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Background: Cadmium is a commonly found heavy metal with a prolonged biological half-life, which results in long-term health burden for the population. Prior studies have demonstrated an association between blood cadmium and hypertension. However, few studies examined the relationship between blood cadmium and long-term health outcomes in patients with hypertension. This study aimed to investigate the association of blood cadmium with mortality in patients with hypertension.

Methods: This study analyzed data from the National Health and Nutrition Examination Survey 1999–2012. Complex sampling-weighted multivariate Cox proportional hazards models were used to evaluate the hazard ratios (HRs) of all-cause, cardiovascular, and Alzheimer’s disease mortality in patients with hypertension classified by blood cadmium concentrations’ quantiles.

Results: The study included 12,208 patients with hypertension with a median follow-up duration of 10.8 years. During this period, there were 4,485 all-cause deaths, including 1,520 cardiovascular deaths and 180 Alzheimer’s disease deaths. Compared with the lowest quintile of blood cadmium (≤0.25 μg/L) group, the highest quintile of blood cadmium (≥0.80 μg/L) group’s adjusted HRs were 1.85 (95% CI, 1.59–2.14) for all-cause mortality, 1.76 (95% CI, 1.33–2.34) for cardiovascular mortality, and 3.41 (95% CI, 1.54–7.51) for Alzheimer’s disease mortality. Additionally, the adjusted HR for cardiovascular mortality was 2.12 (95% CI, 1.36–3.30) in never-smoking patients with hypertension.

Conclusion: Higher blood cadmium is associated with increased risks of all-cause, cardiovascular, and Alzheimer’s disease mortality in patients with hypertension. The effect of blood cadmium on cardiovascular mortality may be more pronounced in never-smoking hypertensive patients.
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Introduction

Cadmium is a common toxic heavy metal that is widely present in the environment. It has an extremely long biological half-life in both the environment (approximately 10–30 year) and the human body (greater than 20 years), leading to a long-term health burden (1–3). The exposure of cadmium mainly occurs through industrial production (e.g., mining, metallurgical industries, and manufacturers of nickel-Cd batteries) (4), tobacco smoking, ambient air (5), and foods (6). Although exposure levels have decreased in recent years, cadmium still has a significant impact on various health status, including cardiovascular diseases, diabetes, cognitive dysfunction, Alzheimer’s disease, kidney injury, arthritis, and cancer (3, 7–12). Since the 1950s, multiple studies have suggested an association between cadmium and blood pressure and hypertension (13–17). A recent meta-analysis reconfirmed the positive association between blood cadmium and hypertension (18). In addition, some studies have shown the effect of cadmium exposure on mortality (19–26). Previous studies mostly focus on the general population (20, 22–24). And several studies have focused on cadmium-contaminated areas (25, 26). However, few studies have investigated the association between blood cadmium and long-term health outcomes in high-risk populations who had already suffered from related diseases (e.g., patients with hypertension). There is an urgent need to generate more scientific evidence on the relationship between cadmium exposure and mortality in high-risk populations to raise public awareness of cadmium exposure reduction. Therefore, this study aimed to evaluate the association of blood cadmium with all-cause and cause-specific mortality in patients with hypertension, which may provide reference for the long-term adverse health effects of cadmium exposure, especially in high-risk population.



Methods


Study participants

The National Health and Nutrition Examination Survey (NHANES) is a program designed to assess the health and nutritional status of the US population (27). The US National Center for Health Statistics (NCHS) is responsible for producing vital and health statistics by using a stratified, multi-stage probability sampling design that ensures participants are representative of the civilian deinstitutionalized population of the United States (27). The NHANES protocol has been approved by the NCHS Research Ethics Review Board, and written informed consent has been obtained from each participant (28).

For this study, we obtained data on NHANES participants between 1999 and 2012. Since there were few mortality-related cases under the age of 40, we focused on participants aged 40 years or older with hypertension at baseline, resulting in a total of 14,664 participants. Hypertension was defined as measured systolic blood pressure (SBP) ≥ 140 mmHg or/and diastolic blood pressure (DBP) ≥ 90 mmHg, or/and previous diagnosis of hypertension, or/and taking antihypertensive prescription. We excluded patients with missing information on blood cadmium (n = 1,354), missing blood pressure data (n = 428), lacking follow-up data (n = 11), and missing information on potential confounding variables (n = 663). This left us with a final sample size of 12,208 participants for analysis (Figure 1).
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FIGURE 1
 Flowchart of participants selection.




