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Abstract 
Objective: Metals including arsenic, lead, mercury, and cadmium are toxic 
and can increase cardiovascular disease risk. High-sensitivity C-reactive pro-
tein (hs-CRP) is a biomarker for inflammation and cardiovascular risk. This 
study will evaluate the association between urinary speciated arsenic, cadmium, 
lead, and mercury and blood values of hs-CRP in the United States adult popu-
lation. Methods: A cross-sectional study using the 2015-2016 NHANES da-
taset, conducting multivariate linear regressions to analyze selected urinary 
metals and links with serum hs-CRP. Results: The sample consisted of 780 
adults. In adjusted models, arsenocholine was found to be protective of in-
flammation, whereas aresnous acid, which is an inorganic, toxic type of ar-
senic acid, was positively associated with hs-CRP (b = 2.53). Conclusion: 
Urinary arsenous acid is a significant predictor of hs-CRP which is a bio-
marker for CVD. 
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1. Introduction 

Arsenic is a human carcinogen linked to bladder, skin, and lung cancers, skin le-
sions, and depression [1] [2]. Arsenic has also been associated with arsenic- 
related cardiovascular disease suggesting that arsenic exposure leads to throm-
bosis and inflammation [3]. Drinking water with arsenic concentrations greater 
than 10 μg/L has been linked to an increased risk of fatal and non-fatal coronary 
heart disease (CHD), cardiovascular disease (CVD), carotid atherosclerosis, 
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hypertension, CHD mortality, and CVD mortality [4]. In addition to contami-
nated water, arsenic exposure can occur through foods including rice and apple 
juice [1]. 

In addition, exposure to lead, mercury, and cadmium has resulted in negative 
health effects in humans. Exposure to lead has resulted in positive associations 
with CVD, CHD, stroke mortality, and peripheral arterial disease. Several stu-
dies have identified a dose-response relationship between lead exposure and 
blood pressure [5]. An inverse relationship between glomerular filtration rate 
(GFR) and blood lead has been reported, suggesting a lead induced reduction in 
renal function, playing a role in hypertension [6]. Furthermore, mercury expo-
sure can be in the form of elemental, inorganic, and organic forms. Dental 
amalgams used in dental procedures are the most common elemental exposure. 
Inorganic mercury typically is produced in the body through the conversion of 
other forms, while organic mercury is usually from fish, sea mammals, and thi-
merosal vaccines. Mercury has been linked to dyslipidemia, thrombosis, endo-
thelial dysfunction, vascular smooth muscle proliferation and migration, immune 
dysfunction, and mitochondrial dysfunction [7]. Lastly, cadmium has been shown 
to affect vasopressor-induced reactivity and stress-strain features of the blood 
vessel wall, leading to hypertension [8]. Cadmium exposure is uncommon but 
can occur through consumption of polluted water or chronic inhalation from 
cigarettes [7]. Cadmium has been associated with hypertension, proteinuria, 
emphysema, osteomalacia, and cancer [9].  

C-reactive protein (CRP) is an acute phase protein that can be elevated in re-
sponse to inflammatory cytokines, infection, and trauma, and increases with age 
[10] [11]. CRP is involved in the immunologic process that causes vascular re-
modeling and plaque deposition, and is associated with increased cardiovascular 
risk [12]. Serum CRP can be measured using standard and high sensitivity 
c-reactive protein (hs-CRP), which are both used in clinical practice. However, 
the standard assay is not sensitive enough to measure low grade inflammation, 
whereas hs-CRP can detect a low grade inflammatory state [3] [10]. Some stu-
dies have also proposed hs-CRP as a predictor of all-cause mortality [10]. 

Studies have shown that arsenic exposure increases oxidative stress, inflam-
mation, and atherosclerotic lesion formation [13]. In one study, exposure to en-
vironmentally relevant levels of arsenic resulted in elevated CRP secretion and 
expression in humans. In those exposed to arsenic through groundwater conta-
mination, sputum samples contained an increased number of alveolar macro-
phages and inflammatory cells in addition to CRP. Drinking arsenic contami-
nated groundwater was found to cause pulmonary and systemic inflammation, 
which generates ROS in the airways [14]. Furthermore, in lead exposure, metal 
mediated formation of free radicals can increase lipid peroxidation. Similar to 
arsenic, lead promotes the production of ROS, which then triggers a cycle of oxid-
ative stress and inflammation in target tissues [6]. In studies analyzing mercury 
exposure, the level of hs-CRP was significantly positively correlated with blood 
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pressure and blood mercury [15]. Blood cadmium levels were also positively as-
sociated with inflammatory risk and hs-CRP as well as urinary cadmium [16].  

