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Higher urinary heavy metal, phthalate and arsenic
concentrations accounted for 3–19% of the population
attributable risk for high blood pressure: US NHANES,
2009–2012

Ivy Shiue1,2,3 and Krasimira Hristova4

The link between environmental chemicals and human health has emerged, but has not been completely examined in terms of

its risk factors. Therefore, we aimed to study the relationships of different sets of urinary environmental chemical

concentrations and high blood pressure (BP) in a national, population-based study. Data were retrieved from the United States

National Health and Nutrition Examination Surveys, 2009–2012, including demographics, BP readings and urinary

environmental chemical concentrations. Analyses included v2-test, t-test, survey-weighted logistic regression models and

population attributable risk estimation. Urinary cesium (odds ratio (OR) 1.52, 95% confidence interval (CI) 1.06–2.18,

P¼0.026), molybdenum (OR 1.45, 95% CI 1.04–2.02, P¼0.029), lead (OR 1.49, 95% CI 1.12–1.98, P¼0.009), platinum

(OR 1.66, 95% CI 1.14–2.21, P¼0.002), antimony (OR 1.44, 95% CI 1.12–1.86, P¼0.008) and tungsten (OR 1.48,

95% CI 1.22–1.79, Po0.001) concentrations were observed to be associated with high BP. Similar results were observed

for mono-2-ethyl-5-carboxypentyl (OR 1.29, 95% CI 1.04–1.59, P¼0.024), mono-n-butyl (OR 1.36, 95% CI 1.11–1.67,

P¼0.005), mono-2-ethyl-5-hydroxyhexyl (OR 1.21, 95% CI 1.01–1.46, P¼0.041), mono-n-methyl (OR 1.24, 95% CI

1.01–1.46, P¼0.014), mono-2-ethyl-5-oxohexyl (OR 1.21, 95% CI 1.01–1.45, P¼0.036), mono-benzyl (OR 1.41, 95% CI

1.15–1.74, P¼0.002), dimethylarsonic acid (OR 1.38, 95% CI 1.08–1.76, P¼0.012) and trimethylarsine oxide (OR 2.56,

95% CI 1.29–5.07, P¼0.010) concentrations. Each chemical could account for 3–19% of the population attributable risk for

high BP. A small sex difference was found. However, there are no associations between environmental parabens and pesticides

and high BP. Urinary heavy metal, phthalate and arsenic concentrations were associated with high BP, although a causal effect

cannot be established. Elimination of environmental chemical exposure in humans still needs to be pursued.
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INTRODUCTION

The burden of high blood pressure (BP) has remained high in the
United States, affecting approximately one-third of American adults
in the current century.1 The economic costs associated with
hypertension are high for individuals and society. Exposure to
environmental chemicals may induce atherosclerosis by increasing
oxidative stress or produce reactive oxygen species, such as superoxide
ion, hydrogen peroxide and hydroxyl radicals, according to
experimental research.2,3 Previous epidemiological investigations
focused on arterial disease, heart disease and cardiovascular disease
as end points,4–6 but the relationship with BP, a strong risk factor for
many human chronic diseases as mentioned above, is unclear.
Previously, an adverse intrauterine environment was found to be

associated with an increased risk for future cardiovascular disease and
hypertension. Recent animal models have shown that an elevated BP
in offspring could be induced by maternal exposure to toxins.7 In this
context, we aimed to examine the relationships of different sets of
urine environmental chemical concentrations and high BP in a
national, population-based setting.

METHODS

Study sample
As described elsewhere,8 the United States National Health and Nutrition

Examination Surveys (NHANES) has been a national, population-based,

multi-year, cross-sectional study. The study sample is representative of the

civilian, non-institutionalized US population. Information on demographics,
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lifestyle factors and self-reported medical conditions was obtained by

household interview using questionnaires. In the current analysis, the 2009–

2012 cohorts, the two most recent cohorts, were selected and combined.

Informed consent was obtained from participating subjects. BP was measured

on all examinees 8 years and older at the household interview and three times

(details via: http://www.cdc.gov/nchs/nhanes/nhanes2009-2010/BPX_F.htm).

The standard measuring protocol can be found in: http://www.cdc.gov/nchs/

nhanes/nhanes20092010/BPX_F.htm#Protocol_and_Procedure. Participants

with any of the following on both arms were excluded from the exam

according to the standard protocol: rashes, gauze dressings, casts, edema,

paralysis, tubes, open sores or wounds, withered arms, a–v shunts and radical

mastectomy or if the BP cuff does not fit on the arm. The measurements were

taken three times, and in the present study, we used the second BP

measurement for the analysis. People with a X140 mm Hg systolic BP and

X90 mm Hg diastolic BP were classified as having a high BP.

