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Abstract
Background
To explore the association of low-level lead exposure with all-cause mortality and cardiovascular disease (CVD) mortality among hypertensive patients.

Methods
This cohort study enrolled 6453 adults with hypertension from the National Health and Nutrition Examination Survey 2003–2010 and followed mortality information through December 31, 2019. The baseline population were divided into four groups based on quartiles of blood lead levels (Q1: < 1.2 μg/dL, Q2: 1.2–1.6 μg/dL, Q3: 1.7–2.4 μg/dL, Q4: 2.5–4.9 μg/dL). The correlation of blood lead levels to mortality was investigated by Kaplan–Meier survival curves, restricted cubic spline (RCS), proportional hazard regression model, and subgroup analysis.

Results
During a median follow-up period of 136 (interquartile range 113, 164) months, a total of 1943 (30.1%) deaths were documented, among which 553 (28.5%) were due to CVD. Blood lead showed a linear dose–response relationship with all-cause and CVD mortality. After adequate adjusting for confounders, the risk of all-cause death rose by 23% for each unit increase in continuous variable blood lead (hazard ratio (HR): 1.23; 95% confidence interval (CI):1.16–1.30). When blood lead was a quartile group variable, participants in the Q 4 group had a 73% higher risk of death than those in the Q 1 group (HR:1.73; 95% CI: 1.43–2.10; P for trend < 0.001). The association for CVD mortality was analogous. The concordant results were achieved in the subgroup analysis.

Conclusion
Elevated blood lead levels were strongly associated with an increased all-cause and CVD mortality in adults with hypertension, even at the reference range of blood lead.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13690-023-01148-6.
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	Text box 1. Contributions to the literature

	
• The relatively low blood lead concentrations, one factor that is frequently overlooked in increasing the risk of death in American adults.

	
• The study showed that blood lead concentrations below the reference range (< 5 μg/dL) were still strongly associated with all-cause and cardiovascular disease mortality.

	
• These findings could contribute to the development of strategies to reduce mortality, such as strict control of lead in food and the environment.




Introduction
Lead is a widespread heavy metal with more complex effects on humans than other heavy metals because of its stable and non-degradable nature. Not only does lead play no useful role in the human body, but it also adversely affects multi-system organs, and even induces permanent damage [1, 2]. It has been well established that high levels of lead exposure strongly correlate with an increased prevalence of diseases in the cardiovascular, neurological, respiratory, reproductive and urinary systems, and even mortality in humans [1, 3–5]. The Centers for Disease Control and Prevention (CDC) has proposed that the reference blood lead level (BLL) for adults drops from less than 10 µg/dL to less than 5 µg/dL [6]. However, an increasing number of epidemiological studies have shown that the adverse health effects of lead persist even at low levels of exposure [6–10]. Several cross-sectional studies have shown that the BLL correlated with an increased prevalence of hypertension, both high-level and low-level lead exposure [11, 12]. Lead may exacerbate the damage to blood vessels through mechanisms such as enhancing oxidative stress and stimulating the renin–angiotensin–aldosterone system, with a consequent increased risk of hypertension, cardiovascular disease and kidney disease [13]. In hypertensive people, elevated blood lead can promote atherosclerosis and thrombosis, and even accelerate the occurrence of hypertension complications [14].
Published studies of the relationship between blood lead levels and mortality risk have shown inconsistent results. One study reported a J-shaped association between lead levels and all-cause mortality [15]. However, one study in patients with type 2 diabetes indicated a linear dose–response relationship between blood lead and all-cause and cardiovascular disease (CVD) mortality [16]. In addition, another study did not observe an association between blood lead concentration and CVD mortality [17]. Overall, the relationship between lead levels and mortality remains controversial. Heretofore most of the studies about the relationship between lead exposure and mortality have been based on high levels of lead, while few studies were on low levels and even fewer studies have been conducted in hypertensive populations. The association of low-level lead exposure with mortality in hypertensive patients has not been elucidated. Therefore, the purpose of this project was to elucidate the association between low levels of blood lead with all-cause and CVD mortality in hypertensive patients by analyzing nationally representative sample data conducted in the United States.

Materials and methods
Study population
The National Health and Nutrition Examination Survey (NHANES) is a program of studies based on the US population, conducted every two years, using a stratified multistage sampling design that combines interviews, questionnaires, physical examinations, and laboratory data to monitor the health and nutritional status of the U.S. population [18]. All procedures and protocols were approved by the National Center for Health Statistics Research Ethics Review Board, and informed consent was obtained from all participants (Ethical review batch number: Protocol #98–12, Protocol #2005–06, Continuation of Protocol #2005–06).
A total of 41,156 participants registered for the NHANES from 2003 to 2010 (four two-year cycles). Those aged < 20 years old (n = 18,983), no hypertension at baseline (n = 13,001), no blood pressure data (n = 806), no blood lead data or blood lead ≥ 5 μg/dL (n = 817), non-complete demographic and examination data (n = 633), non-complete laboratory and clinical data (n = 460), and no follow-up data (n = 3) were excluded, ultimately 6453 participants were enrolled in the study (Fig. 1).[image: ]
Fig. 1Selection flowchart of study participants from the National Health and Nutrition Examination Survey (NHANES) 2003–2010



Assessment of blood lead
Whole blood samples were processed, stored and transported to the CDC for standardized analysis and quality control. Blood lead concentrations were determined using inductively coupled plasma mass spectrometry [19]. The lower detection limit for blood lead was 0.25 μg/dL (2003–2010), and in the case of tests below the limit of detection, the value of blood lead was determined as the detection limit divided by the square root of two. More detailed descriptions of sample processing are available from the Laboratory Methods section of the web page.

