low, medium, and high concentrations, respectively. The concentrations of blood heavy metals in each groups is showed in Table 3. While the differences between Level 1, Level 2, and Level 3 are showed in Figure 4. These results suggest that higher levels of blood lead or cadmium are associated with a higher risk of CVD mortality.


TABLE 3 Tertiles of blood heavy metals levels.
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FIGURE 4
Survival analysis on participants based on tertiles of blood heavy metal levels.





Discussion

In this study, we found that blood metals were associated with CVDs in the representative American population. Blood metals play a crucial role in the development of predicting models for CVDs. These results indivate that blood metals are an important factor that should not be overlooked in the progression of CVDs. Indeed, the frequency of accidental heavy metal pollution events has increased in the last few decades (10). Due to the adverse effects of heavy metal pollution, heavy metal-related health disorders are rapidly emerging as a significant public health problem. There is growing evidence that heavy metals may adversely affect cardiovascular health.

Mercury, lead, and cadmium are a few common pollutants that become ubiquitous in the living environment with social and economic development. Exposure to lead primarily occurs through cigarette smoking, oil paint, lead batteries, cosmetics, or contaminated food (6). Indeed, a significant number of participants from NHANES declined to respond to the questionnaire survey on smoking, potentially introducing bias. Consequently, we did not consider smoking as a factor in our analysis. Given the significant missing data on smoking, we excluded smoking as a variable when performing logistic regression modeling. Previous studies have suggested that blood lead is associated with the thickness of carotid atherosclerotic plaque (11). In addition, high blood lead is linked to coronary artery stenosis (12). Another study also indicates a correlation between lead and heart rate variability, an indicator of an abnormal cardiovascular system (13). Consistent with these previous studies, we found that blood lead levels are significantly associated with increased odds of CVDs in crude models. Furthermore, blood lead might be adverse to CVDs from the findings of the random forest model, where it also has the greatest contribution to in terms of our study. Therefore, blood lead is indeed a risk factor for CVDs. Previous findings suggest that lead is positively associated with increased levels of soluble adhesion molecules, which might be followed by an induction of oxidative stress and inflammation (14). Additionally, exposure to lead has been demonstrated to increase the release of cytokines and inflammatory factors. Some studies indicated that long-term exposure to lead influences the metabolism of lipids. Importantly, lead exhibits an effect on epigenetics from a microcosmic aspect (15). It is noteworthy that the decrease in cardiac death can be attributed to the reduction of blood lead (1). All these findings support the fact that lead is harmful to the cardiovascular system.

Furthermore, blood cadmium levels were correlated with increased odds of CVDs in the crude model. We also found that blood cadmium is a risk factor for CVD after adjusting for gender, age, BMI, race, and educational background. Blood cadmium levels have been linked to an increased risk of atherosclerosis, stroke, and heart failure (16–18). The major sources of blood cadmium include nickel-cadmium batteries, ceramic ware, and pigment (19). Similar to lead, cadmium can be absorbed through the digestive and respiratory systems, and finally deposited in the skeleton, liver, or kidneys for decades. Cadmium binds to sulfhydryl groups in the human body, leading to the disruption of glutathione and superoxide dismutase pathways, and ultimately resluting in mitochondrial or endoplasmic reticulum stress (20–22). Previous studies have indicated that high levels of urinary cadmium are associated with an increased risk of heart failure, and this association appears to be stronger in male samples (23). Additionally, patients with peripheral arterial disease patients have higher levels of urinary cadmium (24). Therefore, caution should be exercised regarding the contamination of environmental cadmium.

Another intriging finding in this study is that blood mercury is negatively correlated with CVDs in both unadjusted and adjusted models. However, the odds ratio of 0.994 suggests that this association may be a false positive or influenced by a bias. Alternatively, it could be that mercury acts as a double-edged sword, with the concentration of blood mercury potentially being maintained at low levels in these populations. Traditionally, mercury has been recognized as a risk factor for CVDs, and numerous studies have confirmed its adverse effects (25, 26).

Additionally, higher blood selenium levels appear to serve as a protective factor against cardiovascular diseases (CVDs), exhibiting a lower odds ratio in our study, which aligns with previous research findings. Selenoproteins, proteins that contain a fixed number of selenium atoms primarily in the form of the amino acid selenocysteine (Sec), play pivotal biochemical roles in the human body and constitute the primary form through which selenium exerts its biological activity in animals (27). Tommaso Angelone and colleagues demonstrated the crucial role of selenoproteins as antioxidants in cardiovascular pathophysiology, highlighting their vital importance for maintaining redox balance, antioxidant activity, as well as calcium and endoplasmic reticulum (ER) homeostasis (28).

Another study suggests a significant negative correlation between selenium intake and both CVD and all-cause mortality, hinting at selenium's potential role in preventing CVD and reducing overall mortality (29). However, some results from randomized controlled trials (RCTs) draw a different conclusion. Firstly, the relationship between selenium status and CVDs is intricate and subject to considerable debate. Secondly, several prospective observational studies indicate an association between lower selenium levels and an increased risk of CVDs. Nevertheless, the findings of RCTs are inconsistent, with some showing no preventive effect of selenium supplementation on CVDs and even suggesting a potential increase in certain risks. Furthermore, the results of meta-analyses indicate that the association between selenium status and CVDs may be influenced by various factors, including study design, sample size, selenium measurement methodologies, and definitions of CVD (30). Therefore, more in-depth research is needed to fully understand the complex relationship between selenium, selenoproteins, and CVDs.

Another important blood metal that contributes to the prediction model for CVDs is manganese. Blood manganese exhibited an opposite trend compared with blood lead and cadmium, appearing to be a protective factor for CVDs. Our previous study refers to dietary inflammation and suggests that dietary magnesium is beneficial for heart failure (31).

However, there are still some limitations of the present study. First, our study is a cross-sectional study, which may not provide definitive causal relationships. Further investigation, exploring mechanisms through animal experiments, is also required. Additionally, the blood metal elements analyzed in our study are based on a single time point; having multiple time point analyses could potentially make the conclusions more reliable. Furthermore, due to the numerous metal elements present in blood, we only analyzed five of them. Whether there are synergistic effects involving other metals also requires further investigation.

In conclusion, our present study suggests that a mixture of blood metals is associated with the risk of CVDs. The heavy metals that may increase the risk of CVDs are lead and cadmium. Management and control the heavy metal pollution might reduce the incidence of CVDs.
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