In animal studies, an association was established between arsenic contamina-
tion and atherosclerosis in rats. Rats that were fed arsenic contaminated water 
and a high-fat diet were seen to have increased hs-CRP [17]. Furthermore, 
treatment of mice with sodium arsenite in drinking water for 6 months resulted 
in higher levels of CRP in the liver and kidneys. It is suggested that arsenic ex-
posure increases CRP, which activates further pathways contributing to meta-
bolic syndrome and cardiovascular disease [11]. In studies investigating the ef-
fects of lead on rats, treatment with lead resulted in increased blood lead levels, 
blood pressure, and aortic ring contractile response to phenylephrine. Increased 
blood lead concentrations resulted in reduced nitric oxide bioavailability, in-
creased ROS production, increased participation of COX-derived contractile 
prostanoids, and increased rennin-angiotensin system activity [18]. In rabbits 
exposed to mercury vapor, thrombosis in small and medium caliber arteries, 
focal necrosis with thickening of the endocardium, papillary muscles and valves, 
and endothelial proliferation with inflammation and fibrosis of the ascending 
aorta was noted [19]. Animal studies have also confirmed that cadmium can 
cause atherosclerosis [20]. 

Knowledge Gap 

Few studies have analyzed the association between urinary speciated arsenic and 
hs-CRP in humans. Animal studies suggest that these metals may increase 
hs-CRP in humans [17]. The purpose of this study is to use the National Health 
and Nutrition Examination Survey (NHANES) dataset to explore if there is an 
association between arsenic, lead, mercury, and cadmium and hs-CRP in the 
United States (US) population. We expect that hs-CRP levels will be increased 
based on heavy metal exposure due to the inflammatory properties of toxic met-
als.  

2. Methods 
2.1. Study Population 

The 2015-2016 NHANES dataset was used for this study as it is the most recent 
data published by the CDC at this time. NHANES is a national study throughout 
the US to determine the health and nutritional status of children and adults [1]. 
Although blood lead and mercury are available in the NHANES dataset and are 
more reliable markers for human exposure, this study’s objective was to measure 
urinary metal concentrations—in terms of feasibility of collection and future re-
search implications, urine is often easier to collect and thus further supports our 
decision to use urine concentrations. Urinary arsenic, lead, and cadmium sam-
ples were collected from participants 18 years and older who met the regular 
one-third subsample selection criteria. In addition, to oversample adult smokers, 
those not in the one-third subsample who smoked at least 100 cigarettes in their 
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lifetime were included [21] [22]. Urinary mercury samples collected for the 
one-third subsample included participants aged 6 years and older [23]. Hs-CRP 
samples were collected in participants aged 1 year and older [24]. The inclusion 
criteria for our study included all participants aged ≥ 18 years that were included 
in following 2015-2016 NHANES datasets: “Speciated Arsenics—Urine—Special 
Sample (UASS_I)”, the urinary lead variable URXUPB and urinary cadmium va-
riable URXUCD in “Metals—Urine—Special Sample (UMS_I)”, “Mercury— 
Urine (UHG_I)” and “High-Sensitivity C-Reactive Protein (hs-CRP) (HSCRP_I).” 
Only those with detectable values for our outcome, hs-CRP, were included in 
efforts to minimize missing data in all analyses. For demographic variables used, 
the 2015-2016 “Demographic Variables and Sample Weights (DEMO_I)” and 
“Alcohol Use (ALQ_I)” datasets were used. The CDC approved the NHANES 
study. 

