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Abstract 

Arsenic is a worldwide public health problem that affects tens of millions of 

people. Arsenic has several well-known adverse health effects, but less is known about 

the role of arsenic in the development of chronic kidney disease (CKD). Most research on 

arsenic and kidney disease outcomes is cross-sectional in nature and prospective evidence 

is lacking. The objective of this dissertation was to investigate the association of arsenic 

exposure and CKD outcomes (albuminuria and reduced eGFR) in a population-based 

study of American Indians exposed to low-moderate levels of arsenic in drinking water. 

 First, we conducted a systematic review of the epidemiological evidence on 

arsenic and chronic kidney disease outcomes. We identified 27 epidemiological studies (6 

on albuminuria, 8 on CKD, 11 on other kidney disease markers, and 5 on kidney disease 

mortality). There was a positive association between arsenic and albuminuria and kidney 

disease mortality, but the associations were inconclusive regarding CKD and other 

kidney disease markers.  Many studies were of poor quality and lacked adjustment for 

confounders and dose-response modeling. 

 Second, we conducted a cross-sectional analysis in adults aged 45-74 years old 

from American Indian communities from the Strong Heart Study to evaluate the 

association between urine arsenic and baseline albuminuria. The multivariable-adjusted 

prevalence ratios (95% confidence interval) of albuminuria ≥30 mg/g comparing the 

three highest to the lowest quartile of the sum of inorganic and methylated arsenic species 

(ƩAs) were 1.16 (1.00, 1.34), 1.24 (1.07, 1.43), and 1.55 (1.35, 1.78), respectively (P 

trend <0.001).  The association between urine arsenic and albuminuria was observed 

across all participant subgroups and for varying levels of albuminuria. 
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 Third, we conducted a prospective study of arsenic and incident albuminuria 

following the participants who were free of albuminuria at baseline. The hazard ratio 

(95% confidence interval) for incident albuminuria comparing the three highest to the 

lowest quartile of ƩAs were 1.03 (0.79, 1.33), 1.10 (0.84, 1.45), and 1.13 (0.85, 1.50), 

respectively. The nonsignificant association was consistent across most participant 

characteristics.  

 Fourth, we conducted a cross-sectional and prospective study of arsenic with 

prevalent and incident CKD status in adults aged 45-74 years old from American Indian 

communities. We found that adjusted odds ratio (95%CI) of prevalent CKD for an 

interquartile range in ƩAs was 0.68 (0.56, 0.82). This was mostly due to a strong inverse 

association with inorganic arsenic (odds ratio 0.35 (0.29, 0.43)). MMA and DMA were 

positively associated with prevalent CKD after adjustment for inorganic arsenic species 

in urine (odds ratios 3.75 and 1.77, respectively). The CKD incidence rate was 23.5 per 

1,000 person-years. The multi-adjusted hazard ratio of incident CKD for an interquartile 

range in ƩAs was 1.20 (1.03, 1.41). The corresponding hazard ratios for inorganic 

arsenic, MMA and DMA were 1.00 (0.86, 1.17), 1.15 (0.99, 1.34) and 1.21 (1.04, 1.42), 

respectively.  

 In conclusion, at low to moderate levels of arsenic exposure, arsenic may be a risk 

factor for the development of chronic kidney disease. Reduced inorganic arsenic 

excretion by reduced glomerular function may explain our inverse association between 

inorganic arsenic and prevalent CKD. Individuals with CKD may thus be at risk of higher 

inorganic arsenic internal dose at similar exposure levels than those without CKD. Our 

findings may influence arsenic risk assessment. First, because current arsenic risk 
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assessment has only considered non-cancer endpoints qualitatively. Second, by 

identifying CKD as a condition that might increase susceptibility to arsenic exposure and 

related health effects.   
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Preface 

This dissertation is the final result of research conducted in collaboration with my 

advisor, co-authors, and collaborators during my doctoral studies in the Department of 

Environmental Health Sciences at the Johns Hopkins Bloomberg School of Public 

Health. This dissertation is organized in a manuscript format. First, we describe the 

specific aims and we provide an overview of the study. The first chapter is a systematic 

review of the epidemiological evidence on arsenic exposure and chronic kidney disease. 

