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Abstract

:

Hypertension remains a major global public health crisis due to various contributing factors, such as age and environmental exposures. This study delves into exploring the intricate association between biological aging, blood lead levels, and hypertension, along with examining the mediating role of blood lead levels in the relationship between biological aging and hypertension. We analyzed data from two cycles of the NHANES, encompassing 4473 individuals aged 18 years and older. Our findings indicate that biological aging potentially escalates the risk of hypertension and the incidences of systolic blood pressure (SBP) and diastolic blood pressure (DBP) abnormalities. Utilizing weighted quantile sum (WQS) and quantile g-computation (QGC) model analyses, we observed that exposure to heavy metal mixtures, particularly lead, may elevate the likelihood of hypertension, SBP, and DBP abnormalities. Further mediation analysis revealed that lead significantly mediated the relationship between biological aging and hypertension and between biological aging and SBP abnormalities, accounting for 64% (95% CI, 49% to 89%) and 64% (95% CI, 44% to 88%) of the effects, respectively. These outcomes emphasize the criticality of implementing environmental health measures.
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1. Introduction


Hypertension stands as a significant global health concern. According to the 2023 “Global Report on Hypertension”, the number of people with hypertension globally increased from 650 million in 1990 to 1.3 billion in 2019. It is estimated that hypertension causes 7.7 to 10.4 million deaths annually [1]. Hypertension not only leads to symptoms such as headaches and dizziness but, more importantly, it can cause serious conditions like myocardial infarction, stroke, heart failure, and premature death. The high prevalence and mortality rates of hypertension result in significant physical harm to patients and impose a heavy burden on society and families [2,3]. Various factors, including lifestyle [2], age [2,4], genetics [2], physical inactivity [5], diet [2,6], and environmental exposures [7], influence the occurrence of hypertension. Evidence indicates that pollutants, such as PM2.5, lead, and cadmium, also increase the prevalence of hypertension [7,8]. Despite controlling for many risk factors, hypertension remains highly prevalent, and its exact causes are still not fully understood.



Aging is characterized by physiological slowing, a decreased regenerative capacity, and an inability to maintain cellular homeostasis. It significantly increases the likelihood of developing a variety of chronic illnesses, including diabetes mellitus, cardiovascular disease (CVD), and hypertension [9]. According to a survey, over 70% of individuals aged 65 years and older in the United States have hypertension, with its prevalence increasing with age [10]. Older adults are also more sensitive to the adverse effects of environmental exposures due to age-related declines in organ functions, including kidney and liver functions [11]. This decline affects the body’s ability to absorb and metabolize various toxic substances, including heavy metals like lead and mercury. Additionally, even individuals of the same chronological age can have varying susceptibilities to age-related diseases, indicating that chronological age does not always accurately reflect biological aging [12].



Lead (Pb), cadmium (Cd), mercury (Hg), manganese (Mn), and selenium (Se) are widespread environmental heavy metal contaminants [13]. Organisms are exposed to these metals through various pathways, including air pollution, household wastewater, cosmetics, and food consumption [14]. There is increasing evidence that the accumulation of heavy metals in mammals is linked to a variety of health problems, such as cardiovascular disease, metabolic syndrome, and cancer [15]. Lead is a ubiquitous environmental toxicant, with primary sources being dust, soil, paint, and water [13]. Several animal studies have demonstrated the induction of hereditary hypertension by chronic exposure to low levels of lead [16]. Cross-sectional studies have indicated a significant correlation between lead and the prevalence of hypertension in the United States [17], Brazil [18], South Korea [19], and China [20]. However, in urban Haiti, although higher lead levels were associated with higher SBP and DBP, there was no statistically significant association found between lead and hypertension [21]. Yang’s study did not find any association between ambulatory blood pressure and blood lead [22]. In previous studies based on the databases of NHANES III and NHANES 2003–2010, blood lead and hypertension were also not found to be related [23,24]. Therefore, the relationship between blood lead and hypertension is uncertain.



Following exposure to lead, the kidneys are vulnerable to lead poisoning and serve as the main organ for its excretion. Aging often accompanies a decline in kidney function, which reduces the efficiency of lead excretion [11], making lead more likely to accumulate in the body. In the present study, we hypothesized that lead, as a common environmental pollutant, may mediate the effects of aging on blood pressure. Additionally, exposure to multiple heavy metals in the natural environment usually co-occurs, and their effects can be superimposed, synergistic, or antagonistic. Therefore, considering the context of heavy metal mixture exposure, we explored potential associations between heavy metal mixtures and blood pressure using a weighted quantile sum (WQS) and the quantile g-computation (QGC) model. We identified lead as a significant positive exposure. Furthermore, logistic regression was employed to explore the effects of aging and blood lead on blood pressure. Finally, mediation analysis was employed to investigate the role of blood lead in mediating the impact of aging on blood pressure.




2. Methods


2.1. Study Population


The NHANES data collection involved interviews, home screenings, and physical examinations. All data can be obtained from the NHANES website. Since these data already received approval from the NHANES Medical Ethics Committee, no further ethical clearance was necessary. This study selected individuals from two cycles (2015–2018) of the NHANES database. We chose participants aged 18 years or older who underwent blood heavy metal testing, excluding those younger than 18 years (n = 7377) or those who lacked data concerning heavy metals (n = 10,818), hypertension, DBP and SBP (n = 580), or covariate data (n = 3534). We included 4473 US adults in our study. Figure 1 shows the flow chart for excluding the study population.