Biomonitoring
Urine was only collected for selected people (approximately 20–30% of the

whole cohort, still representative) to measure environmental chemical con-

centrations. Urine specimens were processed, stored and shipped to the

Division of Laboratory Sciences, National Center for Environmental Health,

National Centers for Disease Control and Prevention, Atlanta, Georgia.

Urinary environmental chemical concentrations for heavy metals, bisphenols

and phthalates were determined by ICP-DRC-MS (inductively coupled plasma

dynamic reaction cell mass spectroscopy) or detected using online solid-phase

extraction, isotope dilution and high-performance liquid chromatography

separation, followed by electrospray ionization and tandem mass spectrometry

on those aged 6 years and above.9–11 Species of parabens in 100ml urine were

hydrolyzed and conjugated using b-glucuronidase/sulfatase (Helix pomatia,

H1; Sigma Aldrich Laboratories, St Louis, MO, USA) and were

preconcentrated by online solid-phase extraction, separated from other urine

components by reversed-phase high-performance liquid chromatography, and

detected by atmospheric pressure chemicaionization–isotope dilution/tandem

mass spectrometry with peak focusing.12 Pesticides were measured using the

isotope dilution technique and tandem mass spectrometry, and details can be

found in Hill et al.13,14 Because urinary environmental chemical concentrations

were highly right skewed, they were all log transformed in the analyses.

Statistical analysis
Adults aged 20 years and above were included in the analysis. The effects of

urinary environmental chemical concentrations on risk of high BP were

examined by t-test and a logistic regression model, with Po0.05 considered to

be statistically significant. Covariates including urinary creatinine, age, sex,

ratio of family income to poverty (proxy of socioeconomic status) and body

mass index (BMI)15 were adjusted. Models were also weighted for the survey

design because urinary environmental chemical concentrations were measured

in subsamples. The population attributable risk from an indoor temperature

below a certain degree, which was to be determined, was calculated based on

the formula introduced by Fleiss in 1979.16 In the subsequent analysis, sex

differences were assessed. Statistical software STATA version 13.0 (STATA,

College Station, TX, USA) was used to perform all of the analyses. Because the

present study was only a secondary data analysis, no further ethics approval

was required.

RESULTS

The study cohort in 2009–2012 contained 20 293 participants with
6191 people being classified as having a high BP (30%). Table 1
presents the characteristics of the included participants. The average
age was 32 years old (range: 20–80 years); 4380 (21.6%) were
identified as overweight (BMI 25–30), while 6879 (33.9%) were
classified as obese (BMI 30þ ). Table 2 shows the associations
of urinary heavy metals and high BP. After full adjustments,
urinary cesium (odds ratio (OR) 1.52, 95% confidence interval (CI)
1.06–2.18, P¼ 0.026), molybdenum (OR 1.45, 95% CI 1.04–2.02,
P¼ 0.029), lead (OR 1.49, 95% CI 1.12–1.98, P¼ 0.009), platinum

(OR 1.66, 95% CI 1.14–2.21, P¼ 0.002), antimony (OR 1.44, 95% CI
1.12–1.86, P¼ 0.008) and tungsten (OR 1.48, 95% CI 1.22–1.79,
Po0.001) concentrations were observed to be associated with high
BP. They accounted for 7.2, 6.3, 6.8, 9.0, 6.2 and 6.7% of the
population attributable risk, respectively.

Similarly, in Table 3, associations between industry-associated
chemicals and high BP are displayed. To be specific, mono-2-ethyl-5-

Table 1 Characteristics of included adult participants

(N¼20293) N (%) or mean±s.d.

Age (range: 0–80) 32.0±24.8

o18 years 7902 (38.9)

18–39 years 4653 (22.9)

40–79 6950 (34.3)

80 788 (3.9)

Sex

Male 10081 (49.7)

Female 10212 (50.3)

Birthplace

USA 8539 (81.1)

Mexico 820 (7.8)

Other Spanish countries 537 (5.1)

Other non-Spanish countries 634 (6.0)

Education level

o9th grade 1321 (11.2)

9–11th grade (including 12th without diploma) 1787 (15.2)

High school 2595 (22.1)

Some college 3399 (28.9)

College or above 2656 (22.6)

Marital status

Married/living together 6792 (57.7)

Widowed 1027 (8.7)

Divorced/separated 1661 (14.1)

Never married 2287 (19.4)

Ethnicity

Mexican American 3739 (18.4)

Other Hispanic 2209 (10.9)

Non-Hispanic White 7393 (36.4)

Non-Hispanic Black 4640 (22.9)

Mixed/other 2312 (11.4)

Ratio of family income to poverty

0–4.99 15886 (86.1)

5þ 2571 (13.9)

High blood pressurea 6191 (30.5)

Systolic blood pressure 118.5±18.7

Diastolic blood pressure 65.7±15.8

Body mass index (range: 12.4–84.9) 25.6±7.7

o18.5 3616 (17.8)

18.5–24.9 5418 (26.7)