The second chapter investigates the cross-sectional association of arsenic exposure with 

albuminuria in a cohort of American Indians called the Strong Heart Study. The third 

chapter investigates prospective association of arsenic exposure with albuminuria in the 

same cohort. The fourth chapter investigates the cross-sectional and prospective 

association of arsenic exposure with chronic kidney disease, also in the Strong Heart 

Study. Finally, the discussion provides an overview of the research findings and describes 

implications for future research.  
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SPECIFIC AIMS  

  The main objective of this dissertation was to investigate the association of 

arsenic exposure with chronic kidney disease (CKD) at low to moderate arsenic exposure 

levels. Inorganic arsenic is an established carcinogen1 that may also play a role in the 

development of cardiovascular disease,2,3 diabetes,4-6 and developmental and 

reproductive abnormalities.7 Few epidemiologic studies, however, have evaluated the 

relationship between arsenic exposure and chronic kidney disease outcomes.8-10  To 

characterize and understand the effect of arsenic on kidney diseases in humans, 

prospective evidence is needed and mechanisms for arsenic related kidney diseases must 

be investigated. The two outcomes of interest are here are albuminuria and chronic 

kidney disease (CKD). Albuminuria is defined has having excess albumin (a protein) in 

urine. Albumin levels in individuals with healthy kidneys remain low, as the kidneys do 

not allow proteins to pass into the urine. Presence of excess albumin indicates kidney 

damage. Albuminuria is defined as an albumin/creatinine ratio (ACR) ≥ 30 mg/g 

creatinine.11 This is the standard definition used to define albuminuria by the Kidney 

Disease Outcomes Quality Initiative (KDOQI) of the National Kidney Association.11 

Urine albumin concentrations are divided by urine creatinine concentrations to account 

for urine dilution.  Chronic Kidney Disease (CKD) is a disease characterized by poor 

kidney function, as measured by estimated Glomerular Filtration Rate (eGFR) calculated 

from age, gender, race, and serum creatinine levels.12 Individuals with CKD have low 

eGFR, indicating that kidney function is significantly impaired.  

The main hypotheses of this study were that low-moderate exposure to arsenic from 

drinking water and food, as measured in urine is: 
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1. Cross-sectionally associated with albuminuria prevalence. 

2. Prospectively associated with albuminuria incidence. 

3. Cross-sectionally associated with CKD prevalence. 

4. Prospectively associated with CKD incidence. 

To test these hypotheses, we used data from a prospective cohort study of 13 

American Indian communities from Arizona, Oklahoma, and North and South Dakota 

called the Strong Heart Study (SHS). This is a National Heart, Lung, and Blood Institute 

(NHLBI) study funded to find the determinations of cardiovascular disease in American 

Indian communities.13,14 Approximately 1,500 participants were recruited in each study 

site (N=4549). All community members were invited to participate in Arizona and 

Oklahoma. In North and South Dakota, a cluster randomized strategy was used. This was 

a 62% response rate. In 2008, baseline urine samples were thawed and sent to the Trace 

Element Laboratory at Graz University, Austria. Arsenic was measured in the urine of all 

SHS baseline participants with sufficient urine sample available (N=3974). All 

participants had examination, laboratory and questionnaire data available.  

The specific aims corresponding to the hypotheses mentioned above were the 

following:  

1. To evaluate the current body of scientific literature on arsenic and chronic kidney 

disease, by conducting a systematic review of epidemiologic studies investigating 

inorganic arsenic exposure via environmental markers or biomarkers, and chronic 

kidney disease endpoints such as estimated glomerular filtration rate (eGFR), 

CKD mortality, urine albumin, urine protein, β-2-microglobulin (β2MG), N-
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acetyl-β-D-glucosaminidase (NAG), retinol binding protein (RBP) and α1-

microglobulin(A1M) excretion. 