2.2. PhenoAge and PhenoAgeAccel Assessments


PhenoAge, developed by Levine et al., is a metric used to estimate biological age. It incorporates both chronological age and nine biomarkers, including albumin and C-reactive protein, mean cell volume, white blood cell count, and alkaline phosphatase, among others. PhenoAgeAccel is calculated as the difference between the PhenoAge and the chronological age. A higher PhenoAgeAccel indicates greater biological aging [25]. The specific calculation for the formula of PhenoAge and PhenoAgeAccel is shown in Supplementary Figure S1.




2.3. Blood Pressure Measurement and Definitions


Trained personnel and/or physicians conducted the blood pressure measurements at the mobile testing center. After resting quietly in a seated position for 5 min, three consecutive blood pressure readings were recorded. Participants were considered to have high blood pressure if they gave an affirmative answer to the following questions: “Have you ever been told by a doctor or other health professional that you have hypertension, also called high blood pressure?”; “Are you now taking prescribed medicine for high blood pressure?”; or if they had a high biological measurement value (systolic blood pressure ≥ 140 mm Hg and/or diastolic blood pressure ≥ 90 mm Hg) [26]. According to the American Heart Association, we used 120 and 80 mm Hg as the cutoff values for abnormal systolic and diastolic blood pressures, respectively [27].




2.4. Heavy Metals Assessments


Whole blood samples were stored at −30 °C and subsequently transported for analysis. Heavy metal concentrations in the blood were determined using inductively coupled plasma mass spectrometry as part of NHANES. The results were reported in μg/dL. To ensure the reliability of the findings, any measurements below the limit of detection were excluded [26].




2.5. Study Covariates


In this study, we incorporated several covariates, including sex (male and female), age (18–39, 40–59, and ≥60 years), race (White, Black, and others), income status based on the poverty impact ratio (PIR) (<2 and ≥2), smoking status (smoking at least 100 cigarettes in a lifetime or not), drinking status (defined as an individual who consumed a minimum of 12 alcoholic drinks per year (NHANES 2003–2016) or consumed alcohol at least once a month (NHANES 2017–2018)), education level (below high school, high school, and above high school), marital status (single/divorced/widowed/separated or married/cohabited), body mass index (BMI) (<25, 25–30, and ≥30), and history of diseases (including diabetes and coronary heart disease (CHD)). Data about all these covariates were obtained via standardized questionnaires or instrumental measurement. Cardiovascular diseases and diabetes were defined as a positive answer to the question, “Have you ever been told you had coronary heart disease/stroke/diabetes”?




2.6. Statistical Analyses


Continuous variables are presented as the mean with standard deviation, and categorical variables are presented as frequencies and percentages. Chi-squared tests were used for categorical variables. Blood heavy metal concentrations were logarithmically transformed and categorized into quartiles. Kendall’s tau correlation was used to assess the relationships among the concentrations of the five heavy metals. First, we employed both unadjusted and adjusted logistic regression models to examine the relationships between PhenoAgeAccel and hypertension, SBP, and DBP. The crude model was unadjusted, while the adjusted model was controlled for age, sex, race, BMI, PIR, education level, smoking, drinking status, marital status, diabetes, coronary heart disease (CHD), stroke, and blood metal. In this study, hypertension was used as the main dependent variable analyzed. Additionally, in the analysis of PhenoAgeAccel and hypertension, we performed subgroup analyses by stratifying the population by age, sex, race, BMI, PIR, et al., to assess the sensitivity and interactions within different subgroups.



Second, to evaluate the aggregate and individual effects of heavy metal mixtures on hypertension, DBP, and SBP and to identify the main blood heavy metal variables contributing to the mode, we employed bootstrapping with 10,000 iterations to construct WQS indexes in a positive direction [28]. When the WQS index showed significance, we analyzed the corresponding weights to determine the relative contribution of each heavy metal to the prevalence of hypertension, DBP, and SBP. In the QGC analysis, the weights assigned to heavy metals indicated their relative positive or negative contributions to the overall exposure mixture, with each exposure range set between 0 and 1 [28]. Additionally, after identifying blood lead as the variable with the largest positive contribution to both models, we performed an RCS analysis using InPb with hypertension, DBP, and SBP. We also analyzed the relationships between blood lead and hypertension, DBP, and SBP using logistic regression with both crude and adjusted models, where the crude model was unadjusted for covariates, and the adjusted model was adjusted for all covariates, as described previously.



Third, to explore the mediating role of blood lead between PhenoAgeAccel and hypertension, DBP, and SBP, we conducted a mediation analysis using nonparametric bootstrapping (n = 1000) to investigate both direct and indirect relationships, as well as to assess the magnitude of the mediating effects [29]. The crude model was unadjusted for covariates, and the adjusted model was adjusted for all covariates and other heavy metals to explore stability. The statistical analyses were performed using R version 4.3.0. A two-sided p-value of <0.05 was considered statistically significant in all analyses.





3. Result


3.1. Baseline Characteristic


The characteristics of the participants are shown in Table 1. A total of 4473 participants, aged 20–80 years, had a mean age of 49.50 ± 17.21 years. Among them, 1633 (36.51%) suffered from hypertension, 1044 (23.34%) had DBP abnormality, 2475 (55.33%) had SBP abnormality, and 1812 (40.50%) exhibited PhenoAgeAccel. Generally, participants with hypertension, abnormal SBP, and DBP were more likely to be older, have comorbid CHD, have higher BMI, and have higher blood lead concentrations.