Measurement of blood cadmium

Whole blood specimens are processed, stored, and shipped to the Division of Laboratory Sciences, National Center for Environmental Health, and Centers for Disease Control and Prevention for analysis. Blood cadmium was determined using a PerkinElmer Model SIMAA 6000 simultaneous multi-element atomic absorption spectrometer with Zeeman background correction in NHANES 1999–2002 and using inductively coupled plasma mass spectrometry in NHANES 2003–2012 (27).

The extremely high and low values were verified by NCHS staff carefully, and numerous consistency checks were performed. The limit of detection (LOD) for blood cadmium was 0.1–0.2 μg/L. Blood cadmium below LOD was replaced with a value equal to LOD divided by the square root of two. Blood cadmium below LOD were found in 12% of participants overall (n = 1,488), which did not affect grouping according to quintile.



Outcome ascertainment

The NHANES linked mortality data used in this study were updated with follow-up data through December 31, 2019 (29). All-cause death was defined as death from any cause. According to the International Classification of Diseases, 10th revision (ICD-10), cardiovascular death was defined as death due to diseases of heart (I00-I09, I11, I13, and I20–I51) and cerebrovascular diseases (I60–I69) (30). Alzheimer’s disease death was defined as death due to Alzheimer’s disease (G30).



Covariate assessment

The following variables were obtained through the interview questionnaire: age, sex, race/ethnicity, educational level, smoking status, medical conditions (including hypertension, diabetes, asthma, heart failure, coronary heart disease, stroke, emphysema, chronic bronchitis, liver condition, and cancer), and antihypertensive medication use. The following variables were measured according to standard protocols: body mass index (BMI; calculated as weight in kilograms divided by height in meters squared), blood pressure, total cholesterol, triglycerides, high density lipoprotein, serum creatinine, uric acid, and cotinine. The estimated glomerular filtration rate (eGFR) was calculated by the Chronic Kidney Disease Epidemiology Collaboration equation (31). Obese was defined as BMI ≥ 30 kg/m2. Optimal blood pressure was defined as SBP < 140 mmHg and DBP < 90 mmHg.



Statistical analysis

Given that the NHANES data used in this study were not simple random samples, appropriate weights were used for each analysis based on the selected variables, as recommended by the US Centers for Disease Control and Prevention (32). Continuous variables were expressed as mean ± standard error (mean ± SE), and comparisons between groups were made by analysis of variance. Categorical variables were expressed as percentages, and comparisons between groups were made by the chi-square test. Complex sampling-weighted multivariate Cox models were applied to investigate the hazard ratio (HR) and 95% confidence interval (CI) between blood cadmium and mortality. Model 1 was adjusted for age, sex, race/ethnicity, and education level. Model 2 was further adjusted for BMI, eGFR, SBP, DBP, total cholesterol, triglycerides, high-density lipoprotein, and disease conditions (heart failure, coronary heart disease, stroke, diabetes, and cancer). Model 3 was further adjusted for serum cotinine and smoking status (never, former, or current smoker). Based on model 3, subgroup analyses were stratified by gender, age, BMI, blood pressure control, eGFR, and smoking status. Interactions between blood cadmium (lowest and highest quintiles) and stratification factors were assessed. Restricted cubic spline regression was used to explore the dose–response association of blood cadmium and mortality. Furthermore, we performed sensitivity analysis by using the random forest imputation method to interpolate values of blood cadmium below LOD and missing variables. All statistical analyses were performed using R version 4.1.2 (R Project for Statistical Computing). p < 0.05 was regarded as statistically significant for all tests.