25.0–29.9 4380 (21.6)

30.0þ 6879 (33.9)

aHigh blood pressure denotes systolic blood pressure X140 mmHg and diastolic blood
pressure X90mmHg.
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carboxypentyl (OR 1.29, 95% CI 1.04–1.59, P¼ 0.024), mono-n-butyl
(OR 1.36, 95% CI 1.11–1.67, P¼ 0.005), mono-2-ethyl-5-hydroxyhexyl
(OR 1.21, 95% CI 1.01–1.46, P¼ 0.041), mono-n-methyl (OR 1.24,
95% CI 1.01–1.46, P¼ 0.014), mono-2-ethyl-5-oxohexyl (OR 1.21,
95% CI 1.01–1.45, P¼ 0.036) and mono-benzyl (OR 1.41, 95% CI
1.15–1.74, P¼ 0.002) phthalate metabolites were found to be related
to high BP. They accounted for 4.2, 5.1, 3.1, 3.5, 3.1 and 5.8% of
population attributable risks, respectively. In Table 4, only dimethy-
larsonic acid (OR 1.38, 95% CI 1.08–1.76, P¼ 0.012) and trimethy-
larsine oxide (OR 2.56, 95% CI 1.29–5.07, P¼ 0.010) were associated
with high BP, and they accounted for 5.4 and 19.0% of the population
attributable risks.

Tables 5 and 6 indicate the potential sex differences associated
with urinary heavy metals, phthalate and arsenic and high BP.

In men, urinary cobalt, cesium, lead, platinum, antimony, tungsten,
mono-n-methyl, mono-benzyl and dimethylarsonic acid con-
centrations were associated with high BP, while in women, urinary
molybdenumm, lead, platinum, antimony, tungsten, mono
(carboxynonyl), mono-n-butyl, mono-(3-carboxypropyl), mono-
ethyl, mono-benzyl, mono-isobutyl and trimethylarsine oxide
concentrations were associated with high BP.

DISCUSSION

Main findings
In the present national, population-based, multi-year, cross-sectional
study, the relationships of different sets of urinary environmental
chemical concentrations and high BP were examined. Higher
urinary cesium, molybdenum, lead, platinum, antimony, tungsten,

Table 2 Associations between heavy metals and high blood pressure (BP)

Normal BP (n¼4671) High BP (n¼701) P-value Adjusted model a P-value Weighted model b P-value Population attributable risk

Mercury 0.65±1.25 0.62±1.35 0.570 1.12 (0.97–1.28) 0.118 1.06 (0.87–1.28) 0.553 —

Barium 2.13±6.90 1.88±1.90 0.349 1.01 (0.88–1.17) 0.893 1.16 (0.91–1.49) 0.207 —

Cadmium 0.32±0.46 0.23±0.39 o0.001 1.05 (0.87–1.27) 0.617 1.01 (0.81–1.27) 0.908 —

Cobalt 0.52±0.99 0.54±0.77 0.684 1.27 (1.05–1.53) 0.014 1.34 (0.92–1.95) 0.123 —

Cesium 4.90±3.16 4.88±2.94 0.881 1.68 (1.31–2.15) o0.001 1.52 (1.06–2.18) 0.026 7.2% (0.9–15%)

Molybdenum 61.42±57.48 69.10±62.19 0.001 1.49 (1.24–1.79) o0.001 1.45 (1.04–2.02) 0.029 6.3% (0.6–13.3%)

Lead 0.17±0.44 0.19±0.20 0.629 1.49 (1.24–1.79) o0.001 1.49 (1.12–1.98) 0.009 6.8% (1.8–12.8%)

Platinum 0.67±1.30 0.69±0.86 0.680 1.61 (1.35–1.91) o0.001 1.66 (1.24–2.21) 0.002 9.0% (3.5–15.4%)

Antimony 0.08±0.13 0.09±0.13 0.062 1.59 (1.30–1.95) o0.001 1.44 (1.12–1.86) 0.008 6.2% (1.8–11.4%)

Thallium 0.19±0.13 0.19±0.14 0.560 1.35 (1.07–1.68) 0.010 1.16 (0.82–1.66) 0.383 —

Tungsten 0.15±0.54 0.19±0.34 0.038 1.36 (1.18–1.58) o0.001 1.48 (1.22–1.79) o0.001 6.7% (3.2–10.6%)

Uranium 0.01±0.06 0.01±0.03 0.390 1.20 (1.02–1.42) 0.030 1.10 (0.90–1.36) 0.335 —

Bold values indicate significant associations.
aAdjusted for urine creatinine, age, sex, body mass index and ratio of family income to poverty.
bAdditionally adjusted for subsample weighting.