Covariates
Covariate information was extracted from four separate sections: Demographic data, Examination data, Laboratory data, and Questionnaire data. Demographic information such as sex (Male and Female), age, race (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, and Other Race), poverty income ratio (PIR), and education level (High school or less, College or above) was gained through interviews and questionnaires. Blood pressure (BP) determinations (systolic and diastolic) and body measurements are taken in the Mobile Examination Center. Body mass index (BMI) was obtained after dividing weight (in kilograms) by the square of height (in meters). According to the BMI value, participants were classified as normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2), and obesity (30.0 kg/m2 and higher). Hypertension was defined as systolic BP ≥ 140 mm Hg, diastolic BP ≥ 90 mm Hg, using medications to lower BP, or the self-reported history of hypertension. Diabetes was defined as the self-reported history of diabetes, fasting plasma glucose ≥ 126 mg/dL, hemoglobin A1c ≥ 6.5%, or taking medications to lower blood sugar [20]. Hyperlipidemia was defined by LDL-cholesterol (≥ 130 mg/dL), HDL-cholesterol (male < 40 mg/dL or female < 50 mg/dL), triglycerides (≥ 200 mg/dL), total cholesterol (≥ 150 mg/dL), or taking medications to lower blood lipids [21]. CVD consist of congestive heart failure, coronary heart disease, and stroke. Medication use was obtained from the questionnaire, which included antihypertensive drugs, antidiabetic drugs, antihyperlipidemic drugs, and antiplatelet drugs. estimated Glomerular filtration Rate (eGFR) was calculated from the epidemiological equation of chronic kidney disease [22]. Smokers were defined as those who have smoked at least 100 cigarettes in their lifetime and are still smoking. Drinkers were those who had at least 12 drinks of any type of alcoholic beverage in any one year (1 drink was equal to 12 oz of beer, 4 oz of wine, or one ounce of liquor). More details of covariates are available by visiting https://​www.​cdc.​gov/​nchs/​nhanes/​index.​htm.

Outcomes and follow-up
The outcome events were all-cause death and CVD death. The follow-up period was defined as from the date of the interview to the date of death (for deceased persons) or to the end of the follow-up, i.e., 31 December 2019 (for persons still alive at the end of the study period). Participants who are assumed alive are assigned the number of person-months at the end of the mortality period, December 31, 2019. All-cause mortality means "mortality from all causes of death". The underlying cause of death code is coded according to the 10th revision of the International Statistical Classification of Diseases, Injuries, and Causes of Death (ICD-10). CVD deaths were coded I00-I09, I11, I13, I20-I51, and I60-I69. Public-use Linked Mortality Files are available from the National Center for Health Statistics (NCHS), and survey data from which have been linked to the National Death Index data containing information on mortality status, date of death, and cause of death.

Statistical analysis
Based on a complex sampling design, sample weights, and stratification were taken into account during statistical analysis. Subjects were classified into quartiles based on BLLs (Q1: < 1.2 μg/dL, Q2: 1.2–1.6 μg/dL, Q3: 1.7–2.4 μg/dL, Q4: 2.5–4.9 μg/dL). Continuous variables were represented as Means ± Standard Deviation or Median (interquartile), with categorical variables in frequency (percentage). The chi-square tests were performed for categorical variables, while Kruskal–Wallis tests were conducted for continuous variables to compare the baseline characteristics of patients in the blood lead quartile subgroup. Schoenfeld residuals showed that all covariables in this study were consistent with the proportional risk hypothesis (all P > 0.05). Cox proportional risk regression models were applied to assess the relationship between BLLs and all-cause mortality. Three models were constructed to gradually adjust for confounding factors: Model 1: Unadjusted model; Model 2: Adjusting for sex, age and race; Model 3: Confounders such as BMI, education level, systolic BP, diastolic BP, smoker, drinker, eGFR, diabetes, CVD, hyperlipidemia, antidiabetic drugs, antihypertensive drugs, antihyperlipidemic drugs, and antiplatelet drugs were further adjusted on the basis of Model 2. The adjusted covariates were based on confounding factors mentioned in previous literature, as well as variables that were meaningful for the univariate analysis. The Backward stepwise regression was used for model 3 to avoid multicollinearity. Kaplan–Meier survival curve and Log-rank test were used to compare the inter-group differences in survival between four groups. In addition, the dose–response relationship between blood lead with all-cause and CVD mortality was illustrated by the restricted cubic spline (RCS) plot. In the next step, we performed subgroup analysis and multiplicative interaction analysis stratified by age, sex, smoker, drinker, diabetes, CVD, hyperlipidemia, antidiabetic drugs, antihypertensive drugs, antihyperlipidemic drugs, and antiplatelet drugs. Data analysis was completed by Stata software (version 17.0) and R software (version 4.1.3), and a two-sided P value of 5% significance level was considered statistically significant.