Results


Baseline characteristics

In this study, a total of 12,208 patients with hypertension aged 40 years or older were included. During a median follow-up of 10.8 years (interquartile range [IQR], 7.9–14.4), 4,485 all-cause deaths occurred, including 1,520 cardiovascular deaths and 180 Alzheimer’s disease deaths. The range and percentage of blood cadmium below the limit of detection were 0.1–0.2 μg/L and 12.2%, respectively. The baseline characteristics of the patients grouped according to blood cadmium quintiles were listed in Table 1. Participants with higher blood cadmium levels were more likely to be older, female, non-Hispanic black, non-obese, and current smokers. They also had lower education levels, lower triglycerides, lower eGFR, lower DBP, and higher SBP, higher total cholesterol, and higher high-density lipoprotein levels. In addition, participants with higher blood cadmium levels had a lower prevalence of diabetes but a higher prevalence of cardiovascular diseases (heart failure, coronary heart disease, and stroke).



TABLE 1 Participants baseline demographic and clinical characteristics.
[image: Table1]



Association of blood cadmium with mortality

Table 2 presented survey-weighted Cox regression results. The multivariate adjusted model 3 showed that blood cadmium was positively associated with all-cause, cardiovascular, and Alzheimer’s disease mortality in participants. Compared with participants in the lowest quintile (≤0.25 μg/L) of blood cadmium, participants in the highest quintile (≥0.8 μg/L) had HRs of 1.85 (95% CI, 1.59–2.14) for all-cause mortality, 1.76 (95% CI, 1.33–2.34) for cardiovascular mortality, and 3.41 (95% CI, 1.54–7.51) for Alzheimer’s disease mortality. Moreover, the effect of blood cadmium on mortality may be in a dose-dependent manner.



TABLE 2 Hazard ratios for all-cause, cardiovascular and Alzheimer’s disease mortality of all participants, stratified by blood cadmium.
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Dose–response curves for blood cadmium and mortality

The restricted cubic spline analysis showed a dose–response association between blood cadmium and all-cause, cardiovascular, and Alzheimer’s disease mortality (Figure 2), which was consistent with the weighted Cox regression results. We observed a non-linear association for all-cause (p < 0.001, Nonlinear p < 0.001) and cardiovascular mortality (p < 0.001, Nonlinear p = 0.027), with adjusted HRs steeper at lower blood cadmium concentrations than at higher concentrations. For Alzheimer’s disease mortality, the association was close to a linear correlation (p = 0.055, Nonlinear p = 0.863).

[image: Figure 2]

FIGURE 2
 Dose–response curves for concentrations of blood cadmium and mortality. (A) All-cause mortality. (B) Cardiovascular mortality. (C) Alzheimer’s disease mortality.




Subgroup analysis

The results of subgroup analysis according to multivariate adjusted model 3 showed that the significant association between blood cadmium and mortality still existed in most subgroups (Supplementary Table 1). The adjusted HRs of the highest quintile of blood cadmium compared with the lowest quintile of blood cadmium and interactions in subgroups were shown in Figure 3. For all-cause mortality, there was a significant interaction between age and blood cadmium (p = 0.048). The HR of the highest blood cadmium quintile compared to the lowest blood cadmium quintile in middle-aged (40–59 years) participants was 2.64 (95% CI, 1.72–4.06), while the HR of older participants (≥60 years) was only 1.66 (95% CI, 1.44–1.90). For cardiovascular mortality, there was no statistical significance in the Cox regression results of the blood cadmium quintiles of the current smokers (the highest quintile of blood cadmium, HR 1.18 [95% CI, 0.21–6.76]) or former smokers (the highest quintile of blood cadmium, HR 1.31 [95% CI, 0.83–2.08]). But blood cadmium was significantly associated with an increased risk of cardiovascular mortality in never-smoking participants (the highest quintile of blood cadmium, HR 2.12 [95% CI, 1.36–3.30]). For Alzheimer’s disease mortality, the HR of the highest blood cadmium quintile was higher in non-obese participants (HR 3.91 [95% CI, 1.71–8.97]) compared to obese participants (HR 2.31 [95% CI, 0.31–17.14]).

[image: Figure 3]

FIGURE 3
 The adjusted HRs of the highest quintile of blood cadmium compared with the lowest quintile of blood cadmium in subgroups (gender, age, BMI, blood pressure control, eGFR, and smoking status). (A) All-cause mortality. (B) Cardiovascular mortality. (C) Alzheimer’s disease mortality.