Table 3 Associations between industry-associated chemicals and high blood pressure (BP)

Normal BP

(n¼4578) High BP (n¼660) P-value Adjusted model a P-value Weighted model b P-value

Population

attributable risk

Mono(carboxynonyl) 5.24±17.47 6.18±18.36 0.201 1.30 (1.13–1.49) o0.001 1.20 (0.98–1.47) 0.072 —

Mono(carboxyoctyl) 42.40±95.45 38.32±89.73 0.301 1.10 (0.99–1.22) 0.091 1.05 (0.85–1.29) 0.658 —

Mono-2-ethyl-5-carboxypentyl 40.10±249.63 38.52±64.13 0.872 1.35 (1.17–1.56) o0.001 1.29 (1.04–1.59) 0.024 4.2% (0.6–8.1%)

Mono-n-butyl 33.36±396.70 32.34±65.28 0.947 1.32 (1.17–1.49) o0.001 1.36 (1.11–1.67) 0.005 5.1% (1.6–9.1%)

Mono-(3-carboxypropyl) 9.87±63.82 9.15±40.39 0.777 1.21 (1.09–1.34) o0.001 1.13 (0.99–1.30) 0.069 —

Mono-ethyl 241.01±908.79 241.30±1351.93 0.994 1.08 (0.98–1.19) 0.107 1.14 (0.95–1.36) 0.140 —

Mono-(2-ethyl-5-hydroxyhexyl) 27.75±155.35 25.03±50.74 0.655 1.28 (1.12–1.46) o0.001 1.21 (1.01–1.46) 0.041 3.1% (0.1–6.5%)

Mono-(2-ethyl)-hexyl 4.15±16.49 3.36±6.62 0.224 1.02 (0.89–1.17) 0.761 1.03 (0.82–1.30) 0.801

Mono-n-methyl 5.07±46.64 7.34±52.39 0.249 1.22 (1.11–1.35) o0.001 1.24 (1.05–1.46) 0.014 3.5% (0.7–6.5%)

Mono-isononyl 3.92±14.61 3.20±11.35 0.225 1.02 (0.92–1.14) 0.646 1.01 (0.88–1.16) 0.832 —

Mono-(2-ethyl-5-oxohexyl) 16.45±97.03 15.22±25.48 0.745 1.30 (1.13–1.49) o0.001 1.21 (1.01–1.45) 0.036 3.1% (0.1–6.3%)

Mono-benzyl 13.71±26.34 19.79±43.24 o0.001 1.38 (1.22–1.58) o0.001 1.41 (1.15–1.74) 0.002 5.8% (2.2–10.0%)

Mono-isobutyl 14.54±30.41 16.04±22.28 0.221 1.23 (1.07–1.42) 0.003 1.10 (0.88–1.37) 0.369 —

Benzophenone-3 313.44±2230.44 202.11±850.93 0.205 0.98 (0.92–1.05) 0.543 1.01 (0.89–1.15) 0.871 —

Bisphenol A 3.97±20.89 3.44±11.04 0.516 1.13 (0.98–1.31) 0.099 0.95 (0.74–1.23) 0.699 —

Triclosan 92.45±267.81 80.49±246.45 0.279 0.98 (0.91–1.05) 0.505 0.96 (0.86–1.08) 0.502 —

Butyl paraben 2.75±18.10 2.18±13.62 0.441 1.00 (0.90–1.11) 0.972 1.03 (0.85–1.26) 0.732 —

Ethyl paraben 17.35±77.40 11.74±41.67 0.069 0.99 (0.90–1.08) 0.819 0.98 (0.85–1.13) 0.723 —

Methyl paraben 252.53±641.40 261.68±766.59 0.737 1.07 (0.99–1.15) 0.088 1.05 (0.90–1.21) 0.527 —

Propyl paraben 60.99±198.08 57.22±195.94 0.647 1.03 (0.97–1.10 0.330 1.04 (0.94–1.16) 0.408 —

Bold values indicate significant associations.
aAdjusted for urine creatinine, age, sex, body mass index and ratio of family income to poverty.
bAdditionally adjusted for subsample weighting.
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Table 4 Associations between pesticide and arsenic and high blood pressure (BP)

Normal BP

(n¼2478)

High BP

(n¼660) P-value Adjusted model a P-value Weighted model b P-value

Population

attributable risk

2,5-Dichlorophenol 149.89±873.31 187.52±1101.91 0.318 1.03 (0.97–1.10) 0.290 0.96 (0.88–1.05) 0.353 —

2,4-Dichlorophenol 4.52±24.18 5.31±26.22 0.439 1.13 (1.02–1.24) 0.014 1.05 (0.89–1.24) 0.558 —

Total arsenic 20.36±56.79 16.98±31.94 0.110 1.15 (1.02–1.28) 0.017 1.14 (0.98–1.33) 0.082 —

Arsenous acid 0.72±1.07 0.72±0.44 0.993 0.88 (0.67–1.17) 0.387 0.87 (0.57–1.33) 0.491 —