Results
Baseline parameters
A total of 6453 hypertensive participants who were ≥ 20 years old with blood lead < 5 μg/dL were included in this study, with an average age of 60.1 ± 15.3 years, of whom 3222 (49.9%) were male. Participants were divided into four groups according to blood lead quartiles, and baseline characteristics are shown in Table 1. Participants in the Q4 group were more likely to be older, male, and non-Hispanic compared to participants in the Q1 group. These individuals with higher BLLs had lower BMI, PIR, and education levels, and a majority reported smoking and drinking history. In addition, patients with higher BLLs were more likely to have CVD and take anti-hyperlipidemia and antiplatelet medications.Table 1Weighted characteristics of the study population by blood lead quartiles, NHANES 2003–2010


	 	Blood lead (μg/dL)
	 
	Total
	Quartile 1
	Quartile 2
	Quartile 3
	Quartile 4
	P

	Patients, n
	6453
	1624
	1603
	1615
	1611
	 
	Age, n (%)
	 	 	 	 	 	 < 0.001

	 60
	2733 (42.4)
	961 (72.4)
	713 (58.3)
	591 (48.2)
	468 (40.6)
	 
	  ≥ 60
	3720 (57.6)
	663 (27.6)
	890 (41.7)
	1024 (51.8)
	1143 (59.4)
	 
	Sex, n (%)
	 	 	 	 	 	 < 0.001

	 Male
	3222 (49.9)
	573 (38.3)
	776 (50.3)
	868 (52.5)
	1005 (60.4)
	 
	 Female
	3231 (50.1)
	1051 (61.7)
	827 (49.7)
	747 (47.5)
	606 (39.6)
	 
	Body massing index, n (%)
	 	 	 	 	 	 < 0.001

	 Normal weight (< 25.0 kg/m2)
	1262 (19.6)
	225 (15.0)
	295 (18.7)
	335 (22.1)
	407 (25.9)
	 
	 Overweight (25.0 – 29.9 kg/m2)
	2183 (33.8)
	440 (26.6)
	527 (34.1)
	578 (35.2)
	638 (39.1)
	 
	 Obesity (≥ 30.0 kg/m2)
	3008 (46.6)
	959 (58.4)
	781 (47.2)
	702 (42.8)
	566 (35.0)
	 
	Systolic blood pressure, mmHg
	132.0(119.0, 144.0)
	127.0(117.0, 141.0)
	131.0(119.0, 144.0)
	133.0(121.0, 145.0)
	136.0(122.0, 148.0)
	 < 0.001

	Diastolic blood pressure, mmHg
	74.0(65.0, 83.0)
	74.0(66.0, 83.0)
	74.0(65.0, 83.0)
	74.0(65.0, 83.0
	73.0(64.0, 83.0)
	0.087

	Lead, μg/dL
	1.6(1.1, 2.3)
	0.9(0.7, 1.0)
	1.4(1.3, 1.5)
	2.0(1.8, 2.2)
	3.1(2.7, 3.7)
	 < 0.001

	Race, n (%)
	 	 	 	 	 	0.020

	 Mexican American
	980 (15.2)
	279 (5.8)
	244 (5.0)
	233 (5.0)
	224 (5.0)
	 
	 Other Hispanic
	365 (5.7)
	138 (4.1)
	93 (2.6)
	76 (2.8)
	58 (1.9)
	 
	 Non-Hispanic White
	3496 (54.2)
	852 (75.0)
	890 (77.0)
	897 (76.5)
	857 (73.2)
	 
	 Non-Hispanic Black
	1383 (21.4)
	296 (10.7)
	320 (10.5)
	352 (11.5)
	415 (14.6)
	 
	 Other Race
	229 (3.5)
	59 (4.4)
	56 (4.8)
	57 (4.3)
	57 (5.3)
	 
	Poverty income ratio, n (%)
	 	 	 	 	 	 < 0.001

	  < 1.3
	1866 (28.9)
	472 (19.1)
	415 (15.5)
	451 (18.7)
	528 (22.8)
	 
	 1.3—3.5
	2601 (40.3)
	632 (36.9)
	638 (38.6)
	649 (37.8)
	682 (42.2)
	 
	  > 3.5
	1986 (30.8)
	520 (44.0)
	550 (45.9)
	515 (43.5)
	401 (35.0)
	 
	Education Level, n (%)
	 	 	 	 	 	 < 0.001

	 High school or less
	3626 (56.2)
	827 (41.5)
	855 (44.0)
	930 (50.3)
	1014 (55.4)
	 
	 College or above
	2827 (43.8)
	797 (58.5)
	748 (56.0)
	685 (49.7)
	597 (44.6)
	 
	Smoker, n (%)
	 	 	 	 	 	 < 0.001

	 No
	5295 (82.1)
	1435 (87.4)
	1368 (84.8)
	1298 (79.5)
	1194 (71.60)
	 
	 Yes
	1158 (17.9)
	189 (12.6)
	235 (15.2)
	317 (20.5)
	417 (28.40)
	 
	Drinker, n (%)
	 	 	 	 	 	0.003

	 No
	2711 (42.0)
	750 (39.2)
	692 (35.8)
	626 (32.1)
	643 (33.7)
	 