2.2. Urinary Metals Assessment 

Laboratory methods used by NHANES in the collection and analysis of urinary 
arsenic, lead, cadmium, and mercury samples can be found in the “Arsenics— 
Speciated—Urine Laboratory Procedure Manual”, “Urinary Metals and Total 
Arsenic Laboratory Procedure Manual”, and the “Iodine and Mercury, Urine 
Lab Procedure Manual” respectively. All urinary metals samples were collected 
at Mobile Examination Centers (MECs) and were processed, stored, and shipped 
to the Division of Laboratory Sciences, National Center for Environmental 
Health, Centers for Disease Control and Prevention, Atlanta, GA for analysis 
[21] [22] [23]. Speciated arsenic was composed of six different arsenic com-
pounds: urinary arsenic acid, arsenous acid, arsenobetaine, arsenocholine, di-
methylarsinic acid (DMA), and monomethylarsonic acid (MMA).  

Each speciated arsenic was first dichotomized as “0” indicating the lab value 
was below the limit of detection, and “1” indicating the lab value was at or above 
the limit of detection. Then, those values that were at or above the limit of detec-
tion were split into two equal groups by assessing each speciated arsenic’s me-
dian detectable lab value. In total, each speciated arsenic could be coded as “0”, 
“1” or “2”, where “0” indicated below the limit of detection, “1” indicated it was 
detectable but in the lower half of all detectable samples’ values, and “2” indi-
cated it was detectable but in the upper half of all detectable sample values. This 
technique also maximizes available data. Due to large amounts of participants 
having missing or lab data below the detectable limit, predictive techniques 
would result in abysmally small useable sample sizes. Given the exploratory na-
ture of this study, complex methods of noise reduction, general estimating equa-
tions (GEE), or nested models were not chosen; the purpose was to explore rela-
tionships thus warranted a grouping of variables that supports associations, not 
paramount/precise levels of measurement.  

Of note, urinary arsenic acid was excluded as a variable from these analyses as 
there were only 22 participants that were above the detectable limit, which 
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would have adversely affected accuracy and generalizability of our analyses. 
Thus, for final analyses, there were only 5 speciated arsenics analyzed in multi-
variate regression analyses. The lower limit of detection (LLOD) for speciated 
arsenic was: 0.12 μg/L for urinary arsenous acid, 0.79 μg/L for urinary arsenic 
acid, 1.16 μg/L for urinary arsenobetaine, 0.11 μg/L for urinary arsenocholine, 
1.91 μg/L for urinary DMA, and 0.20 μg/L for urinary MMA [21]. The LLOD for 
urinary lead was 0.030 µg/L. The LLOD for urinary cadmium was 0.036 µg/L 
[22]. The LLOD for urinary mercury was 0.13 µg/L [23]. 

2.3. High Sensitivity C-Reactive Protein Assessment 

Laboratory methods used by NHANES in the collection and analysis of hs-CRP 
can be found in the “High Sensitivity C-Reactive Protein” laboratory method 
file. Specimens were collected at MECs, and then processed, stored, and shipped 
to the Collaborative Laboratory Services, Ottumwa, Iowa for analysis. The LLOD 
for hs-CRP was 0.11 mg/L [24]. 

2.4. Statistical Analysis 

All data analyzed was derived from NHANES 2015-2016. NHANES analytic 
principles were followed, which accounts for variations in detectable limits of lab 
values and the effect of sample/survey design via sample weights. Descriptive 
statistics in the form of mean, standard deviation, frequencies, and percentages 
were calculated based upon the level of measurement. Multivariate linear regres-
sions were then conducted in two steps to explore the effect of speciated arsen-
ics, cadmium, lead, and mercury on high-sensitivity CRP. In the first model, all 
metals (speciated arsenics, cadmium, lead, and mercury) were run together 
without adjusting for covariates. Then, an adjusted model with the covariates of 
age, gender, race/ethnicity, and smoking status were added to all metals in the 
unadjusted model. Beta coefficients, 95% confidence intervals (95% CI), and 
p-values were recorded. All analyses were conducted using JMP Pro 14 (SAS In-
stitute Inc., Cary, NC, 1989-2019). 