Arsenic acid 0.70±0.69 0.71±0.57 0.698 0.78 (0.34–1.78) 0.557 0.47 (0.15–1.54) 0.198 —

Arsenobetaine 10.64±45.32 8.16±22.91 0.138 1.03 (0.94–1.13) 0.489 0.98 (0.85–1.13) 0.798 —

Arsenocholine 0.38±1.78 0.33±0.21 0.405 0.44 (0.18–1.07) 0.071 0.26 (0.07–0.96) 0.044 —

Dimethylarsonic acid 5.93±9.04 5.85±7.36 0.818 1.29 (1.10–1.51) 0.002 1.38 (1.08–1.76) 0.012 5.4% (1.2–10.2%)

Monomethylarsonic acid 0.96±2.83 0.88±0.54 0.402 1.14 (0.83–1.55) 0.420 1.36 (0.71–2.59) 0.330 —

Trimethylarsine oxide 0.48±1.31 0.47±0.28 0.753 1.36 (0.97–1.91) 0.078 2.56 (1.29–5.07) 0.010 19.0% (4.2–37.9%)

Bold and italic values indicate significant associations.
aAdjusted for urine creatinine, age, sex, body mass index and ratio of family income to poverty.
bAdditionally adjusted for subsample weighting.

Table 5 Associations of heavy metal and arsenic and high blood pressure (BP) in men (n¼10081)

Normal BP

(n¼2322)

High BP

(n¼342) P-value Adjusted model a P-value Weighted model b P-value

Population

attributable risk

Heavy metals

Mercury 0.61±0.80 0.58±0.09 0.611 1.09 (0.90–1.33) 0.386 0.92 (0.70–1.21) 0.542 —

Barium 2.28±9.35 1.99±2.01 0.566 1.16 (0.95–1.42) 0.146 1.56 (1.23–1.99) 0.001 7.7% (3.3–12.9%)

Cadmium 0.30±0.40 0.22±0.33 0.001 0.99 (0.75–1.30) 0.924 0.86 (0.60–1.23) 0.379 —

Cobalt 0.43±0.49 0.46±0.40 0.357 1.80 (1.36–2.38) o0.001 2.15 (1.41–3.30) 0.001 14.7% (5.8–25.7%)

Cesium 5.06±3.02 5.09±3.01 0.864 1.63 (1.15–2.30) 0.005 1.75 (1.02–3.00) 0.043 10.1% (0.3–23,1%)

Molybdenum 65.60±59.53 72.77±64.08 0.041 1.45 (1.12–1.88) 0.005 1.52 (0.94–2.46) 0.084 —

Lead 0.16±0.18 0.17±0.11 0.494 1.55 (1.17–2.06) 0.002 1.38 (1.02–1.87) 0.038 5.4% (0.3–11.5%)

Platinum 0.76±1.38 0.77±1.05 0.904 1.56 (1.23–1.98) o0.001 1.91 (1.18–3.10) 0.011 12.1% (2.6–24–0%)

Antimony 0.09±0.16 0.10±0.14 0.585 1.40 (1.06–1.86) 0.020 1.40 (1.04–1.90) 0.031 5.7% (0.6–11.09%)

Thallium 0.19±0.13 0.20±0.15 0.515 1.25 (0.91–1.74) 0.172 1.15 (0.78–1.68) 0.463 —

Tungsten 0.15±0.24 0.17±0.19 0.132 1.32 (1.07–1.63) 0.009 1.57 (1.23–2.00) 0.001 7.9% (3.3–13.0%)

Uranium 0.01±0.05 0.01±0.02 0.526 1.28 (1.01–1.62) 0.035 1.18 (0.85–1.63) 0.301 —

Phthalates

Mono(carboxynonyl) 5.37±12.41 5.23±8.30 0.847 1.22 (1.01–1.48) 0.040 1.07 (0.73–1.59) 0.703 —

Mono(carboxyoctyl) 45.09±98.96 40.93±103.32 0.472 1.01 (0.87–1.17) 0.945 0.94 (0.70–1.26) 0.663 —

Mono-2-ethyl-5-carboxypentyl 47.74±345.51 39.65±65.06 0.666 1.32 (1.09–1.61) 0.005 1.22 (0.90–1.66) 0.184 —

Mono-n-butyl 26.12±77.25 27.07±40.44 0.823 1.17 (0.99–1.38) 0.065 1.25 (0.95–1.64) 0.104 —

Mono-(3-carboxypropyl) 11.66±79.17 7.69±15.50 0.356 1.12 (0.97–1.29) 0.121 1.06 (0.86–1.31) 0.583 —

Mono-ethyl 231.87±821.88 183.06±545.05 0.288 0.99 (0.85–1.14) 0.868 1.06 (0.79–1.42) 0.667 —

Mono-(2-ethyl-5-hydroxyhexyl) 33.91±213.41 26.48±56.48 0.522 1.19 (0.99–1.43) 0.060 1.21 (0.95–1.55) 0.122 —