	 Yes
	3742 (58.0)
	874 (60.8)
	911 (64.2)
	989 (67.9)
	968 (66.3)
	 
	Estimated glomerular filtration rate,ml/min/1.73 m 2
	 	 	 	 	 	 < 0.001

	  < 90
	3924 (60.8)
	740 (41.9)
	977 (58.9)
	1064 (63.1)
	1143 (69.3)
	 
	  ≥ 90
	2529 (39.2)
	884 (58.1)
	626 (41.1)
	551 (36.9)
	468 (30.7)
	 
	Diabetes, n (%)
	 	 	 	 	 	 < 0.001

	 No
	4707 (72.9)
	1086 (73.7)
	1158 (79.3)
	1224 (81.3)
	1239 (81.5)
	 
	 Yes
	1746 (27.1)
	538 (26.3)
	445 (20.7)
	391 (18.7)
	372 (18.5)
	 
	Hyperlipidemia, n (%)
	 	 	 	 	 	0.180

	 No
	1056 (16.36)
	269 (17.35)
	242 (15.35)
	251 (14.49)
	294 (17.48)
	 
	 Yes
	5397 (83.64)
	1355 (82.65)
	1361 (84.65)
	1364 (85.51)
	1317 (82.52)
	 
	Cardiovascular diseases, n (%)
	 	 	 	 	 	 < 0.001

	 No
	5113 (79.2)
	1385 (88.7)
	1294 (85.0)
	1243 (79.5)
	1191 (76.3)
	 
	 Yes
	1340 (20.8)
	239 (11.3)
	309 (15.0)
	372 (20.5)
	420 (23.7)
	 
	Cancer, n (%)
	 	 	 	 	 	0.130

	 No
	5541 (85.9)
	1425 (87.9)
	1372 (85.8)
	1384 (86.1)
	1360 (84.3)
	 
	 Yes
	912 (14.1)
	199 (12.1)
	231 (14.2)
	231 (13.9)
	251 (15.7)
	 
	Antihypertensive agents, n (%)
	 	 	 	 	 	0.180

	 No
	5387 (83.5)
	1334 (82.3)
	1308 (83.1)
	1346 (83.3)
	1399 (85.8)
	 
	 Yes
	1066 (16.5)
	290 (17.7)
	295 (16.9)
	269 (16.7)
	212 (14.2)
	 
	Antidiabetic agents, n (%)
	 	 	 	 	 	 < 0.001

	 No
	5291 (82.0)
	1242 (81.9)
	1307 (86.8)
	1345 (87.4)
	1397 (90.6)
	 
	 Yes
	1162 (18.0)
	382 (18.1)
	296 (13.2)
	270 (12.6)
	214 ( 9.4)
	 
	Antihyperlipidemic agents, n (%)
	 	 	 	 	 	 < 0.001

	 No
	4300 (66.6)
	1137 (73.4)
	1029 (68.0)
	1045 (66.0)
	1089 (68.1)
	 
	 Yes
	2153 (33.4)
	487 (26.6)
	574 (32.0)
	570 (34.0)
	522 (31.9)
	 
	Antiplatelet agents, n (%)
	 	 	 	 	 	 < 0.001

	 No
	5987 (92.8)
	1529 (96.3)
	1497 (95.1)
	1482 (92.5)
	1479 (93.3)
	 
	 Yes
	466 (7.2)
	95 (3.7)
	106 (4.9)
	133 (7.5)
	132 (6.7)
	 
	All cause mortality, n (%)
	 	 	 	 	 	 < 0.001

	 No
	4510 (69.9)
	1331 (86.5)
	1184 (79.5)
	1106 (74.4)
	889 (61.6)
	 
	 Yes
	1943 (30.1)
	293 (13.5)
	419 (20.5)
	509 (25.6)
	722 (38.4)
	 
	Cardiovascular disease mortality, n (%)
	 	 	 	 	 	 < 0.001

	 No
	5900 (91.4)
	1551 (96.4)
	1489 (94.5)
	1466 (92.7)
	1394 (88.8)
	 
	 Yes
	553 (8.6)
	73 ( 3.6)
	114 ( 5.5)
	149 ( 7.3)
	217 (11.2)
	 

Data shown as median (interquartile) or frequency (percentage)



During a median follow-up of 136 (Interquartile range: 113, 164) months, 1943 (30.1%) participants died, of which 553 were attributed to CVD. Participants in survival group were more likely to be younger, non-Hispanic black, and non-drinkers. They had higher level of BMI, PIR, education, diastolic BP and eGFR, lower level of systolic BP, and lower percentages of comorbidities (diabetes, CVD, and cancer) and medication use (antidiabetic drugs, antihyperlipidemic drugs, and antiplatelet drugs). No significant differences between groups were observed for sex, smoking history, and antihypertensive agents (Table 2).Table 2Weighted characteristics for the study population between death and survival group, NHANES 2003–2010


	 	Survival
	Total death
	P

	Cardiovascular death
	Non-cardiovascular death

	Patients, n
	4510
	553
	1390
	 
	Age, n (%)
	 	 	 	 < 0.001

	 60
	2472 ( 67.3)
	69 ( 17.8)
	192 ( 20.7)
	 