3. Results 

After selection of variables, the available sample size was 780 participants, with 
the breakdown shown in Table 1. The sample consisted of 401 (51.4%) males, 
with an average age of 49.6 years at screening. The majority of the sample was 
married (52.3%), had some college or a college degree (52.2%) and were white 
(33.3%); 19.7% of the sample was Black, followed by Mexican American (17.4%), 
Other Hispanic (14.7%) and Asian (14.7%). Unadjusted hs-CRP values averaged 
4.41 + 8.09 mg/L. However, visual inspection clearly alluded to substantial out-
liers of hs-CRP. After removal of participants (n = 11) with hs-CRP values 
greater than three standard deviations above the mean, the adjusted hs-CRP for 
the sample was 3.67 + 4.44, indicating that the average participant had high 
above normal systemic inflammation. 
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Table 1. Demographic characteristics of the study sample. 

Variable Frequency/Count (%) or Mean (SD) 

Age at screening 49.6 (18.3) 

Gender (Males) 401 (51.4%) 

Race/ethnicity 
Mexican American 
Other Hispanic 
White 
Black 
Asian 

N = 29 missing 
136 (17.4%) 
115 (14.7%) 
260 (33.3%) 
154 (19.7%) 
115 (14.7%) 

Highest level of education 
Less than GED or High School Diploma 
GED or High School Diploma 
Some College or College Degree 

N = 29 missing 
173 (23.0%) 
186 (24.8%) 
392 (52.2%) 

Family poverty-to-income ratio 2.4 (1.6) 

Marital Status 
Married 
Widowed 
Divorced 
Separated 
Never Married 
Living with Partner 

N = 29 missing 
393 (52.3%) 

54 (7.2%) 
90 (12.0%) 
20 (2.7%) 

131 (17.4%) 
62 (8.3%) 

BMI 29.6 (6.9) 

 
Of the study sample, 767 (98.3%) had a detectable amount of any arsenic or 

heavy metals. In regards to the speciated arsenics, the proportions of the sample 
with detectable amounts of each arsenic were as follows: Urinary arsenous 
(47.8%), urinary arsenobetaine (50.1%), urinary arsenocholine (16.0%), urinary 
DMA (73.4%), and urinary MMA (59.4%). 

Table 2 portrays the unadjusted relationships between speciated arsenics, heavy 
metals and hs-CRP. Overall, the unadjusted model is not significant F(16, 763) = 
1.56, p = 0.07. Table 3 portrays the adjusted model between the speciated arsen-
ics, heavy metals, selected demographics and hs-CRP; F(24, 316) = 1.85, p < 0.01. 
Of note, those who were in the upper half of detectable values for urinary arsenous 
b = 2.53 [0.88, 4.18], p < 0.01, lower b = −3.09 [−5.28, −0.89], p < 0.01 or upper 
half of arsenocholine b = −3.34 [−5.47, −1.22], p < 0.01, all significantly pre-
dicted hs-CRP values. Not depicted in the table, but also being of Other Hispanic 
origin had a significant association with hs-CRP, b = 3.55 [0.25, 6.84], p = 0.035. 

4. Discussion 

Arsenous acid (As III) is a form of inorganic arsenic. Biotransformation of inor-
ganic arsenic involves reduction of As (V) (arsenic acid) to As (III) (arsenous 
acid), then oxidative methylation to MMA and DMA [25]. Although arsenic acid 
was not included in our study, the upper half of detectable limits of arsenous ac-
id predicted hs-CRP. Few other studies have been conducted on the association  
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Table 2. Unadjusted model and unstandardized beta estimates with 95% confidence in-
tervals (CI) of the association between arsenic and hs-CRP, NHANES 2015-2016. 

Urinary Metal B (95% CI) P Value 

Lower half of detectable limits of Monomethylarsonic 
acid (µg/L) 

0.13 (−0.58, 0.84) 0.715 

Upper half of detectable limits of Monomethylarsonic 
acid (µg/L) 

−0.06 (−0.93, 0.81) 0.889 

Lower half of detectable limits of Dimethylarsinic acid 
(µg/L) 

−0.03 (−0.77, 0.71) 0.931 

Upper half of detectable limits of Dimethylarsinic acid 
(µg/L) 

−0.19 (−1.11, 0.74) 0.685 

Lower half of detectable limits of Arsenocholine (µg/L) −0.97 (−2.10, 0.14) 0.088 

Upper half of detectable limits of Arsenocholine 
(µg/L) 