Mono-(2-ethyl)-hexyl 4.82±21.39 3.39±6.91 0.221 0.96 (0.80–1.15) 0.643 0.98 (0.70–1.36) 0.891 —

Mono-n-methyl 5.20±54.11 9.13±69.76 0.229 1.18 (1.03–1.35) 0.020 1.29 (1.04–1.61) 0.025 4.2% (0.6–8.4%)

Mono-isononyl 4.17±14.21 3.62±12.15 0.500 0.97 (0.84–1.12) 0.681 0.97 (0.77–1.21) 0.780 —

Mono-(2-ethyl-5-oxohexyl) 19.59±134.01 15.58±25.93 0.582 1.22 (1.01–1.43) 0.040 1.23 (0.95–1.59) 0.114 —

Mono-benzyl 14.02±28.33 21.00±49.94 0.0002 1.41 (1.19–1.68) o0.001 1.47 (1.15–1.88) 0.004 6.6% (2.2–11.7%)

Mono-isobutyl 14.58±34.14 15.22±22.46 0.738 1.01 (0.84–1.22) 0.916 0.96 (0.69–133) 0.800 —

Arsenic

Total arsenic 21.31±55.11 17.62±28.95 0.204 1.20 (1.03–1.41) 0.018 1.20 (0.99–1.46) 0.058 —

Arsenous acid 0.75±1.36 0.72±0.50 0.723 0.82 (0.57–1.17) 0.268 0.87 (0.47–1.62) 0.637 —

Arsenic acid 0.70±0.85 0.72±0.79 0.687 0.55 (0.15–1.96) 0.355 0.38 (0.08–1.81) 0.209 —

Arsenobetaine 11.00±45.18 8.82±23.35 0.357 1.08 (0.96–1.22) 0.199 1.02 (0.89–1.18) 0.714 —

Arsenocholine 0.37±1.28 0.32±0.13 0.397 0.65 (0.28–1.51) 0.316 0.37 (0.11–1.31) 0.116 —

Dimethylarsonic acid 6.32±9.92 5.99±5.85 0.532 1.29 (1.04–1.61) 0.020 1.48 (1.01–2.16) 0.044 6.7% (0.1–14.8%)

Monomethylarsonic acid 1.05±3.77 0.90±0.58 0.455 1.06 (0.71–1.57) 0.784 1.57 (0.66–3.74) 0.283 —

Trimethylarsine oxide 0.47±1.54 0.45±0.28 0.864 1.31 (0.81–2.12) 0.263 1.82 (0.68–4.87) 0.214 —

Bold values indicate significant associations.
aAdjusted for urine creatinine, age, sex, body mass index and ratio of family income to poverty.
bAdditionally adjusted for subsample weighting.
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mono-2-ethyl-5-carboxypentyl phthalate, mono-n-butyl phthalate,
mono-2-ethyl-5-hydroxyhexyl phthalate, mono-n-methyl phthalate,
mono-2-ethyl-5-oxohexyl phthalate, mono-benzyl phthalate, di-
methylarsonic acid and trimethylarsine oxide concentrations were
associated with high BP. Each chemical could account for 3–18% of
the population attributable risks for high BP. A small sex difference
was found. However, there were no associations between environ-
mental parabens and pesticides and high BP. Several more significant
associations were found after covariate adjustments. However, those
significant associations disappeared after additionally adjusting for
subsample weighting, implying a failure to generalize those potential
significant associations to the entire US population.

Previous studies and possible mechanisms
Cobalt is widely distributed in the environment, accounting for
0.001% of the Earth’s crust. Cobalt forms bivalent and trivalent

compounds, those of biological interest being bivalent.17 In animal
models, exposure to excess cobalt was found to have a toxic effect on
the heart, including an elevated BP and may result in cardiomyopathy,
although one study in rats showed the opposite.18–21 Cesium was
previously found in people exposed to Chernobyl radiation,22 and
animal models in rats, dogs, rabbits, and in vivo have also observed
that the cardiovascular system or coronary blood flow could be
impaired after long-term contamination with cesium in drinking
water.23–27 Lead was previously observed to enhance B-cell activity,
impair host resistance to several bacterial and viral infections, and
differentially modify cytokine production in vitro and in vivo.28 Lead
exposure was found to result in a marked elevation in BP, a significant
reduction in urinary nitric oxide metabolites (NO(chi)) excretion,
and upregulation of endothelial and inducible nitric oxide synthase in
the kidneys (which could impact filtration rate and normalization
using creatinine), aorta, and heart and neuronal nitric oxide synthase

Table 6 Associations of heavy metal and arsenic and high blood pressure (BP) in women (n¼10 212)

Normal BP

(n¼2349)