	  ≥ 60
	2038 ( 32.7)
	484 ( 82.2)
	1198 ( 79.3)
	 
	Sex, n (%)
	 	 	 	0.680

	 Male
	2181 ( 49.7)
	313 ( 50.8)
	728 ( 48.6)
	 
	 Female
	2329 ( 50.3)
	240 ( 49.2)
	662 ( 51.4)
	 
	Body massing index, n (%)
	 	 	 	 < 0.001

	 Normal weight (< 25.0 kg/m2)
	766 ( 18.1)
	130 ( 25.2)
	366 ( 26.3)
	 
	 Overweight (25.0 – 29.9 kg/m2)
	1466 ( 32.9)
	191 ( 29.9)
	526 ( 36.2)
	 
	 Obesity (≥ 30.0 kg/m2)
	2278 ( 49.0)
	232 ( 44.9)
	498 ( 37.5)
	 
	Systolic blood pressure, mmHg
	130.0(119.0, 143.0)
	138.0(123.0, 154.0)
	137.0(122.0, 151.0)
	 < 0.001

	Diastolic blood pressure, mmHg
	76.0(67.0, 84.0)
	66.0(58.0, 76.0)
	69.0(59.0, 78.0)
	 < 0.001

	Lead, μg/dL
	1.5(1.0, 2.1)
	2.0(1.4, 2.8)
	1.9(1.3, 2.7)
	 < 0.001

	Race, n (%)
	 	 	 	 < 0.001

	 Mexican American
	766 ( 5.8)
	52 ( 2.9)
	162 ( 3.4)
	 
	 Other Hispanic
	282 ( 3.2)
	22 ( 1.8)
	61 ( 2.1)
	 
	 Non-Hispanic White
	2224 ( 73.5)
	374 ( 82.7)
	898 ( 82.0)
	 
	 Non-Hispanic Black
	1050 ( 12.2)
	93 ( 10.0)
	240 ( 9.8)
	 
	 Other Race
	188 ( 5.3)
	12 ( 2.6)
	29 ( 2.7)
	 
	Poverty income ratio, n (%)
	 	 	 	 < 0.001

	  < 1.3
	1217 ( 16.8)
	187 ( 27.3)
	462 ( 25.6)
	 
	 1.3–3.5
	1705 ( 35.8)
	261 ( 49.4)
	635 ( 47.6)
	 
	  > 3.5
	1588 ( 47.4)
	105 ( 23.3)
	293 ( 27.8)
	 
	Education Level, n (%)
	 	 	 	 < 0.001

	 High school or less
	2364 ( 43.1)
	374 ( 64.4)
	888 ( 58.9)
	 
	 College or above
	2146 ( 56.9)
	179 ( 35.6)
	502 ( 41.1)
	 
	Smoker, n (%)
	 	 	 	0.670

	 No
	3683 ( 81.5)
	462 ( 82.9)
	1150 ( 80.8)
	 
	 Yes
	827 ( 18.5)
	91 ( 17.1)
	240 ( 19.2)
	 
	Drinker, n (%)
	 	 	 	 < 0.001

	 No
	2873 ( 69.8)
	252 ( 47.1)
	617 ( 47.7)
	 
	 Yes
	1637 ( 30.2)
	301 ( 52.9)
	773 ( 52.3)
	 
	Estimated glomerular filtration rate,ml/min/1.73 m 2
	 	 	 	 < 0.001

	  < 90
	2308 ( 49.91)
	476 ( 84.74)
	1140 ( 80.11)
	 
	  ≥ 90
	2202 ( 50.09)
	77 ( 15.26)
	250 ( 19.89)
	 
	Diabetes, n (%)
	 	 	 	 < 0.001

	 No
	3454 ( 82.2)
	356 ( 65.3)
	897 ( 67.9)
	 
	 Yes
	1056 ( 17.8)
	197 ( 34.7)
	493 ( 32.1)
	 
	Hyperlipidemia, n (%)
	 	 	 	0.900

	 No
	740 ( 16.2)
	85 ( 15.5)
	231 ( 16.4)
	 
	 Yes
	3770 ( 83.8)
	468 ( 84.5)
	1159 ( 83.6)
	 
	Cardiovascular diseases, n (%)
	 	 	 	 < 0.001

	 No
	3888 ( 88.7)
	304 ( 54.5)
	921 ( 67.4)
	 
	 Yes
	622 ( 11.3)
	249 ( 45.5)
	469 ( 32.6)
	 
	Cancer, n (%)
	 	 	 	 < 0.001

	 No
	4039 ( 89.3)
	449 ( 80.5)
	1053 ( 74.3)
	 
	 Yes
	471 ( 10.7)
	104 ( 19.5)
	337 ( 25.7)
	 
	Antihypertensive agents, n (%)
	 	 	 	0.290

	 No
	3760 ( 83.9)
	456 ( 80.7)
	1171 ( 82.9)
	 
	 Yes
	750 ( 16.1)
	97 ( 19.3)
	219 ( 17.1)
	 
	Antidiabetic agents, n (%)
	 	 	 	 < 0.001

	 No
	3811 ( 88.8)
	416 ( 76.1)
	1064 ( 79.4)
	 