Association of blood cadmium with mortality in sensitivity analysis

As shown in Supplementary Figure 1, triglycerides exhibited the highest proportion of missing data (11.26%, n = 1,650). Therefore, we conducted imputation for blood cadmium below LOD and missing variables. Supplementary Table 2 presented a similar positive association of blood cadmium with all-cause, cardiovascular and Alzheimer’s disease mortality. Compared to participants in the lowest quintile (≤0.25 μg/L) of blood cadmium, those in the highest quintile (≥0.8 μg/L) had the HRs of 1.76 (95%CI, 1.54–2.01) for all-cause mortality, 1.82 (95%CI, 1.44–2.31) for cardiovascular mortality and 2.57 (95%CI, 1.33–4.98) for Alzheimer’s disease mortality. Supplementary Figure 2 demonstrated the significant dose–response association of blood cadmium with all-cause and cardiovascular mortality after the interpolation.




Discussion

Our study suggests that blood cadmium levels are linked to higher risks of all-cause, cardiovascular, and Alzheimer’s mortality in patients with hypertension, even after adjusting for smoking status and cotinine concentrations. Moreover, a positive dose–response curve was observed between blood cadmium and mortality. Notably, in patients with low blood cadmium levels, the risks associated with elevated blood cadmium were even more pronounced. Furthermore, the effect of blood cadmium on cardiovascular mortality was more significant in never-smoking patients with hypertension than in smoking patients with hypertension.

Many previous studies have investigated the association of blood cadmium and mortality. Nawrot et al. (33) found that blood cadmium was associated with all-cause and non-cardiovascular mortality in a population with relatively high cadmium exposure. Several NHANES studies have suggested that blood cadmium is associated with all-cause, cardiovascular, and cancer mortality in the US general population (19, 34, 35). Similar results were also observed among patients with type 2 diabetes (36). Moreover, a few studies have suggested that higher blood cadmium is associated with higher mortality from influenza and pneumonia, as well as Alzheimer’s disease (37, 38). Our study also found a positive correlation between blood cadmium and mortality in a hypertensive population. Studies among the US general population suggest that the effect of blood cadmium in increasing the risk of cardiovascular death is more significant in smokers than in non-smokers (19, 34). However, our study among a hypertensive population found that the effect of blood cadmium in increasing the risk of cardiovascular death was more pronounced in participants who never smoked. This may be related to the different effects of blood cadmium on blood pressure in patients with different smoking status. Based on the 1999–2004 NHANES, Tellez-Plaza et al. proposed that blood cadmium is associated with increased blood pressure, and this association is mainly reflected in never-smokers.

Additionally, the dose–response curves in our study showed that the increased risk of cardiovascular mortality was more pronounced with the increase in blood cadmium at lower levels of exposure. Furthermore, the blood cadmium level of never-smokers was significantly lower than that of smokers. This finding suggests that the cardiovascular mortality risk of never-smoking patients with hypertension is more susceptible to the influence of blood cadmium than smoking patients with hypertension. However, more precisely designed prospective studies are needed to confirm this finding. It is recommended that patients with hypertension should reduce cadmium exposure as much as possible, and even non-smokers may benefit from reducing cadmium exposure from various dietary and environmental sources.

Our results also showed that higher blood cadmium had lower prevalence of diabetes, which are contrary to previous study (8). Possible explanations are as follows: Urban residents have a higher burden of cadmium pollution compared to rural residents, but they have a lower incidence of diabetes than rural residents (39, 40). The mean value±SE of blood cadmium in our study was 0.57 ± 0.01ug/L, which was much lower than the blood cadmium biological threshold limit value for non-occupational exposure recommended by the World Health Organization.1 The cadmium exposure in our study may not be high enough to induce overt diabetes (41).

Blood cadmium has been linked to increased risk of cardiovascular mortality, possibly due to its effects on blood pressure and atherosclerosis. Studies have suggested that cadmium may cause oxidative stress (42), activate calcium channels (43), inhibit nitric oxide (44), and vascular tissue damage by leading to endothelial dysfunction (45) Additionally, there is evidence to suggest that cadmium-induced oxidative stress may lead to renal injury, which in turn indirectly affects the cardiovascular system (10). Moreover, cadmium may play a role in the formation of amyloid plaques and neuronal damage, potentially contributing to Alzheimer’s disease mortality risk. Given that hypertension is a risk factor for Alzheimer’s disease, blood cadmium may indirectly affect Alzheimer’s disease through its impact on blood pressure. However, the mechanism behind the increased mortality risk associated with blood cadmium exposure requires further investigation. It is recommended that further studies be conducted to clarify the precise mechanisms involved and identify effective preventive measures.