Correlation analyses revealed significant correlations between InPb and InHg, InPb and InCd, and InHg and InSe (Supplementary Figure S2). Sample density curves showed that patients with high blood lead tended to have hypertension, SBP, and DBP abnormalities, compared to the general population (Figure 2).




3.2. Association between PhenoAgeAccel and Hypertension, SBP, and DBP


As shown in Figure 3, PhenoAgeAccel was significantly correlated with hypertension, SBP, and DBP. The crude model did not adjust for variables, while adjusted model 1 accounted for all covariates, and model 2 additionally adjusted for blood metal levels. In adjusted model 2, PhenoAgeAccel was associated with significant increases in hypertension risk (OR 1.12, 95% CI 1.089 to 1.153), SBP abnormalities (OR 1.093, 95% CI 1.06 to 1.127), and DBP abnormalities (OR 1.038, 95% CI 1.01 to 1.068).



Subgroup analyses were conducted based on age, sex, BMI, PIR, education level, smoking status, drinking status, CHD, stroke, and diabetes. The results consistently showed that PhenoAgeAccel was associated with hypertension across all subgroups. Notably, sex had an interaction with PhenoAgeAccel in relation to hypertension, whereas there was no significant interaction between PhenoAgeAccel and other factors (Supplementary Figure S3).




3.3. Association between Co-Exposure of Blood Metals and Hypertension, SBP, and DBP


The WQS and QGC models were used to investigate the potential effects of co-exposure to blood metals and the determination of major metal exposure. Our findings indicated that co-exposure to blood metals had a significant impact on hypertension, SBP, and DBP. In the adjusted model, which adjusted for all covariates, the WQS index of mixed metals was positively associated with hypertension (OR 1.35, 95% CI 1.24 to 1.48), SBP (OR 1.53, 95% CI 1.39 to 1.68), and DBP (OR 1.28, 95% CI 1.13 to 1.46) (Table 2). Additionally, in the analysis of hypertension, SBP, and DBP, the highest weighted metal in the WQS models was lead, at 80%, 80%, and 90%, respectively (Figure 4). Similarly, the QGC model also showed a significant and positive association of mixed metals with hypertension, SBP, and DBP (Table 2, Supplementary Figure S4).




3.4. Blood Lead and Hypertension, SBP, and DBP in the Logistic Regression Model


To evaluate the potential link between the quartiles of log-transformed lead metal concentrations and hypertension, SBP, and DBP abnormalities, we employed both crude and adjusted models. The crude model did not adjust for variables, while the adjusted model adjusted for all covariates and other blood metals. The Supplementary Table S1 shows that compared with baseline PhenoAgeAccel quartile 1, lead was significantly correlated with an elevated prevalence of hypertension and SBP abnormalities in Q2–Q4 in both the crude model and the adjusted model. Additionally, we observed an increased risk of DBP abnormalities for lead in Q3–Q4 in both the crude and adjusted models. Figure 5 shows that the RCS model indicated a significant nonlinear association between blood lead levels and the risks of hypertension and SBP.




3.5. The Mediation Effects of Blood Lead in the Relationships of PhenoAgeAccel with Hypertension, SBP, and DBP


Significant mediation effects of lead were noted in the associations between PhenoAgeAccel and hypertension and SBP. In the adjusted model, which accounted for all covariates and other blood metals, the mediated proportions (%) of lead in the relationships of PhenoAgeAccel with hypertension and SBP were 64% (95% CI: 49%, 89%) and 64% (95% CI: 44%, 88%), respectively (Figure 6).





4. Discussion


Aging has become a significant global concern, characterized by a continuous decline in physiological functions and loss of capabilities, leading to systemic dysfunctions, such as telomere attrition, epigenetic alterations, protein homeostasis disruption, mitochondrial dysfunction, and cellular senescence [10]. These dysfunctions can result in diseases like hypertension, diabetes, and neurodegenerative conditions. Consequently, aging is a major risk factor for hypertension. In the medical field, individuals of the same age show considerable variability in physiological markers and disease susceptibility [30]. Among various biological aging algorithms, PhenoAge has demonstrated the highest sensitivity to aging [31]. We calculated PhenoAge and incorporated PhenoAgeAccel, a composite index characterizing the rate of aging. Our research found that aging increases the risk of hypertension and abnormalities in diastolic and systolic blood pressures. Aging results in several structural and functional changes in the arterial vasculature. It may be related to the specific underlying mechanisms, including mechanical hemodynamic changes, arterial stiffness, neurohormonal and autonomic dysregulation, and the aging kidney [32]. The aging changes in the kidney are associated with increased salt sensitivity, which prompts vasoconstriction and vascular resistance [4]. This chronic cellular damage and dysfunction are thought to at least partially contribute to physiologic dysfunction and the development of hypertension.