2. To evaluate the association between baseline inorganic arsenic exposure with 

prevalent albuminuria and CKD. Inorganic and methylated arsenic species in 

urine were used to determine inorganic arsenic exposure. The associations were 

adjusted for sociodemographic and kidney disease risk factors and accounted for 

urine dilution. 

3. To evaluate the association between inorganic arsenic exposure, as determined by 

inorganic and methylated arsenic species in urine, with incident albuminuria or 

CKD. Humans and other mammals metabolize inorganic arsenic by 

methylation.15 Inorganic arsenic (arsenate and arsenite) is methylated to 

monomethylarsonate (MMA) and dimethylarsinate (DMA). DMA in its 

pentavalent form is less reactive and less toxic than other metabolites, such as 

inorganic arsenic.15 Trivalent DMA on the other hand is quite reactive and has 

shown substantial toxicity in experimental studies.16,17  

 

The relevance of this dissertation is that while there is substantial information 

about the health effects of arsenic, much less is known for chronic disease outcomes. 

Moreover, most epidemiologic studies of arsenic health effects have been conducted at 

high levels of exposure to arsenic in drinking water (>100 µg/L) and in occupational 

settings and less information is known about arsenic health effects, especially for chronic 

kidney disease, at low-moderate arsenic levels from drinking water and food. Information 

at levels currently found in the general US population is important because these data 
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may inform risk assessment and risk benefit estimates and as well as strategies to reduce 

exposure to arsenical compounds and impact future regulations. 
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ABSTRACT 

In epidemiologic studies, high arsenic exposure has been associated with adverse kidney 

disease outcomes. We performed a systematic review of the epidemiologic evidence of 

the association between arsenic and various kidney disease outcomes. The search period 

was January 1966 through January 2014. Twenty-five papers (comprising twenty-four 

studies) meeting the search criteria were identified and included in this review. In most 

studies, arsenic exposure was assessed by measurement of urine concentrations or with 

an ecological indicator. There was a generally positive association between arsenic and 

albuminuria and proteinuria outcomes. There was mixed evidence of an association 

between arsenic exposure and chronic kidney disease (CKD), β-2 microglobulin (β2MG), 

and N-acetyl-β-D-glucosaminidase (NAG) outcomes. There was evidence of a positive 

association between arsenic exposure and kidney disease mortality.  Assessment of a 

small number of studies with 3 or more categories showed a clear dose-response 

association between arsenic and prevalent albuminuria and proteinuria, but not with CKD 

outcomes. Eight studies lacked adjustment for possible confounders, and two had small 

study populations. The evaluation of the causality of the association between arsenic 

exposure and kidney disease outcomes is limited by the small number of studies, lack of 

study quality, and limited prospective evidence. Because of the high prevalence of 

arsenic exposure worldwide, there is a need for additional well designed epidemiologic 

and mechanistic studies of arsenic and kidney disease outcomes. 

Keywords: arsenic, kidney disease, kidney, proteinuria, systematic review 
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Introduction 

Inorganic arsenic exposure remains a major global public health problem.1-3 4,5 In 

general populations, arsenic exposure occurs mainly through drinking water and food.1-3 

In occupational populations, arsenic exposure generally occurs through inhalation. In the 

United States, the current water arsenic limit is set at 10 μg/L, yet millions of Americans 

are exposed to water levels above that limit.6 Many more people in Bangladesh, China, 

India, and other countries are exposed to arsenic levels that are substantially greater than 

10 μg/L.7   

Inorganic arsenic exposure has been linked with various adverse health outcomes 

including cancer8, cardiovascular disease7,9, diabetes10,11, respiratory outcomes4, and 

neurodevelopmental and reproductive abnormalities.12  Recent epidemiologic studies also 

suggest that arsenic is associated with chronic kidney disease (CKD).13-15 CKD, defined 

as reduced glomerular filtration rate, increased urine albumin excretion, or both, remains 

a major public health problem worldwide.16 The prevalence of CKD, estimated at around 