	 Yes
	699 ( 11.2)
	137 ( 23.9)
	326 ( 20.6)
	 
	Antihyperlipidemic agents, n (%)
	 	 	 	 < 0.001

	 No
	3184 ( 72.5)
	308 ( 54.4)
	808 ( 59.1)
	 
	 Yes
	1326 ( 27.5)
	245 ( 45.6)
	582 ( 40.9)
	 
	Antiplatelet agents, n (%)
	 	 	 	 < 0.001

	 No
	4307 ( 96.5)
	464 ( 85.5)
	1216 ( 88.8)
	 
	 Yes
	203 ( 3.5)
	89 ( 14.5)
	174 ( 11.2)
	 

Data shown as median (interquartile) or frequency (percentage)




Survival curve
Figure 2 shows the Kaplan–Meier survival curves stratified by BLL. With the increase of BLL, the survival probability of patients gradually decreases. Regarding all-cause mortality (Fig. 2A) and CVD mortality (Fig. 2B), the risk of death was lowest in group Q1 and highest in group Q4, with both log-rank tests demonstrating statistically significant differences between groups (all P for log-rank < 0.001).[image: ]
Fig. 2Kaplan–Meier survival curves for all-cause (A) and cardiovascular disease mortality (B) according to blood lead categories among patients with hypertension (≥ 20 years old) in NHANES 2003—2010



Association of blood lead with mortality
As shown in Table 3, proportional risk regression models were performed to assess the relationship between BLLs and with all-cause and CVD mortality. In the fully adjusted model 3, the risk of all-cause mortality increased by 23% for each 1-unit increase in the continuous variable blood lead; When blood lead was quartile grouped, the HR (95% CI) for all-cause mortality were 1.21 ( 0.99–1.48), 1.26 ( 1.05–1.52), and 1.73 ( 1.43–2.10) for the Q2, Q3, and Q4 groups, respectively. In brief, BLLs were positively associated with all-cause mortality in fully adjusted model 3, either as a continuous or categorical variable (all P for trend < 0.05). In a similar way, BLLs were positively associated with CVD mortality when it was considered as a continuous variable (HR: 1.34; 95%CI: 1.21–1.48). When BLL quartiles were treated as a categorical variable, the HR (95% CI) for CVD mortality was 1.22 ( 0.87- 1.72), 1.32 ( 0.95–1.83) and 2.00 ( 1.47–2.73) for groups Q2, Q3, and Q4 respectively, compared with group Q1. The increased risk of CVD death in the Q2 and Q3 group were not significant.Table 3Multivariate Cox regression analysis for the relationship between blood lead levels with all-cause and cardiovascular disease mortality


	 	Model 1 HR(95%CI) P
	Model 2 HR(95%CI) P
	Model 3 HR(95%CI) P

	All-cause mortality

	 Continuous
	1.46 ( 1.40, 1.52) < 0.001
	1.25 ( 1.19, 1.30) < 0.001
	1.23 ( 1.16, 1.30) < 0.001

	 Lead quartiles

	  Q1
	1.0
	1.0
	1.0

	  Q2
	1.51 ( 1.21, 1.89) < 0.001
	1.14 ( 0.93, 1.39) 0.22
	1.21 ( 0.99, 1.48) 0.06

	  Q3
	1.94 ( 1.61, 2.33) < 0.001
	1.21 ( 1.00, 1.46) 0.05
	1.26 ( 1.05, 1.52) 0.01

	  Q4
	3.06 ( 2.61, 3.60) < 0.001
	1.75 ( 1.47, 2.08) < 0.001
	1.73 ( 1.43, 2.10) < 0.001

	  p for trend
	 < 0.001
	 < 0.001
	 < 0.001

	Cardiovascular disease mortality

	 Continuous
	1.60 ( 1.48, 1.72) < 0.001
	1.35 ( 1.24, 1.48) < 0.001
	1.34 ( 1.21, 1.48) < 0.001

	 Lead quartiles

	  Q1
	1.0
	1.0
	1.0

	  Q2
	1.59 ( 1.11, 2.26) 0.01
	1.13 ( 0.80, 1.60) 0.47
	1.22 ( 0.87, 1.72) 0.24

	  Q3
	2.20 ( 1.64, 2.96) < 0.001
	1.26 ( 0.93, 1.72) 0.14
	1.32 ( 0.95, 1.83) 0.09

	  Q4
	3.83 ( 2.91, 5.05) < 0.001
	2.01 ( 1.51, 2.67) < 0.001
	2.00 ( 1.47, 2.73) < 0.001

	  p for trend
	 < 0.001
	 < 0.001
	0.005


HR Hazard Ratio, CI Confidence interval
Model 1: Unadjusted model
Model 2: Adjusted for sex, age and race
Model 3: Confounders such as body mass index, education level, poverty income ratio, systolic blood pressure, diastolic blood pressure, smoker, drinker, estimated glomerular filtration rate, diabetes, cardiovascular disease, hyperlipidemia, cancer, antidiabetic drugs, antihypertensive drugs, antihyperlipidemic drugs, and antiplatelet drugs, were further adjusted on the basis of Model 2



