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Background: The associations between blood heavy metal levels and latent tuberculosis infection (LTBI) have not been fully elucidated. The aim of this study was to investigate the potential association between blood heavy metal levels and LTBI in adults using National Health and Nutrition Examination Survey data from 2011 to 2012.

Methods: We enrolled 1710 participants in this study, and compared the baseline characteristics of participants involved. Multivariate logistic regression analysis, restricted cubic splines (RCS) analysis, along with subgroup analysis and interaction tests were utilized to explore the association between blood manganese (Mn) level and LTBI risk.

Results: Participants with LTBI had higher blood Mn level compared to non-LTBI individuals (p < 0.05), while the levels of lead, cadmium, total mercury, selenium, copper, and zinc did not differ significantly between the two groups (p > 0.05). In the fully adjusted model, a slight increase in LTBI risk was observed with each 1-unit increase in blood Mn level (OR = 1.00, 95% CI: 1.00–1.01, p = 0.02). Participants in the highest quartile of blood Mn level had a threefold increase in LTBI risk compared to those in the lowest quartile (OR = 4.01, 95% CI: 1.22–11.33, p = 0.02). RCS analysis did not show a non-linear relationship between blood Mn level and LTBI (non-linear p-value = 0.0826). Subgroup analyses and interaction tests indicated that age, alcohol consumption, and income-to-poverty ratio significantly influenced LTBI risk (interaction p-values<0.05).

Conclusion: Individuals with LTBI had higher blood Mn level compared to non-LTBI individuals, and higher blood Mn level associated with increased LTBI risk.
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Introduction

Tuberculosis (TB), caused by the bacillus Mycobacterium tuberculosis, stands as one of the leading causes of global mortality (1). Recently, studies have definitively shown that a continuous spectrum of bacterial metabolic activity and opposing immunological responses transpire within human TB infection, spanning from latent infection to active disease (2, 3). It has been documented that roughly a quarter of the global population is estimated to have been infected with TB, manifesting as latent TB infection (LTBI) (4). Acting as the most extensive reservoir for active TB, only a small proportion of LTBI individuals, around 5–10%, will progress into active TB over their lifetimes (5), and the precise mechanisms behind this transformation remain inadequately understood. If left unaddressed, the current LTBI burden alone could potentially hinder the attainment of global TB elimination targets (4). The initial interactions between mycobacterial and the host’s innate immune system substantially dictate the establishment of TB infection and the progression of disease development (6).

Heavy metals are characterized by their high density and potential toxicity to living organisms. They can be found naturally in the environment, but human activities can lead to elevated levels of heavy metals in the body, such as heavy metals in the dust can be inhaled and caused ecological risk (7). Notably, certain heavy metals such as manganese (Mn), lead (Pb), cadmium (Cd), mercury (Hg), and selenium (Se) have attracted attention in correlation with diseases due to their potential to modulate the immune response (8). A study showed that exposure to heavy metals like Pd and Hg may cause severe diseases including but not limited to urinary tract cancer (9). Juttukonda et al. (10) demonstrated that elevated dietary Mn levels intensified S. aureus virulence and infection of the murine heart. Moreover, Seth et al. (11) discovered that a single oral dose of Cd or Mn heightened the susceptibility of mice to a sub-lethal viral infections, resulting in increased symptom severity and mortality. These heavy metals have been shown to impact immune functions (12), oxidative stress levels (13), and inflammatory responses (14), all of which are factors relevant to tuberculosis infection. Mn is an essential trace element and involved in many metabolic processes of nutrients and life activity (15). The levels of manganese are either too low or too high can cause adverse health effects (15). In vitro experiment and bioinformation analysis found that Mn2+ could enhance the necrosis of macrophage and suppress the survival of Mycobacterial strains via activation of tumor necrosis factor signal pathway (16, 17). A survey in South Africa revealed that workers in manganese mines with the highest prevalence of TB and other diseases (18). However, the association between heavy metal levels, especially Mn, on TB infection has not been previously elucidated.