8-16% worldwide, is increasing rapidly.16 At its last stage (end stage renal disease 

[ESRD]), management of CKD requires renal replacement therapy; ESRD is a severe 

condition associated with significant mortality, morbidity and healthcare costs.17 

Moreover, CKD is a major risk factor for cardiovascular disease, which remains the 

leading cause of mortality worldwide.18-22  Major risk factors for CKD include diabetes, 

hypertension,23 and obesity.24 Environmental exposures, such as cadmium and lead, also 

play an important role in the development of CKD.16  Identification of preventable CKD 

risk factors could contribute to reducing the incidence of CKD worldwide.  
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To evaluate the potential relationship between arsenic and CKD, we conducted a 

systematic review of epidemiologic studies that have investigated the association between 

inorganic arsenic exposure, assessed via geographical measures (e.g. living in a high 

exposure area), environmental markers (e.g. arsenic in drinking water) or biomarkers  

(e.g. urine arsenic), and CKD endpoints. In addition to glomerular filtration rate 

(GFR),urine protein excretion (albuminuria or proteinuria)25 and CKD mortality, we also 

considered studies measuring other markers of kidney damage in urine including β-2-

microglobulin (β2MG),  N-acetyl-β-D-glucosaminidase (NAG),26 α-1-microglobulin 

(A1M)27 and retinol binding protein (RBP).28   

Methods 

Search Strategy and Data Abstraction 

We searched the PubMed (http://www.ncbi.nlm.nih.gov/pubmed) database to find 

published observational studies that evaluated the relationship between arsenic exposure 

and CKD status or kidney function markers (Figure 1). We used free text as well as 

Medical Subject Heading (MeSH) terms  “arsenic,” “arsenicals, “  “arsenates,” or  

“arsenic poisoning” and “renal insufficiency, chronic,” “kidney failure, chronic,” “renal 

dialysis,” “proteinuria,”  “albuminuria,” “glomerular filtration rate,” “albumins/urine,” or 

“proteins/urine.” The search period was January 1966 through January 2014 with no 

language restrictions. Three papers were found using a hand search.29-31 

Two investigators (LZ and CCK) reviewed each paper identified through the 

search and applied the study selection criteria. Epidemiologic studies with individual-

level data on arsenic exposure and kidney disease outcomes and ecological studies with 

community-level data were included. We excluded reviews, non-original reports, animal 

http://www.ncbi.nlm.nih.gov/pubmed
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and experimental studies, case series and case reports, and studies without arsenic 

exposure or kidney disease outcomes. We also excluded one study due to matching of 

cases and controls on blood pressure levels,32 as blood pressure may be in the causal 

pathway between arsenic and kidney disease (Figure 2). The two investigators 

independently abstracted the study data, including design, study population (location, 

age, sex distribution), sample size, arsenic assessment and exposure levels, measured 

outcomes, study results, and adjustment factors. The studies were classified as studies 

conducted in populations exposed to high arsenic levels if arsenic levels in drinking water 

were above 100 µg/L and to low-moderate arsenic levels if arsenic levels in drinking 

water were below 100 µg/L. For studies with multiple levels of adjustment, we abstracted 

the measure of association obtained from the model adjusted for the most covariates. We 

evaluated the quality of studies adapting the criteria developed by Longnecker et al. 