Although this is the first study to investigate the effect of blood cadmium on the mortality of patients with hypertension, we acknowledge several limitations. Blood cadmium was measured only once, which may not accurately reflect long-term blood cadmium levels. Moreover, the low proportion of blood cadmium below the detection limit still affects the accuracy of the dose–response curve. Additionally, outcome variables identified by death certificates may not fully reflect the exact cause of death. Finally, this study is an observational study, and despite correction for multiple confounding variables, there is still a risk of confounding bias. Nonetheless, this study has several strengths, including a large sample size and a long follow-up time. The Cox model fully adjusted for many traditional risk factors, as well as smoking status and cotinine concentration.



Conclusion

Our study found that higher blood cadmium levels are associated with an increased risk of all-cause, cardiovascular, and Alzheimer’s disease mortality in patients with hypertension. The association remained significant after adjusting for demographic characteristics, serum cotinine, smoking status, BMI, eGFR, blood pressure, lipids, and various disease conditions. Notably, the effect of blood cadmium on cardiovascular mortality may be more pronounced in never-smoking patients with hypertension than in smoking patients with hypertension. Considering the risk of poor long-term health outcomes, cadmium exposure is recommended to be reduced as much as possible in patients with hypertension, even non-smokers.
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for trend

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
(<0.25) (0.26-0.38) (0.39-0.5) (0.51-0.79) (>0.8)

All-cause mortality

Unadjusted HR 1 [Ref] 1.41(1.22-1.63) 1.85(1.59-2.15) 2.55(2.22-2.93) 2.86(2.48-3.30) <0.001
palue <0.001 <0.001 <0.001 <0.001

Model 1 HR 1 [Ref] 1.10(0.95-1.28) 1.19(1.04-1.35) 1.44(1.26-1.65) 2.37(2.07-2.70) <0.001
p value 0.192 0.009 <0.001 <0.001

Model 2 HR 1 [Ref] 1.12(0.97-1.30) 1.25( 1.50(1.31-1.72) 2.41(2.11-2.75) <0.001
pralue 019 <0.001 <0.001 <0.001

Model 3 HR 1 [Ref] 1.09(0.94-1.26) 1.18(1.05-1.34) 1.33(1.16-1.53) 1.85(1.59-2.14) <0.001
palue 0259 0.006 <0.001 <0.001

Cardiovascular mortality

Unadjusted HR 1 [Ref] 1.47(1.10-1.98) 1.93(1.50-2.49) 2.48(1.92-3.21) 2.52(1.96-3.25) <0.001
palue 001 <0.001 <0.001 <0.001

Model 1 HR 1 [Ref] 1.11(0.82-1.49) 1.15(0.92-1.45) 1.27(0.99-1.64) 1.97(1.55-2.52) <0.001
pvalue 0.507 0.224 0.064 <0.001

Model 2 HR 1 [Ref] 1.11(0.83-1.50) 1.23(0.98-1.53) 1.35(1.05-1.73) 2.06(1.61-2.64) <0.001
palue 0473 0071 0.019 <0.001

Model 3 HR 1 [Ref] 1.09(0.81-1.48) 1.19(0.96-1.49) 1.26(0.97-1.63) 1.76(1.33-2.34) <0.001
palue 0556 0119 0083 <0.001

Alzheimer's disease mortality

Unadjusted HR 1[Ref] 2.94(1.40-6.19) 451(2.39-8.50) 5.10(2.67-9.74) 412(221-7.70) <0.001
palue 0.005 <0.001 <0.001 <0.001

Model 1 HR 1[Ref] 202(0.96-4.24) 220(1.14-4.25) 1.92(0.98-3.77) 2.98(1.50-5.92) 0014
p value 0.124 0.026 0.077 0.003
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Model 3 HR 1 [Ref] 2.02(0.96-4.27) 2.18(1.10-4.29) 1.98(1.00-3.90) 3.41(1.54-7.51) 0.014
p value 0.066 0.025 0.049 0.002

HR, hazard ratio; Ref, reference; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; and DBP, diastolic blood pressure.
Model 1 adjusted for age, sex, racefethnicity, and education level.