High BP

(n¼359) P-value Adjusted model a P-value Weighted modelb P-value

Population

attributable risk

Heavy metals

Mercury 0.68±1.56 0.65±0.95 0.715 1.15 (0.95–1.39) 0.162 1.22 (0.99–1.50) 0.064 —

Barium 1.98±2.82 1.78±1.78 0.202 0.88 (0.71–1.08) 0.221 0.90 (0.63–1.29) 0.539 —

Cadmium 0.33±0.51 0.24±0.44 0.001 1.13 (0.86–1.48) 0.375 1.22 (0.89–1.67) 0.199 —

Cobalt 0.61±1.31 0.61±0.99 0.966 0.95 (0.73–1.24) 0.710 1.04 (0.64–1.67) 0.880 —

Cesium 4.75±3.28 4.69±2.86 0.746 1.80 (1.25–2.60) 0.002 1.56 (0.92–2.64) 0.090 —

Molybdenum 57.27±55.06 65.60±61.67 0.009 1.57 (1.21–2.04) 0.001 1.54 (1.03–2.28) 0.035 7.5% (0.4–16.1%)

Lead 0.19±0.60 0.21±0.26 0.776 1.45 (1.13–1.86) 0.003 1.62 (1.07–2.46) 0.025 8.5% (1.0–18.0%)

Platinum 0.57±1.20 0.61±0.61 0.580 1.67 (1.30–2.16) o0.001 1.53 (1.11–2.11) 0.013 7.4% (1.6–14.3%)

Antimony 0.07±0.09 0.09±0.12 0.005 1.87 (1.39–2.51) o0.001 1.61 (1.15–2.24) 0.008 8.4% (2.2–15.7%)

Thallium 0.18±0.14 0.18±0.13 0.829 1.47 (1.07–2.02) 0.017 1.28 (0.81–2.04) 0.271 —

Tungsten 0.15±0.73 0.22±0.43 0.094 1.41 (1.15–1.74) 0.001 1.48 (1.15–1.90) 0.004 6.7% (2.2–11.9%)

Uranium 0.01±0.06 0.01±0.03 0.556 1.13 (0.89–1.44) 0.298 1.05 (0.73–1.50) 0.793 —

Phthalates

Mono(carboxynonyl) 5.11±21.45 7.18±24.96 0.114 1.40 (1.14–1.70) 0.001 1.35 (1.08–1.69) 0.012 5.0% (1.2–9.4%)

Mono(carboxyoctyl) 39.64±91.65 35.52±72.51 0.442 1.21 (1.04–1.41) 0.016 1.17 (0.95–1.45) 0.125 —

Mono-2-ethyl-5-carboxypentyl 32.27±61.22 37.32±63.20 0.170 1.39 (1.12–1.72) 0.003 1.40 (0.97–2.03) 0.070 —

Mono-n-butyl 40.79±559.01 37.97±83.79 0.928 1.51 (1.27–1.80) o0.001 1.58 (1.19–2.10) 0.003 8.0% (2.8–14.2%)

Mono-(3-carboxypropyl) 8.04±42.64 10.71±55.84 0.315 1.33 (1.15–1.55) o0.001 1.23 (1.06–1.43) 0.009 3.3% (0.9–6.1%)

Mono-ethyl 250.37±990.06 303.55±1860.77 0.433 1.17 (1.03–1.34) 0.018 1.25 (1.06–1.48) 0.012 3.6% (0.9–6.7%)

Mono-(2-ethyl-5-hydroxyhexyl) 21.44±46.11 23.48±43.81 0.457 1.39 (1.14–1.70) 0.001 1.25 (0.88–178) 0.193 —

Mono-(2-ethyl)-hexyl 3.47±8.99 3.33±6.30 0.790 1.09 (0.90–1.33) 0.363 1.12 (0.78–1.60) 0.519 —

Mono-n-methyl 4.93±37.48 5.43±21.84 0.814 1.28 (1.1.0–1.48) 0.001 1.20 (0.95–1.52) 0.125 —

Mono-isononyl 3.66±15.00 2.74±10.42 0.291 1.09 (0.94–1.27) 0.268 1.08 (0.88–1.32) 0.465 —

Mono-(2-ethyl-5-oxohexyl) 13.23±25.36 14.83±25.04 0.292 1.41 (1.15–1.74) 0.001 1.25 (0.89–1.75) 0.191 —

Mono-benzyl 13.40±24.12 18.49±34.71 0.001 1.35 (1.12–1.63) 0.001 1.43 (1.10–1.86) 0.011 6.1% (1.5–11.4%)

Mono-isobutyl 14.49±26.05 16.92±22.10 0.113 1.58 (1.27–1.97) o0.001 1.34 (1.10–1.65) 0.007 4.9% (1.5–8.9%)

Arsenic

Total arsenic 19.37±58.47 16.34±34.68 0.325 1.09 (0.92–1.28) 0.337 1.10 (0.82–1.48) 0.492 —