1988,33 as done in previous reviews on arsenic and health outcomes.7,34,35 We checked 

our criteria against the PRISMA checklist for completeness of findings.36 

 The authors concluded that the studies were too diverse in outcome measures and 

of limited quality to allow for meaningful meta-analysis of all studies.37  Data were 

abstracted for summary tables. Data from five papers15,38-41 reporting associations with 

albuminuria, proteinuria, and CKD outcomes for three or more arsenic exposure 

categories were used for dose-response plots and graphical displays. For a study that only 

provided age and gender adjusted ORs in individuals with and without diabetes 

separately, we used random-effect meta-analysis to estimate the overall odds ratios in 

each exposure category.40 In ecological studies, we pooled sex-stratified standardized 

mortality ratios (SMRs) to compute the overall SMR and 95% confidence intervals 
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within each study (Figure 3).42 For descriptive purposes, we also calculated an overall 

pooled SMR and 95% confidence intervals. To evaluate heterogeneity, we also estimated 

the I2 statistic, calculated by the methods of Higgins and Thompson.43 The I2 statistic 

measures the proportion of the variation in the pooled estimates that are related to 

heterogeneity. All analyses were performed in Stata 13 (Stata Corporation, 

www.stata.com) and R 2.16.1 (The R Project, cran-r.org). 

RESULTS 

Study Characteristics  

25 papers consisting of 24 studies (including 5 ecological studies) published 

between 1983 and 2013 were identified (Tables 1 to 4). 23 studies that met the inclusion 

criteria were published in English and 1 paper was published in Chinese. 22 studies were 

conducted in general populations and two were conducted in occupational populations in 

China and Poland.44,45  There were 10 studies in general populations exposed to high 

arsenic concentrations in drinking water (> 100 µg/L): two from Bangladesh,39,46 two 

from China,47-49 four  from Taiwan,38,40,50,51 one from Chile,52 and one from Sri Lanka.53 

Two papers47,48 were considered together, as both used the same study population and 

provided complementary information.  

There were 12 studies in general populations exposed to low-moderate arsenic 

concentrations in drinking water (<100 µg/L). Two were from South Korea,54,55 three 

from the United States,15,56,57 and the rest were from Hong Kong,58 Mexico,27 Taiwan,41 

Belgium,59  India,60 Bulgaria,61 and Austria.62 Arsenic exposure was characterized by 

measuring arsenic levels in drinking water in 1 study, in urine in 17 studies, in blood and 

serum in 2 studies, and by comparing populations living in high vs. low arsenic areas in 5 

http://www.stata.com/
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studies. A total of 5 studies evaluated albuminuria/proteinuria (Table 1), 8 studies 

evaluated CKD outcomes based on estimated Glomerular Filtration Rate (eGFR) or 

medical history (Table 2), 10 studies evaluated β2MG and NAG (Table 3), and 5 studies 

evaluated CKD mortality (Table 4).57  

Quality Assessment 

All studies, except the 5 ecological studies evaluating CKD mortality, measured 

arsenic at the individual level (Tables 5, 6, and 7). Nearly all studies assessing arsenic 

exposure at the individual level measured it in urine, except one study40 that measured it 

in drinking water and two that measured it in blood and serum.60,62  In studies with 

measured urine arsenic, appropriate adjustments for urine dilution were performed. 

Outcome definitions for binary outcomes were generally consistent, although one study 

in Bangladesh39 defined proteinuria using a dipstick, and one in Hong Kong used a 

different definition (albumin/creatinine ratio of >3.5 mg/mmol).58 Outcome definitions 

for kidney function (GFR)-based outcomes were generally consistent. Five ecological 

studies and 1 study in Taiwan40 used ICD9 codes to identify CKD status. Four studies 

used creatinine-based equations to estimate GFR.38,41,46,61 Two studies used ESRD as 

determined by dialysis status or ESRD status.60,62   Many studies did not adjust for 

potential confounders such as age, sex, smoking status, diabetes status, hypertension 

status, and body mass index (BMI). Overall, this systematic review includes studies of 

both high quality (including adjustment for potential confounders and standardized 

exposure and outcome assessment), and low quality (including lack of adjustment for 

potential confounders or use of exposure or outcome metrics that are not standardized). 