Model 2: adjustments for model 1 plus BMI, eGFR, SBP, DB total cholesterol,triglycerides, high-density lipoprotein, and disease conditions (heart falure, coronary heart disease, stroke,
diabetes, and cancer).

Model 3: adjustments for model 2 plus serum cotinine and smoking status (never, former, or current smoker),

p value for trend was obtained from Cox proportional hazards models with blood cadmium quintiles as a continuous variable.

ically significant HR and p-values were shown in bold.
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Characteristic Blood cadmium (pg/L) pvalue pvalue

Quintilel  Quintile2  Quintile3  Quintile4 Quintile 5 t::;d
(<0.25) (0.26-0.38) (0.39-0.5) (0.51-0.79) (>0.8)
Age, years 60.70£0.18 | 56.76+0.28 60.6240.28 63224034 6429039 59894033 <0001 <0.001
Gender, %
Male 474 604 473 406 392 46 <0.001 <0.001
Female 526 396 527 594 608 54 <0.001 <0.001
Race, %
Mexican American 46 5 48 49 46 32 0.001 0.003
Other hispanic 39 39 46 51 31 26 0.004 003
Non-hispanic white 753 765 762 759 769 706 <0.001 0,006
Non-hispanic black s s 109 99 n 157 <0.001 <0.001
Other race 45 3 35 42 43 8 <0.001 <0.001

Education level, %
Less than high school 228 148 192 238 25 337 <0.001 <0.001
Atleast high school 772 852 808 762 7 663 <0001 <0.001

Smoking status, %

Current 171 12 21 57 181 656 <0001 <0.001
Former 348 29 365 425 461 213 <0001 008
Never 48 6 614 518 358 132 <0.001 <0.001

Cotinine, ng/ml 5190168 | 12074205 13594170 17952176 51004337 182808422 <0001 <0.001

Body mass index, kg/m2 3000£0.09 | 31.75£0.19 30.63£0.18 2977£0.16 29284017 28004015 <0001 <0.001

Body mass index, %

<30 569 47.1 525 587 611 682 <0.001 <0.001

230 431 529 475 43 389 318 <0.001 <0.001
Systolic blood pressure, mmHg | 13671£028 | 13356043 135.24£050 139496051 138065061 137974066 <0001 <0.001
Diastolic blood pressure, mmHg |~ 73704027 75212041 73994039 73154044 72154057 73384052 <0001 <0.001
Total Cholesterol, mmol/L 5274002 | 5.19£003 5.23£003 533003 5314003 5312004 0015 0005
Triglycerides, mmol/L. 1942002 | 207005 1972004 185004 1852004 192004 0,003 <0.001
High density lipoprotein, mmol/L. | 137£043 | 1.28+038 1362040 140043 1442045 139048 <0.001 <0.001
Creatinine, umol/L. 83694052 | 82714054 82964078 8LA7£118 85284127 86894169 0033 0.002
€GERml/min/1.73m* 81945034 | 8526£0.50 8111£0.56 8064064 78284070 8319£067 <0001 <0.001
€GFR, %

<60 154 10 144 167 209 169 <0.001 <0.001

260 846 %0 856 83 79.1 831 <0.001 <0.001
Diabetes, % 161 201 164 144 147 137 <0.001 <0.001
Heart failure, % 52 33 43 51 74 7 <0.001 <0.001
Coronary heart disease, % 76 57 69 86 88 88 0.001 <0.001
Stroke, % 58 X 57 54 75 82 <0.001 <0.001
Cancer, % 15 133 138 163 185 139 <0.001 0045

¢GFR, estimated glomerular filtration rate.
Continuous variables are expressed as means and standard error and categorical variables as percentages. Means and percentages are weighted.
inear trends across categories of blood cadmium quintiles were assessed with linear regression for continuous variables and chi-square tests for categorical variables.
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