The purpose of this study is to compare the levels of blood heavy metal in different TB infection status and explore the potential connection between blood Mn and latent tuberculosis infection in adults within the United States population, utilizing data sourced from the National Health and Nutrition Examination Survey (NHANES) conducted during 2011–2012.



Materials and methods


Study population

The analytic sample was obtained from the NHANES, a national cross-sectional study centered on the U.S. population, aiming at evaluating the health and nutritional status of Americans. Participants underwent standardized interviews at their residences and health assessments at mobile examination centers to evaluate their physical status and laboratory-related data. The research protocol for NHANES received approval from the National Center for Health Statistics (NCHS) Research Ethics Review Board. All participants provided written informed consent. Comprehensive information on the NHANES study design and data can be accessed publicly at https://www.cdc.gov/nchs/nhanes/.

We employed the 2011–2012 NHANES survey cycle to assess the levels of heavy metals in different LTBI statuses and explore the association between blood Mn level and TB infection among adults, as this cycle exclusively contained complete latent TB screening data. LTBI data was based on tuberculin-skin-test (TST) and interferon-gamma release assay (IGRA), with participants under 18 years of age being excluded. Our study initially encompassed 9,756 participants, subsequent excluded those under 18 years (n = 3,892), those lacking TST or QuantiFERON-TB Gold in Tube test (GFT-GIT) results (n = 706), and those without data on blood heavy metals levels (n = 3,448). Ultimately, 1710 individuals enrolled in our analysis (Figure 1).
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FIGURE 1
 Flowchart of the individuals enrolled from National Health and Nutrition Examination Survey (NHANES) 2011–2012. LTBI, latent tuberculosis infection; TB, tuberculosis; QFT-GIT, QuantiFERON-TB Gold in Tube test; TST, Tuberculin skin test.




Assessment of blood heavy metals level

Venous blood samples were collected for the quantification of concentrations of Pb, Cd, total mercury (THg), Mn, Se in the form of whole blood specimens, copper (Cu) and zinc (Zn) of serum specimens in the mobile examination center in 30 different study locations of the United States from 2011 to 2012. These measurements were carried out using inductively coupled plasma mass spectrometry for whole blood specimens and inductively coupled plasma dynamic reaction cell mass spectrometry for serum specimens. The detection limit for all analytes remained consistent within the dataset. Pb has a lower detection limit of 0.25 μg/dL, Cd was 0.16 μg/L, Se was 30 μg/L, Mn was 1.06 μg/L, THg was 0.16 μg/L, Cu was 2.5 μg/dL and Zn was 2.9 μg/dL. In instances where the recorded result fell below the detection limit, the value assigned to that specific variable equated to the detection limit divided by the square root of two.



The definition of LTBI

In our study, individuals with positive GFT-GIT results or positive TST were considered as having LTBI, and TST positive defined as an induration size of ≥ 10 mm for the TST, a commonly applied criterion for adults in the US, excluding individuals with special risk factors (19). To interpret a positive QFT-GIT outcome, we adhered to NHANES guidelines which entailed the following criteria: (1) The Nil value needed to be ≤8.0 IU gamma interferon (IF)/ml, (2) The TB antigen value minus the Nil value had to be ≥0.35 IU IF/ml, (3) The TB antigen value minus the Nil value had to be ≥25% of the Nil value. Furthermore, a subdued response to mitogen (< 0.5 IU/mL) was considered as suggestive of an indeterminate result when a blood sample also demonstrated a negative response to the TB antigens.



Other variables

Our analysis also considered a range of variables, including but not limited to age, gender, race, body mass index (BMI), education level, marital status, alcohol consumption, smoking habits, the history of asthma, chronic obstructive pulmonary diseases (COPD), diabetes mellitus (DM), hyperlipidemia, hypertension, the income-to-poverty ratio (PIR), prior active tuberculosis, and TB medications. Moreover, we integrated laboratory measurements like albumin levels into analysis. DM was defined using a variety of criteria, including self-reported DM diagnosis, HbA1c levels ≥6.5%, fasting glucose levels ≥7.0 mmol/L, random blood glucose levels ≥11.1 mmol/L, two-hour plasma glucose levels ≥11.1 mmol/L in an oral glucose tolerance test, or the use of oral hypoglycemic agents or insulin. BMI was calculated by dividing weight in kilograms by the square of height in meters, rounded to one decimal place. Following the guidelines established by the World Health Organization, the BMI classifications were designated as: underweight <18.5 kg/m2, normal weight 18.5–24.9 kg/m2, overweight 25–29.9 kg/m2, and obesity ≥30 kg/m2. Comprehensive information concerning these variables can be accessed on the website: https://www.cdc.gov/nchs/nhanes/.