The dose–response relationship between low levels of blood lead and mortality was explored with restrictive cubic spline plots, and linear relationships (all P for non-linear > 0.05) were observed as shown in Fig. 3.[image: ]
Fig. 3Adjusted cubic spline model of the associations between blood lead with all-cause (A) and cardiovascular disease mortality (B) among patients with hypertension (≥ 20 years old) in NHANES 2003–2010. Adjusted for age (< 60 or ≥ 60 years), sex (male or female), race (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Other Race), body mass index (normal weight: 18.5—24.9 kg/m2, overweight: 25.0—29.9 kg/m2, and obesity: ≥ 30.0 kg/m2), baseline systolic blood pressure (contious), baseline diastolic blood pressure (contious), estimated Glomerular filtration rate (< 90 or ≥ 90 ml/min per 1.73m2), education level (high school or less, college or above), poverty income ratio (< 1.3, 1.3—3.5, > 3.5), smoker (yes or no), drinker (yes or no), diabetes (yes or no), cardiovascular disease (yes or no), hyperlipidemia (yes or no), antidiabetic drugs (yes or no), antihypertensive drugs (yes or no), antihyperlipidemic drugs (yes or no), and antiplatelet drugs (yes or no)



Subgroup analysis
In subgroup analyses, we adjusted for age (< 60 or ≥ 60 years), sex (male or female), race (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, other race), body mass index (normal weight: 18.5–24.9 kg/m2, overweight: 25.0–29.9 kg/m2, and obesity: ≥ 30.0 kg/m2), education level (high school or less, college or higher), PIR, smoker (yes or no), drinker (yes or no), diabetes (yes or no), CVD (yes or no), hyperlipidemia (yes or no), antihypertensive agents (yes or no), antidiabetic drugs (yes or no), antihyperlipidemic drugs (yes or no), and antiplatelet drugs (yes or no), except as stratified variables for subgroup analysis. As shown in Fig. 4A, the effect of blood lead on all-cause mortality was altered by age and antidiabetic drugs, indicating that lead significantly increased the risk of all-cause mortality in patients who were < 60 years old (HR: 1.38; 95% CI: 1.21, 1.59; P for interaction: 0.003) and without a history of glucose-lowering medication (HR: 1.25; 95% CI: 1.18–1.34; P for interaction: 0.022). Meanwhile, subgroup analysis was performed to explore the relationship between blood lead and CVD mortality, and there was no interaction between any of the factors and blood lead as shown in Fig. 4B (all P for interaction > 0.05). Furthermore, threshold effects analysis were performed by subgroups of age and antidiabetic drugs (Table S1-S2). In addition, RCS curves were applied to show dose–response relationships of lead levels with all-cause mortality in subgroups of age and antidiabetic medications (Figure S1-2).[image: ]
Fig. 4The subgroup analysis of the associations (hazard ratios, 95% CI) between blood lead concentrations and all-cause mortality (A) and cardiovascular disease mortality (B) among patients with hypertension in NHANES 2003–2010. CI, Confidence interval. HR (95% CI) based on Cox risk proportional regression analysis. Adjusted for age, sex, race, body mass index, baseline systolic blood pressure, baseline diastolic blood pressure, estimated Glomerular filtration rate, education level, poverty income ratio, smoker, drinker, diabetes, cardiovascular disease, hyperlipidemia, cancer, antidiabetic drugs, antihypertensive drugs, antihyperlipidemic drugs, and antiplatelet drugs