Arsenous acid 0.68±0.67 0.71±0.38 0.463 1.01 (0.65–1.59) 0.950 0.89 (0.52–1.51) 0.643 —

Arsenic acid 0.69±0.47 0.69±0.21 0.928 1.19 (0.38–3.68) 0.763 0.61 (0.10–3.68) 0.570 —

Arsenobetaine 10.26±45.47 7.51±22.48 0.244 0.97 (0.85–1.12) 0.693 0.94 (0.72–1.24) 0.656 —

Arsenocholine 0.39±2.18 0.34±0.26 0.638 0.09 (0.003–2.19) 0.138 0.05 (0.003–1.03) 0.052 —

Dimethylarsonic acid 5.53±8.01 5.72±8.59 0.676 1.29 (1.02–1.62) 0.033 1.34 (0.93–1.91) 0.107 —

Monomethylarsonic acid 0.88±1.27 0.85±0.50 0.716 1.28 (0.78–2.11) 0.329 0.95 (0.43–2.12) 0.900 —

Trimethylarsine oxide 0.49±1.03 0.48±0.27 0.745 1.39 (0.86–2.26) 0.182 3.11 (1.36–7.13) 0.010 24.0% (5.1–47.9%)

Bold values indicate significant associations.
aAdjusted for urine creatinine, age, sex, body mass index and ratio of family income to poverty.
bAdditionally adjusted for subsample weighting.
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in the cerebral cortex and brain stem in animals.29 Tungsten is
thrombogenic and proinflammatory, but its toxicity and carcino-
genicity in cardiovascular health is not well examined.30,31 Tungsten
coils were prevalent in clinical use for occluding intracranial
aneurysms, varicocele veins and other abnormal vascular
connections.32 Therefore, people with intracranial aneurysms after
the treatment may experience higher tungsten volumes in the body
than people without them. In subsequent analysis, after additionally
excluding people with a history of a stroke, its effect on the risk for
high BP has remained significant (data not shown). Antimony has
long been related to pneumoconiosis and dermatitis (acute effect)33

and previously was also found to be correlated with cardiovascular
end points in smelter workers and those with gastrointestinal
disorders (chronic effect by inhalation).34–36

Phthalates, considered to be chemical estrogens, are widely used in
the food packaging industry, leaching from the polymers into food
and water under normal conditions37 and can be detected in human
urine. They can migrate out of the plastic product and into the
environment and are suspected to act as hormone mimics and
endocrine-disrupting compounds.38,39 Animal studies have shown
that chronic exposure to these compounds, even at a low dose, can
alter some biological end points.40,41 Other evidence further showed
that mono-butyl phthalate disturbs the glycolytic pathway and can
suppress other proteins that are involved in DNA transcription, RNA
biogenesis and protein synthesis.6 These compounds have been
hypothesized to contribute to cardiovascular disease and highlight
the need to eliminate these potential risks to prevent disease
prevention. In recent meta-analyses, the pooled effect estimates of
arsenic concentrations were found to be from 1.19 (95% CI 1.2–3.0)
to 1.27 (95%CI 1.09–1.47).42,43 In the present study, although the
total arsenic concentration was not significantly associated with the
risk of high BP, dimethylarsonic acid and trimethylarsine oxide
concentrations were observed to be related to an increased risk
of high BP, which is similar to a previous study using NHANES
2003–2008 data.44 Animal studies have also suggested that the
chemical propensity of arsenic to oxidize vicinal thiols could
potentially affect a number of cellular proteins with reactive thiols,
including endothelial nitric oxide synthase.45 In the current analysis,
there was somewhat of a sex difference, indicating that men might be
more prone to exposure to heavy metals, while women might be more
vulnerable to phthalates. The biological mechanism is unclear and
requires future research.

Strengths and limitations
There are a few strengths and limitations worthy of being discussed.
First, this study was conducted in a large, nationally representative
human sample with mixed ethnicities. Moreover, different sets of
chemicals were able to be included for examination. However, there
could be still other chemicals in the environment that we might not
yet be known and would need future research to identify and
examine. Causality cannot be established in the present study due
to the cross-sectional study design. Future studies with a longitudinal
study design to confirm or refute the current findings and to
understand the persisting risk throughout life from the above-
mentioned environmental chemicals should be considered.

CONCLUSION

In summary, we have provided evidence for the association of urinary
cesium, molybdenum, lead, platinum, antimony, tungsten, phthalates,
and arsenic concentrations and high BP using a very recent, national,
population-based human study sample with multiple ethnicities. Each

chemical could account for 3–18% of the population attributable risk
for high BP. There was also a small sex difference. Elimination of
environmental chemicals should still be prioritized to aim for disease
prevention and benefit population health in the coming decades.
Future research with a longitudinal design to understand the
persisting risk from the above-mentioned environmental chemicals
is also recommended.
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