Statistics

The statistical analysis adhered to NHANES analysis guidelines and included intricate sampling weights to account for multi-stage clustering surveys. Continuous variables were represented by mean values and standard deviations, while categorical variables were expressed as counts and proportions. The comparison of continuous variables employed the weighted Student’s t-test, while the comparison of categorical variables used the weighted chi-square test.

Due to a significant difference in blood Mn levels between the Non-LTBI and LTBI groups, we proceeded to assess the correlation between blood Mn levels (categorized into four levels) and LTBI using a multivariable regression model to adjust potential confounding variables. The Crude Model had no adjusted covariates. In Model 1, adjustments included age, gender, race, and education levels. Model 2 further adjusted for age, gender, race, education levels, alcohol consumption, and PIR. Additionally, an interaction test was utilized to analyze heterogeneity among subgroups.

To explore potential non-linear relationships within the regression models comprehensively, the Restricted Cubic Spline (RCS) analysis, was employed to assess the intricate associations between blood Mn level and the LTBI risk, incorporating four distinct piecewise points.

All analyses were performed using R version 4.2.2 (https://www.r-project.org/, The R Foundation). Statistical significance was determined by a threshold of p < 0.05.




Results


Baseline characteristics of participants

The weighted baseline characteristics of the individuals included were shown in Table 1. Our study encompassed 1710 participants, and their average age was 45.74 ± 0.92 years, of which 49.59% were female and 50.41% were male.



TABLE 1 The baseline characteristics and blood heavy metal levels in different TB statuses.
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Compared with non-LTBI participants, the LTBI group exhibited older age, a higher proportion of males, lower PIR, an increased representation of other racial backgrounds, lower educational attainment, greater alcohol consumption, and a heightened prevalence of previous contact with a household TB member and previous active TB history (all p < 0.05). Conversely, no statistically significant differences emerged in terms of marital status, smoking habits, DM, asthma, COPD, prior TB medication, hyperlipidemia, hypertension and BMI categories (all p > 0.05).

In regard to blood heavy metal levels, a significant discrepancy was observed in LTBI individuals, who demonstrated higher levels of Mn compared to their non-LTBI counterparts (p < 0.05). However, levels of Pb, Cd, THg, Se, Cu, and Zn did not exhibit noteworthy variations between the two groups (p > 0.05).



Higher blood Mn level increases the risk of LTBI

We also explored how blood Mn level related to the risk of LTBI using 3 different models (refer to Table 2). We identified a positive association between blood Mn level and LTBI risk across the crude, minimally adjusted, and fully adjusted models (p < 0.05). In the fully adjusted model, a marginal rise in LTBI risk was apparent with each 1-unit elevation in blood Mn level (OR = 1.00,95% CI: 1.00–1.01, p = 0.02). Then we further adjusted blood Mn level from a continuous variable to a categorical variable, and found that participants in the highest quartile of blood Mn level demonstrated nearly a threefold increase in LTBI risk compared to those in the lowest quartile (OR = 4.01, 95% CI: 1.22–11.33, p = 0.02).



TABLE 2 Multivariate logistic regression models of blood Mn level with LTBI risk.
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To explore deeper into the correlation between blood Mn level and LTBI risk, we utilized Restricted Cubic Spline (RCS) analysis (refer to Figure 2). Our findings revealed no evidence of a non-linear correlation between blood Mn levels and LTBI (non-linear p-value = 0.0826).
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FIGURE 2
 The restricted cubic spline analysis between blood Mn level and risk of LTBI (p non-linear = 0.0826). LTBI, latent tuberculosis infection; Mn, manganese.