−1.23 (−2.25, −0.21) 0.017 

Lower half of detectable limits of Arsenobetaine acid 
(µg/L) 

−0.01 (−0.69, 0.67) 0.967 

Upper half of detectable limits of Arsenobetaine acid 
(µg/L) 

0.20 (−0.53, 0.93) 0.599 

Lower half of detectable limits of Arsenous acid (µg/L) 0.52 (−0.20, 1.24) 0.157 

Upper half of detectable limits of Arsenous acid 
(µg/L) 

1.34 (0.51, 2.16) 0.002 

Lower half of detectable limits of Cadmium (µg/L) −0.83 (−2.27, 0.61) 0.258 

Upper half of detectable limits of Cadmium (µg/L) −0.71 −2.22, 0.80) 0.357 

Lower half of detectable limits of Mercury (µg/L) 0.31 (−0.34, 0.96) 0.350 

Upper half of detectable limits of Mercury (µg/L) 0.47 (−0.22, 1.16) 0.181 

Lower half of detectable limits of Lead (µg/L) 1.33 (−0.51, 3.18) 0.156 

Upper half of detectable limits of Lead (µg/L) 1.66 (−0.26, 3.58) 0.091 

Note: reference group for each variable are those with values coded as: below detectable 
limit. 
 
Table 3. Adjusted model and unstandardized beta estimates with 95% confidence inter-
vals (CI) of the association between arsenic and hs-CRP, NHANES 2015-2016. 

Urinary Metal B (95% CI) P Value 

Lower half of detectable limits of Monomethylarsonic 
acid (µg/L) 

−0.48 (−1.89, 0.92) 0.503 

Upper half of detectable limits of Monomethylarsonic 
acid (µg/L) 

0.01 (−1.69, 1.72) 0.989 

Lower half of detectable limits of Dimethylarsinic acid 
(µg/L) 

0.21 (−1.24, 1.66) 0.773 

Upper half of detectable limits of Dimethylarsinic acid 
(µg/L) 

−0.82 (−2.79, 1.14) 0.409 

Lower half of detectable limits of Arsenocholine 
(µg/L) 

−3.09 (−5.28, −0.89) 0.006 
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Continued 

Upper half of detectable limits of Arsenocholine 
(µg/L) 

−3.34 (−5.47, −1.22) 0.002 

Lower half of detectable limits of Arsenobetaine acid 
(µg/L) 

−0.43 (−1.81, 0.95) 0.541 

Upper half of detectable limits of Arsenobetaine acid 
(µg/L) 

0.43 (−1.14, 2.00) 0.592 

Lower half of detectable limits of Arsenous acid (µg/L) 0.611 (−0.78, 2.00) 0.388 

Upper half of detectable limits of Arsenous acid 
(µg/L) 

2.53 (0.88, 4.18) 0.003 

Lower half of detectable limits of Cadmium (µg/L) −1.19 (−5.02, 2.64) 0.542 

Upper half of detectable limits of Cadmium (µg/L) −1.21 (−5.18, 2.77) 0.551 

Lower half of detectable limits of Mercury (µg/L) 1.09 (−0.17, 2.35) 0.092 

Upper half of detectable limits of Mercury (µg/L) 0.88 (−0.48, 2.23) 0.206 

Lower half of detectable limits of Lead (µg/L) 3.01 (−1.79, 7.80) 0.219 

Upper half of detectable limits of Lead (µg/L) 3.67 (−1.27, 8.63) 0.145 

*Adjusted for age, gender, race/ethnicity, and smoking status. Note: Reference group for 
each variable are those with values coded as: Below detectable limit. 
 
between speciated arsenic and hs-CRP. Yang et al. used toenail arsenic levels and 
found no significant association with hs-CRP [26]. Moon et al. found no associ-
ation between urine arsenic and plasma hs-CRP or other variables associated 
with CHD including plasminogen activator inhibitor-1 (PAI-1) and fibrinogen 
[3]. However, Karim et al. determined that subjects in arsenic-endemic areas had 
increased CRP compared to non-endemic subjects when measuring arsenic ex-
posure by water, hair, and nail arsenic concentrations [27].  