Our study also found that blood lead concentrations showed a slow increase with age and were associated with age and biological aging (Supplementary Figures S5 and S6). In addition, we found that lead mediates the relationship between aging and hypertension. Over recent decades, the harmful effects of low-level lead exposure have gained increasing attention. Lead enters the body mainly through inhalation or ingestion; it readily passes the air–blood barrier and is distributed systemically via the bloodstream. Lead is a cumulative toxicant, primarily stored in bones and red blood cells [33]. In adults, lead concentrations in bones increase with age, sometimes by up to ten times [34]. The respiratory tract is the body’s first line of defense against respiratory pollutants, enabling an appropriate regulatory response to persistent environmental exposures, and pulmonary immune effector cells ensure a robust response to foreign harmful substances [35]. The intestine, as a dynamic barrier to external exposures, is involved in many physiological processes, including immunomodulation. Aging affects the homeostasis of intestinal epithelial cells and the development of other cells, weakening the barrier function of the intestine [36]. This disequilibrium extends to the lung microenvironments and the respiratory immune interface, leading to the increased absorption of harmful substances [35,36], such as lead, as observed in our study. The kidney is the organ where lead is most widely distributed in the human body, followed by the liver [37]. Aging impairs renal functions, including decreased glomerular filtration rate and glomerulosclerosis, resulting in the reduced metabolism and excretion of lead [38]. These factors may contribute to the increased accumulation of lead in the aging population.



Heavy metals such as lead, cadmium, mercury, manganese, and others are prevalent in both residential and occupational settings, leading to regular exposure in daily life [39]. The impact of heavy metals on blood pressure may be associated with impaired kidney function, inflammation, and oxidative stress [40,41]. Our study aligns with findings from Qu et al., indicating a positive association between blood levels of heavy metals and hypertension. Specifically, lead emerged as the predominant contributor, compared to other metals [42]. Our study found that blood lead may increase the risk of developing hypertension and SBP and DBP abnormalities, supporting the idea that lead may increase the risk of developing hypertension. Chronic lead exposure has been linked to deleterious effects on various organs, contributing to damage through multiple pathways. A previous study found that teenagers and elderly individuals living in high lead exposure areas had significantly higher levels of urinary oxidative stress markers [43]. Oxidative stress has been identified as a potential contributor to vascular dysfunction and target organ damage. Lead, a non-redox-active metal, is associated with oxidative stress and may cause endothelial dysfunction. Lead reduces NO bioavailability, impairs the antioxidant system, and increases the generation of reactive oxygen species (ROS). Lead also depletes cellular antioxidant reserves by selectively binding to sulfur-containing antioxidants and enzymes, thereby generating ROS [44]. Cumulative evidence from human and animal studies suggests that ROS plays a crucial role in regulating endothelial cell function and vascular remodeling [33]. Furthermore, lead exposure has been observed to cause telomere shortening and lipid disturbances, which may play important roles in the pathophysiological processes involved in the development of hypertension [45]. As a divalent cation, lead also affects various signaling pathways, impacting vascular resistance and increasing blood pressure [33]. Lead also reduces (NO) and guanylate cyclase production in blood vessels, leading to vascular remodeling and inhibiting vascular relaxation [46]. Additionally, complications of hypertension include kidney damage [6], which may impair the kidneys’ ability to excrete heavy metals, potentially leading to the increased accumulation of lead and an elevated risk of hypertension. More studies are needed to explore these mechanisms to identify new targets for understanding the molecular mechanisms of lead toxicity.



Our study found that both aging and lead exposure increases the risk of hypertension, with lead acting as a mediator in this relationship. To reduce hypertension incidence, lifestyle interventions, such as increased exercise, reduced food intake, and obesity, can mitigate phenotypic aging and maintain a healthy lifespan [47]. Measures taken by government departments to control lead emissions, recycle lead-acid batteries, conduct environmental lead testing, ensure safe drinking water, and provide good occupational protection are crucial [48].



This study has several strengths: First, the data were obtained from a large, representative population sample. Second, it is the first study to assess the mediating effect of blood lead in the relationship between biological aging and hypertension. Third, we employed multiple statistical methods and adjusted for potential confounders to enhance the robustness and reliability of our findings. However, this study has some limitations. First, due to its cross-sectional design, we could not establish causality between exposure and outcome. Second, we used blood lead levels as the study variable and did not compare them with lead levels in bones, which may have affected the precision of our results.




5. Conclusions


Our study found that biological aging and blood-mixed heavy metals are associated with the risk of developing hypertension, with lead contributing the most to the positive effect of blood-mixed heavy metals on hypertension. Lead also plays a mediating role in the relationship between biological aging and hypertension. Therefore, hypertension can be reduced by addressing these two perspectives.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu16132144/s1. Supplementary Table S1: Association between blood lead and hypertension, SBP, and DBP. Supplementary Figure S1: The calculation formula of PhenoAge and PhenoAgeAccel. Supplementary Figure S2: Correlation between blood heavy metals. Supplementary Figure S3: Association between PhenoAgeAccel and hypertension, including interactive analysis in subgroups. Supplementary Figure S4: The weights of each blood heavy metal in the positive QGC model regression. Supplementary Figure S5: Correlation between age and blood lead. Supplementary Figure S6: Association between PhenoAgeAccel and blood lead, with the crude model not adjusted for variables, and the adjusted model adjusted for all covariates.





Author Contributions


H.L., L.Y. and J.J. designed the study. J.S., R.C., W.W. (Wudi Wei), Z.Y., Y.H. and J.L. contributed to the interpretation of the analyses and the critical revision of the manuscript. J.J. and C.W. designed the figures. C.W., J.L., W.W. (Wenfei Wei) and J.S. drafted the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received funding from the Training Program for Young Leading Talents (Guangxi Medical University Junjun Jiang).