Subgroup analysis

In the subgroup analysis, we adjusted the potential continuous covariates into categorical variables based on their mean values (as depicted in Figure 3). Our findings indicated that individuals aged over 46-year-old and male exhibited an elevated risk of LTBI (OR = 2.85, 95% CI 1.55–5.25, p = 0.01; OR = 1.99, 95% CI 1.12–3.54, p = 0.03; respectively). Conversely, being of Non-Hispanic White ethnicity appeared to show protection against LTBI (OR = 0.15, 95% CI 0.05–0.48, p = 0.01). Furthermore, we explored the interaction between age, alcohol consumption, and PIR on the relationship between blood Mn level and LTBI risk, as indicated by interaction test on the association between blood Mn level and LTBI risk (p for interaction were 0.035, 0.023, and 0.004, respectively). Nevertheless, our interaction analysis revealed that gender, race, and educational level did not significantly modify the positive association between blood Mn level and LTBI risk (p for interaction >0.05).
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FIGURE 3
 Subgroup analysis for the association between blood Mn level and risk of LTBI. PIR, income-to-poverty ratio. OR: odd ratio; CI: confidence interval.





Discussion

In this cross-sectional study of 1710 participants, we discerned that individual with LTBI exhibited a notably elevated concentration of blood Mn compared to their non-LTBI counterparts. Conversely, blood levels of Pb, Cd, THg, Se, Cu, and Zn demonstrated no statistically significant difference between the two groups. We further analyzed the association between blood Mn level and LTBI risk, and found a positive association where heightened blood Mn levels were linked to an increased susceptibility to LTBI. Subsequent subgroup analyses and interaction assessments underscored the pivotal influence of age on the association between blood Mn level and LTBI risk.

To our knowledge, this is the inaugural investigation to assess the levels of blood heavy metals in different TB infection statuses and found the positive association between blood Mn level and LTBI risk. Mn2+ plays a critical role in cartilage and bone health, wound healing, mitochondria maintenance, glucose production, and urea cycle function of human health (20). In addition, Mn performs a vital role in host-pathogen interactions. Host can restrict invading microbes from utilizing Mn to combat infection (21), and Mn could enhance the releasing of cytokines of macrophage and serve as damage-associated molecular pattern that inhibited the proliferation of pathogens (16, 22). However, excessive Mn exposure, particularly in occupational settings, such as mining and welding, is known to induce adverse health effects, primarily affecting the central nervous system and lung tissue through inhalation exposure (23). A study in Korean revealed that compared with health control, active TB patients with elevated blood Mn level, but the difference was not statistically significant (24). Previous investigation of the mineworkers revealed that those wok in Mn mine with increased TB risk (18), however, the research did not detect the blood Mn level and the outcome may confounded by covariates socio-demographic factors like age, length of service and so on. In our study, after adjusting covariates, we found blood Mn level was associated with increased LTBI risk. Mn ions homeostasis is pivotal for host immune responses and innate immune activation, contributing substantially to antiviral defense (25). Studies have indicated that excessive Mn exposure in adults leads to a significant reduction in C3 levels (25). Furthermore, the study about the effects of welding and exposure to Mn on the cellular and humoral immune system has revealed that higher Mn exposure was associated with decreased CD19+ B lymphocytes (26), T lymphocytes, and specific T-lymphocyte sub-populations like CD8+ T cells (27). Given the crucial roles of innate and adaptive immunity in TB defense (28), particularly CD4+ T cells and CD8+ T cells (29), there is substantial evidence supporting the notion that CD4+ T cells release cytokines, such as interferon-γ (IFN-γ) in response to specific antigens of mycobacterial to enhance phagocytosis of macrophage to control TB (30). Moreover, recent study has also implicated TB-specific antibodies in TB exposure responses (31). Impaired cell-mediated and humoral immunity can heighten susceptibility to TB and compromise its control. Our investigation further revealed that age, alcohol consumption, and PIR interacted with the relationship between blood Mn levels and LTBI. Advanced age, alcohol consumption, and poverty were associated with weaken immune function and reduced ability to respond effectively to infections (32, 33). These factors may synergistically exacerbate the adverse effects of Mn exposure, further compromising individual immunity. Among the older adult, Mn level tend to accumulate with age and occupational exposure, resulting in weakened immune systems and heightened susceptibility to infections like TB.