Discussion
In this nationally representative longitudinal cohort study, we analyzed data from 6453 adults with hypertension and found that higher blood lead concentrations were associated with a higher prevalence of diabetes and CVD. BLLs were linearly and positively associated with the risk of all-cause and cardiovascular disease mortality even at the reference range of blood lead. In addition, age and hypoglycemic medications interacted significantly with the association between blood lead and risk of all-cause mortality.
Numerous studies based on different populations have shown that lead concentration is an independent risk factor for all-cause and CVD mortality. A longitudinal study of aging males in the Boston area of Massachusetts showed that those with high levels of bone lead (> 35 μg/g) had a 1.52-fold increased risk of all-cause death (HR: 2.52; 95% CI:1.17—5.41) and a 4.63-fold increased risk of cardiovascular death (HR: 5.63; 95% CI:1.73 -18.30) over an average of 8.9 years of follow-up compared with those with low levels of bone lead (< 22 μg/g) [23]. Another cohort study of 18,602 U.S. adults ≥ 40 years old followed for a median of 6.2 years found that log-transformed blood lead was linearly associated with increased CVD mortality [24]. Shi et al. reported a linear relationship between dietary lead intake and all-cause mortality after 9.8 years of follow-up of 2832 Chinese adults [25]. Our findings are partially consistent with the conclusions of the above studies. It can be concluded from the above studies that high levels of lead will increase the risk of death, but there is no unified conclusion on the specific dose–response relationship between lead level and mortality within the previously considered safe range. Lanphear et al. reported that for adults with blood lead concentrations < 5 μg/dL, BLL showed the same increasing trend with all-cause mortality and CVD mortality after 19.3 years of follow-up [26]. Our results were in agreement with their views. Garam Byun et al. investigated the relationship between BLLs (< 10 μg/dL) and mortality in 7308 Korean adults and found that the relationship between BLL and mortality was similar to an inverted U- shape, which was inconsistent with our results [27]. The differences could be explained by differences in study population, follow-up time, and adjustment factors.
It is interesting to note that age and antidiabetic drugs interacted with BLL. In the subgroup analysis, the effect of blood lead on all-cause mortality appeared to be more evident in patients who were not receiving antidiabetic drug protection at baseline. The possible reasons are as follows. Lead can induce oxidative stress and chronic inflammationin the body, leading to cell apoptosis and metabolic disorders of tissues and organs [28]. On the one hand, some antidiabetic drugs, such as metformin and dapagliflozin, can antagonize oxidative stress, diminish inflammatory responses, and improve vascular endothelial function by modulating multiple pathways and play a protective role in the heart, brain, kidney, and other important organs [29, 30]. On the other hand, previous studies have supported that glucose-lowering drugs may reduce the incidence of cancer and associated mortality, which was one of the leading causes of death in hypertensive patients in this study [31, 32]. In addition, the development and severity of hypertension can be slowed by diabetes medication in several ways that have been confirmed by previous studies [33, 34]. As mentioned above, the risk of death was relatively lower in patients using antidiabetic drugs than those not. Hypoglycemic drugs can not only control blood sugar, but also improve complications. Another finding of the subgroup analysis was that the effect of BLL on all-cause mortality was enhanced at age < 60 years. The result is consistent with previous researches. One study reported that the effect of lead on all-cause and on CVD mortality was greater in people younger than 50 years than in older adults [35]. Liu et al. found that the risk of all-cause mortality was significantly higher in patients < 60 years than in patients ≥ 60 years (HR 3.01,95% CI 2.02–4.47 vs 1.31,1.04–1.65), but the interaction was not significant [16]. There is still no exact mechanism to explain this result.
Potential mechanisms of the relationship between lead exposure and mortality in hypertensive patients are as follows. Both animal and human studies have demonstrated that lead exposure can lead to hypertension by increasing renin–angiotensin–aldosterone system reactivity, reducing prostacycline production, and enhancing oxidative stress [1, 9, 36–38]. The antioxidant capacity of hypertensive patients is decreased, and the level of oxidants is increased, which further accelerates the oxidative stress response and eventually leads to mitochondrial damage and cell apoptosis [39, 40]. In addition, NHANES surveys reported that low-level lead exposure was positively correlated with the risk of dyslipidemia (TC, LDL-C, non-HDL-C) in adults, which can lead to endothelial dysfunction and atherosclerosis [41, 42]. In addition, the cardiotoxicity of lead is also reflected in affecting myocardial contractility, damaging the regulation of cardiac excitability and changing the activity of autonomic nervous system. More research is needed to clarify the underlying mechanism in the future.

Strengths and limitations
The strengths of this study include prospective design, large sample size, and the nationally representative sample of adults with hypertension in the United States. In addition, the data were collected and analyzed in strict compliance with the NHANES protocol, which makes our results more reliable. However, there are some limitations. First of all, the exclusion of patients with missing information on inclusion indicators may lead to selection bias. Secondly, we only analyzed the BLL at the baseline, which may change dynamically over time. Thirdly, residual confounders have not been eliminated, although a large number of potential confounders have been adjusted.

Conclusion
We found that for hypertensive patients, higher BLLs were associated with an increased risk of all-cause and CVD mortality in linear dose–response forms, even at the reference range. It remains vital for adults to reduce or eliminate lead exposure.
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416
137

308
245

464
89

1.38 (1.21, 1.59)
1.18 (1.1, 1.25)

1.27 (1.19, 1.35)
1.19 (1.08, 1.31)

1.18 (1.1, 1.26)
1.44 (1.24,1.68)

1.17 (1.08, 1.26)
1.29 (1.18, 1.41)

1.23(1.16,1.31)
1.19 (1.08, 1.31)

1.27 (1.1, 1.45)
1.21(1.12,1.31)

1.24 (1.17,1.32)
1.18 (1.07, 1.29)

1.24 (1.16,1.32)
1.21(1.02, 1.44)

1.25(1.18, 1.34)
1.09 (0.97, 1.24)

1.21 (1.13, 1.30)
1.25 (1.14, 1.38)

1.23(1.15, 1.30)
1.24 (1.03, 1.50)

1.47 (1.17, 1.85)
1.29 (1.15, 1.44)

1.42 (1.23,1.63)
1.27 (1.06, 1.52)

1.29 (1.14, 1.46)
1.44 (1.07, 1.94)

1.22 (1.04, 1.44)
1.4 (1.23,1.67)

1.36 (1.21, 1.52)
1.28 (1.07, 1.54)

1.27 (0.97, 1.66)
1.32(1.16, 1.51)

1.40 (1.23,1.58)
1.21(1.03, 1.42)

1.35(1.21,1.51)
1.34 (0.98, 1.82)

1.41(1.26, 1.57)
1.06 (0.80, 1.39)

1.29 (1.12, 1.49)
1.38 (1.15, 1.66)

1.32 (119, 1.46)
1.56 (1.13, 2.15)

Pfor interation
0.003

0.638

0.217

0.116

0.596

0.954

0.233

0.725

0.022

0.367

0.387

P for interation
0.758

0.797

0.111

0.717

0.1

0.719

0.057

0.468

0.809

0.967

0.261
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