Institutional Review Board Statement


The data used in this paper are publicly available and ethically approved.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data used in this study are available on the NHANES website (https://wwwn.cdc.gov/nchs/nhanes/Default.aspx, accessed on 11 May 2024).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Heaton, J.; Alshami, A.; Imburgio, S.; Mararenko, A.; Schoenfeld, M.; Sealove, B.; Asif, A.; Almendral, J. Current Trends in Hypertension Identification and Management: Insights from the National Health and Nutrition Examination Survey (NHANES) Following the 2017 ACC/AHA High Blood Pressure Guidelines. J. Am. Heart Assoc. 2024, 13, e034322. [Google Scholar] [CrossRef] [PubMed]

	



Muntner, P.; Carey, R.M.; Gidding, S.; Jones, D.W.; Taler, S.J.; Wright, J.T.; Whelton, P.K. Potential U.S. Population Impact of the 2017 ACC/AHA High Blood Pressure Guideline. J. Am. Coll. Cardiol. 2018, 71, 109–118. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, B.; Perel, P.; Mensah, G.A.; Ezzati, M. Global epidemiology, health burden and effective interventions for elevated blood pressure and hypertension. Nat. Rev. Cardiol. 2021, 18, 785–802. [Google Scholar] [CrossRef] [PubMed]

	



Oliveros, E.; Patel, H.; Kyung, S.; Fugar, S.; Goldberg, A.; Madan, N.; Williams, K.A. Hypertension in older adults: Assessment, management, and challenges. Clin. Cardiol. 2019, 43, 99–107. [Google Scholar] [CrossRef] [PubMed]

	



Börjesson, M.; Onerup, A.; Lundqvist, S.; Dahlöf, B. Physical activity and exercise lower blood pressure in individuals with hypertension: Narrative review of 27 RCTs. Br. J. Sports Med. 2016, 50, 356–361. [Google Scholar] [CrossRef] [PubMed]

	



Unger, T.; Borghi, C.; Charchar, F.; Khan, N.A.; Poulter, N.R.; Prabhakaran, D.; Ramirez, A.; Schlaich, M.; Stergiou, G.S.; Tomaszewski, M.; et al. 2020 International Society of Hypertension Global Hypertension Practice Guidelines. Hypertension 2020, 75, 1334–1357. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Zhang, Y.; Yao, M.; Wu, G.; Duan, Z.; Zhao, X.; Zhang, J. Long-term effects of ambient PM2.5 on hypertension in multi-ethnic population from Sichuan province, China: A study based on 2013 and 2018 health service surveys. Environ. Sci. Pollut. Res. 2020, 28, 5991–6004. [Google Scholar] [CrossRef] [PubMed]

	



Yao, X.; Steven Xu, X.; Yang, Y.; Zhu, Z.; Zhu, Z.; Tao, F.; Yuan, M. Stratification of population in NHANES 2009–2014 based on exposure pattern of lead, cadmium, mercury, and arsenic and their association with cardiovascular, renal and respiratory outcomes. Environ. Int. 2021, 149, 106410. [Google Scholar] [CrossRef] [PubMed]

	



Dodig, S.; Čepelak, I.; Pavić, I. Hallmarks of senescence and aging. Biochem. Medica 2019, 29, 483–497. [Google Scholar] [CrossRef] [PubMed]

	



López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186, 243–278. [Google Scholar] [CrossRef] [PubMed]

	



Odden, M.C.; Beilby, P.R.; Peralta, C.A. Blood Pressure in Older Adults: The Importance of Frailty. Curr. Hypertens. Rep. 2015, 17, 55. [Google Scholar] [CrossRef] [PubMed]

	



Tsao, C.W.; Aday, A.W.; Almarzooq, Z.I.; Alonso, A.; Beaton, A.Z.; Bittencourt, M.S.; Boehme, A.K.; Buxton, A.E.; Carson, A.P.; Commodore-Mensah, Y.; et al. Heart Disease and Stroke Statistics—2022 Update: A Report From the American Heart Association. Circulation 2022, 145, e153–e639. [Google Scholar] [CrossRef] [PubMed]

	



Lanphear, B.P.; Rauch, S.; Auinger, P.; Allen, R.W.; Hornung, R.W. Low-level lead exposure and mortality in US adults: A population-based cohort study. Lancet Public Health 2018, 3, e177–e184. [Google Scholar] [CrossRef] [PubMed]

	



Tellez-Plaza, M.; Navas-Acien, A.; Menke, A.; Crainiceanu, C.M.; Pastor-Barriuso, R.; Guallar, E. Cadmium Exposure and All-Cause and Cardiovascular Mortality in the U.S. General Population. Environ. Health Perspect. 2012, 120, 1017–1022. [Google Scholar] [CrossRef] [PubMed]

	



Genchi, G.; Sinicropi, M.; Carocci, A.; Lauria, G.; Catalano, A. Mercury Exposure and Heart Diseases. Int. J. Environ. Res. Public Health 2017, 14, 74. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, A.; Li, S.; Zhou, Y.; Sun, D. Association Between Low-Level Blood Cadmium Exposure and Hyperuricemia in the American General Population: A Cross-sectional Study. Biol. Trace Elem. Res. 2021, 200, 560–567. [Google Scholar] [CrossRef] [PubMed]

	



Scinicariello, F.; Abadin, H.G.; Edward Murray, H. Association of low-level blood lead and blood pressure in NHANES 1999–2006. Environ. Res. 2011, 111, 1249–1257. [Google Scholar] [CrossRef] [PubMed]

	