Furthermore, our study disclosed that the levels of other heavy metals, such as Pb, Cd, Thg, Se, Cu, and Zn did not exhibit significant variations between LTBI individuals and their non-LTBI counterparts. Notably, Occupational exposure remains the primary cause of elevated Cd levels. Cd intake in humans occurs either through ingestion or inhalation, with cigarette smoking being a major source of exposure, increasing Cd levels in smokers up to four to five times those of non-smokers (34). Cd is known to cause cellular damage, impacting DNA repair, cellular enzyme activity and membrane structure (35), ultimately leading to lung emphysema and various tobacco-related lung diseases (36), However, our study did not reveal significant differences in tobacco exposure between the two groups, which may account for the lack of disparity in Cd levels. Similarly, elevated Pb levels are predominantly associated with occupational exposure. With higher Pb exposure potentially inducing an array of systematic deleterious effects, including hypertension, anemia, cognitive impairment, infertility, immune imbalances, development delays, vitamin D deficiency, and gastrointestinal issues (37). The modulation of immunity by Pb remains a subject of debate, with in vitro study indicating cytotoxic effects on immune cells and diminished cytokine production (38). While study in children suggested that Pb exposure increases the production of central memory T cells (39). Conversely, Hg bioaccumulates mainly through food consumption, particularly in fish containing methyl mercury (Me-Hg). Hg, a naturally occurring metal ubiquitous in the environment can lead to central nervous system injuries, renal dysfunction, gastroenterology ulceration, hepatotoxicity (14), and enhanced pro-inflammatory cytokine release in LPS-stimulated human peripheral blood mononuclear cells, thereby affecting the human immune system (40). However, in our study, there was no significant difference in blood Thg levels between LTBI and health control groups, which may be attributed to our measurement of Thg rather than Me-Hg and inorganic Hg, as these forms of Hg may exert different effects on immune function (40). Se is an essential component of antioxidant enzymes such as glutathione peroxidase and thioredoxin reductase, as well as thyroid hormone-converting deiodinase enzymes. Trace amounts of Se are vital for cellular function in all animals and are primarily obtained through dietary intake (41). Se plays a pivotal role in facilitating an effective immune response, controlling systemic inflammation, and maintaining overall human health (42). However, in the context of sepsis, no significant variation in blood Se levels was found between the sepsis and control groups (43), mirroring the results observed in our investigation. In summary, the similarity in blood levels of heavy metals such as Pb, Cd, Hg, and Se between individuals with LTBI and healthy individuals can be attributed to various factors, including environmental exposure, individual variability in metabolism and elimination, sample size limitations, confounding variables, and the timing of exposure. Further research involving larger, more rigorously controlled studies may be necessary to gain a more comprehensive understanding of potential associations between heavy metal exposure and LTBI.

Our study boasts several notable strengths. Firstly, it relies on data from NHANES, a nationally representative population-based sample, and the selection of samples and sample size are adequately representative. Secondly, we meticulously adjusted for confounding covariates to mitigate potential confounding bias, enhancing the reliability of our findings. Nevertheless, our study carries certain inherent limitations. First and foremost, the cross-sectional study design precludes us from establishing causality between blood heavy metal and LTBI risk. Secondly, excluding individuals without heavy metal concentration measurements would lead unavoidable selection bias. Thirdly, despite our adjustments for several potential covariates, we cannot completely rule out the possibility of unaccounted confounders, such as the use of specific medications and the presence of comorbidities. Finally, it is worth noting that the NHANES database exclusively comprises data from the US population, thus limiting the generalizability of our results to a broader international context.



Conclusion

Individuals with LTBI had higher blood Mn level compared to non-LTBI individuals, while blood levels of Pb, Cd, THg, Se, Cu, and Zn did not differ significantly. Blood Mn level was linked to an increased susceptibility to LTBI risk, which were dependent on individuals’ age, alcohol consumption and PIR.
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