Arsenocholine is a form of organic arsenic; humans ingest it primarily through 
seafood and excrete it in their urine. Arsenocholine comes from the breakdown 
of eukaryotic organisms at the bottom of the aquatic food chain and is then oxi-
dized to arsenobetaine. Arsenocholine and arsenobetaine are exceptions to the 
severe cytotoxicity of inorganic forms of arsenic [28]. Organic arsenic, including 
arsenobetaine, arsenocholine, and arsenosugars, is considered non-toxic to hu-
mans [2]. Seafood is the main source of organic arsenic. Fish and shellfish have 
high tissue levels of organic, non-toxic arsenicals. In humans, organic arsenic is 
excreted through the kidneys, contributing to total urine arsenic, but is not toxic 
to the body [29]. In our study both the upper and lower half of detectable limits 
of arsenocholine in the adjusted and the upper half of detectable limits in the 
unadjusted models were negatively associated with hs-CRP-thus implicating that 
there is a protective effect of arsenocholine in regard to systemic inflammation 
measured by hs-CRP.  

Hs-CRP is a biomarker related to cardiovascular disease risk in addition to 
hypertension, hyperglycemia, and serum lipid levels [30]. In addition to hs-CRP, 
several studies have linked arsenic to cardiovascular disease using other markers. 
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In a review of 31 studies, Moon et al. determined that an association between 
low-moderate arsenic levels and cardiovascular disease was inconclusive, but 
there was evidence of cardiovascular disease with high-chronic arsenic exposure 
[31]. Chen et al. determined a dose-response relationship between arsenic expo-
sure from well water and mortality from ischemic heart disease [32]. 

Other metals in our study, including lead, mercury, and cadmium, were not 
statistically significantly predictive of hs-CRP. Sirivarasai et al. found an associa-
tion between blood lead and hs-CRP as well as lead and increased systolic blood 
pressure [33]. However, Lin et al. found no association between urinary lead and 
hs-CRP [34]. Our study found no association between urinary lead and hs-CRP 
in the unadjusted or adjusted models. In addition, Pollack et al. found no associ-
ation between blood lead, cadmium, or mercury and hs-CRP [35]. We also did 
not find any association between mercury and cadmium and hs-CRP, however, 
our study used urinary metal levels rather than blood concentrations. Few stu-
dies have been conducted using urinary mercury and cadmium in relation to 
cardiovascular disease. This is the first study to analyze both urinary mercury 
and cadmium with hs-CRP and determine there was no significance between 
mercury and cadmium and risk factors for CVD.  

Strengths and Limitations 

This is the first study to use both organic and inorganic speciated arsenic, uri-
nary mercury, and urinary cadmium and hs-CRP. Prior studies did not report 
the breakdown of arsenic forms to determine which type of arsenic may be re-
sponsible for inflammation and chronic disease. This study also used a large da-
taset that is representative of the US population. Limitations to our study include 
the lack of adjustment for seafood consumption—although this was possible to 
control for in the NHANES dataset, after filtering for those who had data for this 
variable resulted in an abysmally reduced sample size, thus warranting exclusion 
for our analyses. Our study only used the marker hs-CRP so we can only gene-
ralize our results to hs-CRP rather than cardiovascular disease, atherosclerosis, 
or other chronic diseases. Also, as previously mentioned, our decision to code 
metal exposure into “0, 1, or 2” in terms of concentration is not paramount, 
however, it suffices for the exploratory nature of this study. Lastly, age, gender, 
race/ethnicity, highest level of education, family poverty-to-income-ratio, marital 
status, and BMI were the only demographic factors included in our demographic 
table (Table 1). Further information about clinical conditions or other clinical 
markers that could be linked to cardiovascular disease were not included.  

5. Conclusion 

Our study found an association between hs-CRP and the upper half of detectable 
limits of arsenous acid, and both the upper and lower half of detectable limits of 
arsenocholine in the adjusted model. Hs-CRP is a marker for inflammation as 
well as cardiovascular disease, suggesting that arsenous acid, an inorganic form 
of arsenic, may be linked to cardiovascular disease. The association between 
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hs-CRP and arsenocholine is most likely due to seafood consumption. More stu-
dies analyzing speciated arsenic and hs-CRP are needed to confirm our findings 
and to determine how each type of arsenic is linked to cardiovascular disease.  
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