Almeida Lopes, A.C.B.d.; Silbergeld, E.K.; Navas-Acien, A.; Zamoiski, R.; Martins, A.d.C.; Camargo, A.E.I.; Urbano, M.R.; Mesas, A.E.; Paoliello, M.M.B. Association between blood lead and blood pressure: A population-based study in Brazilian adults. Environ. Health 2017, 16, 27. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, J.A.; Kim, B.; Kim, E.; Kwon, K. Interaction between blood cadmium and lead concentration and physical activity on hypertension from the Korean national health and nutrition examination survey in 2008–2013. BMC Public Health 2023, 23, 703. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.-q.; He, G.-d.; Feng, Y.-q. The association of lead exposure with blood pressure and hypertension: A mediation analyses of estimated glomerular filtration rate. Environ. Sci. Pollut. Res. 2023, 30, 59689–59700. [Google Scholar] [CrossRef] [PubMed]

	



Yan, L.D.; Rouzier, V.; Pierre, J.L.; Lee, M.H.; Muntner, P.; Parsons, P.J.; Apollon, A.; St-Preux, S.; Malebranche, R.; Pierre, G.; et al. High Lead Exposure Associated With Higher Blood Pressure in Haiti: A Warning Sign for Low-Income Countries. Hypertension 2022, 79, 283–290. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.-Y.; Efremov, L.; Mujaj, B.; Zhang, Z.-Y.; Wei, F.-F.; Huang, Q.-F.; Thijs, L.; Vanassche, T.; Nawrot, T.S.; Staessen, J.A. Association of office and ambulatory blood pressure with blood lead in workers before occupational exposure. J. Am. Soc. Hypertens. 2018, 12, 14–24. [Google Scholar] [CrossRef] [PubMed]

	



Hara, A.; Thijs, L.; Asayama, K.; Gu, Y.-M.; Jacobs, L.; Zhang, Z.-Y.; Liu, Y.-P.; Nawrot, T.S.; Staessen, J.A. Blood Pressure in Relation to Environmental Lead Exposure in the National Health and Nutrition Examination Survey 2003 to 2010. Hypertension 2015, 65, 62–69. [Google Scholar] [CrossRef] [PubMed]

	



Den Hond, E.; Nawrot, T.; Staessen, J.A. The relationship between blood pressure and blood lead in NHANES III. J. Hum. Hypertens. 2002, 16, 563–568. [Google Scholar] [CrossRef] [PubMed]

	



Levine, M.E.; Lu, A.T.; Quach, A.; Chen, B.H.; Assimes, T.L.; Bandinelli, S.; Hou, L.; Baccarelli, A.A.; Stewart, J.D.; Li, Y.; et al. An epigenetic biomarker of aging for lifespan and healthspan. Aging 2018, 10, 573–591. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Liu, M.; Zhang, Y.; Wu, J.; Gao, M.; Huang, F.; Chen, H.; Zhu, Z. Serum HDL partially mediates the association between exposure to volatile organic compounds and kidney stones: A nationally representative cross-sectional study from NHANES. Sci. Total Environ. 2024, 907, 167915. [Google Scholar] [CrossRef] [PubMed]

	



Available online: https://www.heart.org/en/health-topics/high-blood-pressure/understanding-blood-pressure-readings (accessed on 5 June 2024).

	



Chen, Y.; Pan, Z.; Shen, J.; Wu, Y.; Fang, L.; Xu, S.; Ma, Y.; Zhao, H.; Pan, F. Associations of exposure to blood and urinary heavy metal mixtures with psoriasis risk among U.S. adults: A cross-sectional study. Sci. Total Environ. 2023, 887, 164133. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, L.; Jing, X.; Zhang, X.; Zhong, C.; Qiu, D.; Yan, Q.; Gao, Z. Mediation analysis of urinary metals and stroke risk by inflammatory markers. Chemosphere 2023, 341, 140084. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Kim, H.C.; Nam, C.; Lee, H.-Y.; Ahn, S.V.; Oh, Y.A.; Suh, I. Age-differential association between serum uric acid and incident hypertension. Hypertens. Res. 2018, 42, 428–437. [Google Scholar] [CrossRef] [PubMed]

	



Abete, P.; Parikh, J.D.; Hollingsworth, K.G.; Wallace, D.; Blamire, A.M.; MacGowan, G.A. Left ventricular functional, structural and energetic effects of normal aging: Comparison with hypertension. PLoS ONE 2017, 12, e0177404. [Google Scholar] [CrossRef]

	



Casso, A.G.; VanDongen, N.S.; Gioscia-Ryan, R.A.; Clayton, Z.S.; Greenberg, N.T.; Ziemba, B.P.; Hutton, D.A.; Neilson, A.P.; Davy, K.P.; Seals, D.R.; et al. Initiation of 3,3-dimethyl-1-butanol at midlife prevents endothelial dysfunction and attenuates in vivo aortic stiffening with ageing in mice. J. Physiol. 2022, 600, 4633–4651. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Zhao, L.; Zhou, X.; Meng, X.; Zhou, X. Role of inflammation, immunity, and oxidative stress in hypertension: New insights and potential therapeutic targets. Front. Immunol. 2023, 13, 1098725. [Google Scholar] [CrossRef] [PubMed]

	



Charkiewicz, A.E.; Backstrand, J.R. Lead Toxicity and Pollution in Poland. Int. J. Environ. Res. Public Health 2020, 17, 4385. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, J.L.; Rowe, J.H.; Garcia-de-Alba, C.; Kim, C.F.; Sharpe, A.H.; Haigis, M.C. The aging lung: Physiology, disease, and immunity. Cell 2021, 184, 1990–2019. [Google Scholar] [CrossRef] [PubMed]

	



Funk, M.C.; Zhou, J.; Boutros, M. Ageing, metabolism and the intestine. EMBO Rep. 2020, 21, e50047. [Google Scholar] [CrossRef] [PubMed]

	



Ravipati, E.S.; Mahajan, N.N.; Sharma, S.; Hatware, K.V.; Patil, K. The toxicological effects of lead and its analytical trends: An update from 2000 to 2018. Crit. Rev. Anal. Chem. 2019, 51, 87–102. [Google Scholar] [CrossRef] [PubMed]

	



Glassock, R.J.; Rule, A.D. Aging and the Kidneys: Anatomy, Physiology and Consequences for Defining Chronic Kidney Disease. Nephron 2016, 134, 25–29. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, K.; Zeng, Z.; Tian, Q.; Huang, J.; Zhong, Q.; Huo, X. Epidemiological evidence for the effect of environmental heavy metal exposure on the immune system in children. Sci. Total Environ. 2023, 868, 161691. [Google Scholar] [CrossRef] [PubMed]

	



Aramjoo, H.; Arab-Zozani, M.; Feyzi, A.; Naghizadeh, A.; Aschner, M.; Naimabadi, A.; Farkhondeh, T.; Samarghandian, S. The association between environmental cadmium exposure, blood pressure, and hypertension: A systematic review and meta-analysis. Environ. Sci. Pollut. Res. 2022, 29, 35682–35706. [Google Scholar] [CrossRef] [PubMed]

	



Martins, A.C.; Almeida Lopes, A.C.B.; Urbano, M.R.; Carvalho, M.d.F.H.; Silva, A.M.R.; Tinkov, A.A.; Aschner, M.; Mesas, A.E.; Silbergeld, E.K.; Paoliello, M.M.B. An updated systematic review on the association between Cd exposure, blood pressure and hypertension. Ecotoxicol. Environ. Saf. 2021, 208, 111636. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Zou, Y.; Leng, X.; Huang, F.; Huang, R.; Wijayabahu, A.; Chen, X.; Xu, Y. Associations of blood lead, cadmium, and mercury with resistant hypertension among adults in NHANES, 1999–2018. Environ. Health Prev. Med. 2023, 28, 66. [Google Scholar] [CrossRef] [PubMed]

	



He, P.; Yang, C.; He, D.; Zhao, S.; Xie, Y.; Wang, H.; Ma, J. Blood Lead, Systemic Inflammation, and Blood Pressure: Exploring Associations and Mediation Effects in Workers Exposed to Lead. Biol. Trace Elem. Res. 2020, 199, 2573–2581. [Google Scholar] [CrossRef] [PubMed]

	



Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, J.; Wang, M.; Wang, Y.; Sun, N.; Li, C. Lead exposure increases blood pressure by increasing angiotensinogen expression. J. Environ. Sci. Health Part A 2016, 51, 434–439. [Google Scholar] [CrossRef] [PubMed]

	



Franco, C.; Sciatti, E.; Favero, G.; Bonomini, F.; Vizzardi, E.; Rezzani, R. Essential Hypertension and Oxidative Stress: Novel Future Perspectives. Int. J. Mol. Sci. 2022, 23, 14489. [Google Scholar] [CrossRef]

	



Partridge, L.; Deelen, J.; Slagboom, P.E. Facing up to the global challenges of ageing. Nature 2018, 561, 45–56. [Google Scholar] [CrossRef] [PubMed]

	



Levin, R.; Zilli Vieira, C.L.; Rosenbaum, M.H.; Bischoff, K.; Mordarski, D.C.; Brown, M.J. The urban lead (Pb) burden in humans, animals and the natural environment. Environ. Res. 2021, 193, 110377. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 16 02144 g001] 





Figure 1. Flow chart of the population included in this study. 
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Figure 2. Sample density curves of lead concentrations among participants. (A) nonhypertension and hypertension; (B) normal SBP and abnormal SBP; (C) normal DBP and abnormal DBP. 
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Figure 3. Association between PhenoAgeAccel and hypertension, SBP, and DBP. 
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Figure 4. The weights of each blood heavy metal in positive WQS model regression. (A) Hypertension; (B) SBP; (C) DBP. 
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Figure 5. RCS model of blood lead levels and risks of hypertension, SBP, and DBP. (A) Hypertension; (B) SBP; (C) DBP. 
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Figure 6. Mediation effects of estimated blood lead on the associations of PhenoAgeAccel with hypertension, SBP, and DBP. Notes: ACME, average causal mediation effects (indirect effect); ADE, average direct effects. * p < 0.05, ** p < 0.01, and *** p < 0.001. (A) Hypertension; (B) SBP; (C) DBP. 
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Table 1. Baseline characteristics of participants (n = 4473).
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Characteristics

	
n (%)

	
p Value




	
Hypertension

	
DBP

	
SBP






	
Sex

	




	
 male

	
2247 (50.2)

	
0.104

	
<0.001

	
<0.001




	
 female

	
2226 (49.8)




	
Diabetes

	




	
 No

	
3705 (82.8)

	
<0.001

	
0.093

	
<0.001




	
 Yes

	
768 (17.2)




	
Drinking status

	




	
 No

	
806 (18.0)

	
0.824

	
<0.001

	
0.388




	
 Yes

	
3667 (82.0)




	
Age

	




	
 18–39

	
1490 (33.3)

	
<0.001

	
<0.001

	
<0.001




	
 40–59

	
1492 (33.4)




	
 ≥60

	
1491 (33.3)




	
Race

	




	
 White

	
1669 (37.3)

	
0.27

	
<0.001

	
0.454




	
 Black and others

	
2804 (62.7)




	
Education level

	




	
 Below high school

	
809 (18.1)

	
0.006

	
0.162

	
<0.001




	
 High school

	
1033 (23.1)




	
 Above high school

	
2631 (58.8)




	
Marital status

	




	
 Single/divorced/widowed/separated

	
1762 (39.4)

	
0.158

	
0.263

	
0.233




	
 Married/cohabited

	
2711 (60.6)




	
PIR

	




	
 <2

	
2047 (45.8)

	
0.313

	
0.616

	
0.907




	
 ≥2

	
2426 (54.2)




	
CHD

	




	
 No

	
4296 (96.0)

	
<0.001

	
0.015

	
<0.001




	
 Yes

	
177 (4.0)




	
Stroke

	




	
 No

	
4296 (96.0)

	
<0.001

	
0.218

	
<0.001




	
 Yes

	
177 (4.0)




	
Smoking status

	




	
 No

	
2492 (55.7)

	
<0.001

	
0.897

	
<0.001




	
 Yes

	
1981 (44.3)




	
BMI (kg/m2)

	




	
 <25

	
1158 (25.9)

	
<0.001

	
0.001

	
<0.001




	
 25–30

	
1410 (31.5)




	
 ≥30

	
1905 (42.6)




	
InPb

	




	
 Q1

	
1141 (25.5)

	
<0.001

	
<0.001

	
<0.001




	
 Q2

	
1101 (24.6)




	
 Q3

	
1130 (25.3)




	
 Q4

	
1101 (24.6)




	
InCd

	




	
 Q1

	
1121 (25.1)

	
<0.001

	
0.167

	
0.024




	
 Q2

	
1121 (25.1)




	
 Q3

	
1121 (25.1)




	
 Q4

	
1110 (24.8)




	
InHg

	




	
 Q1

	
1137 (25.4)

	
0.204

	
0.962

	
0.044




	
 Q2

	
1112 (24.9)




	
 Q3

	
1111 (24.8)




	
 Q4

	
1113 (24.9)




	
InMn

	




	
 Q1

	
1122 (25.1)

	
<0.001

	
0.526

	
<0.001




	
 Q2

	
1120 (25.0)




	
 Q3

	
1114 (24.9)




	
 Q4

	
1117 (25.0)




	
InSe

	




	
 Q1

	
1119 (25.0)

	
0.191

	
<0.001

	
0.352




	
 Q2

	
1118 (25.0)




	
 Q3

	
1119 (25.0)




	
 Q4

	
1117 (25.0)




	
PhenoAgeAccel

	




	
 No

	
2661 (59.5)

	
<0.001

	
0.056

	
<0.001




	
 Yes

	
1812 (40.5)











 





Table 2. Association between the mixture exposure of blood heavy metals and hypertension, SBP, and DBP by WQS and QGC analyses.
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Method

	
Hypertension

	
SBP

	
DBP




	
OR (95% Cl)

	
p-Value

	
OR (95% Cl)

	
p-Value

	
OR (95% Cl)

	
p-Value






	
WQS

	




	
Crude model

	
1.37 (1.27, 1.48)

	
<0.001

	
1.59 (1.46, 1.73)

	
<0.001

	
1.29 (1.15, 1.46)

	
<0.001




	
Adjusted model

	
1.35 (1.24, 1.48)

	
<0.001

	
1.53 (1.39, 1.68)

	
<0.001

	
1.28 (1.13, 1.46)

	
<0.001




	
QGC

	




	
Crude model

	
1.317 (1.178, 1.474)

	
<0.001

	
1.323 (1.18, 1.483)

	
<0.001

	
1.255 (1.105, 1.425)

	
<0.001




	
Adjusted model

	
1.385 (1.226, 1.565)

	
<0.001

	
1.352 (1.2, 1.524)

	
<0.001

	
1.288 (1.128, 1.471)

	
<0.001

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
o
>

Sample density

o
)

- Non hypertension - Hypertension

InPb

P <0.001

[ Normai sep [_] Abnormal sep

InPb

P <0.001

[ Normat pee ] Abnormai per

InPb

P <0.001






nav.xhtml


  nutrients-16-02144


  
    		
      nutrients-16-02144
    


  




  





media/file2.png
Total subjects in NHANES
2015-2018 (n=19,225)

V

Individuals with age >18
(n=11,848)

7

\

Without metal data missing missing
adults (n=8,007)

Vv

vV

Participants included in the
final analysis (n=4,473)

Excluded age < 18 individuals
(n=7,377)

4 )

Excluded hypertension/diastolic blood
pressure/systolic blood pressure data
missing individuals (n=580)

€ J

fectuded 3530 N

Missing education level (n=406)
Missing PIR (n=1,040)

Missing marital status(n=399)

Missing drinking status(n=2,379)
Missing coronary heart disease(n=422)
Missing stroke (n=4)

Missing smoking status (n=4)

Missing diabetes (n=6)

Missing BMI(n=137)

/






media/file13.png





media/file5.jpg
Depen