12 
 

Arsenic and Albuminuria/Proteinuria 

Five studies evaluated the association between urine arsenic concentrations and 

albuminuria or proteinuria outcomes.  Four of the five studies were cross-sectional and 

found positive and statistically significant associations between arsenic and 

albuminuria/proteinuria with a clear dose-response relationship across studies (Table 1, 

Figure 4).15,39,45,47,48 The only prospective study evaluating the association between 

arsenic and proteinuria found no association despite a positive association in a cross-

sectional study of the same population.39 In that study, however, an increase in arsenic 

concentration in urine over time was associated with increased incident proteinuria.39  

One cross-sectional study, conducted in Hong Kong adolescents, found no association 

between urine arsenic and presence of albuminuria after adjustment for age and sex,58 

although the interpretation of albuminuria as a marker of kidney damage is limited in 

adolescents due to the occurrence of orthostatic proteinuria.63 Overall, cross-sectional 

studies in adults have found a positive association between arsenic and albuminuria and 

proteinuria outcomes. Prospective evidence of an association between arsenic and 

albuminuria or proteinuria is limited. 

Arsenic and eGFR/CKD Status 

Eight studies evaluated the association between urine arsenic and eGFR or CKD 

status, but only five adjusted for relevant confounders (age, sex, smoking status, diabetes 

status, hypertension status, and BMI)38,40,41,46,61 (Table 2). Among the studies that 

adjusted for relevant confounders, one case-control study from Taipei, characterized by 

low-to-moderate arsenic exposure levels, found a statistically significant positive dose-

response relationship between urine arsenic and CKD status assessed based on eGFR.41 
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Two studies from high arsenic areas of Taiwan found positive cross-sectional 

associations between arsenic and CKD status, assessed based on eGFR or ICD-9 codes, 

although the association was not statistically significant in one study40 and it was only 

significant in the highest quartile in the other study.38 These studies from Taiwan are 

large population-based studies with adjustment for potential confounders and dose-

response data (Figure 5) and represent the best studies in this group, although all of them 

are cross-sectional. No association was found between urine arsenic levels and Cockcraft-

Gault eGFR in a study from Bulgaria exposed to low arsenic levels.61 In a study among 

children in Bangladesh, urine arsenic concentrations measured in the mother during 

pregnancy or in the children at 18 months were prospectively associated with lower 

arsenic cystatin C-based eGFR in children measured a 4.5 year follow-up, although the 

associations were not statistically significant.46   

Among the studies that did not adjust for confounders, arsenic levels were higher 

in urine53 and blood60 of CKD cases compared to non-cases in studies conducted in Sri 

Lanka and India, respectively. In a study from Austria, median serum arsenic levels were 

similar in participants on dialysis compared to healthy non-dialysis participants.62 In 

addition to the lack of adjustment for potential confounders, the three studies were small 

and two of them used serum or blood arsenic, biomarkers that are less commonly used to 

assess arsenic exposure.64 Overall, based on direction and strength of the associations, 

temporality and evidence for a dose-response, the evidence is mixed for an association 

between arsenic and CKD outcomes at both high and low levels of arsenic exposure. 
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Arsenic and β2MG, NAG, and RBP Outcomes 

Urine arsenic concentrations were positively associated with the biomarkers β-2-

microglobulin (β2MG) and N-acetyl-β-D-glucosaminidase (NAG) and retinol binding 

protein (RBP) in most studies (Table 3, total of 10 studies). However, only four studies, 

conducted in Taiwan, Mexico, Bulgaria and Belgium adjusted for possible 

confounders.27,38,61  Among those, only two studies with adjustment for confounders 

found a significant and positive association between arsenic and high β2MG excretion, 

one conducted in Taiwan38 and the other in Belgium, although in this case the correlation 

was weak (r=0.16).59   In a small study in Mexico (N=90) the association between urine 

arsenic and α-1-microglobulin (A1M, a similar compound to β2MG) was inverse and in 

the study from Bulgaria, urine arsenic concentrations were not associated with β2MG.61  

Three studies that did not adjust for potential confounders conducted in China and 

Poland44,45,47,48 found some evidence for a positive association between arsenic and 

β2MG.  For other studies with NAG outcomes, two studies from China and South Korea 

found a positive association with urine arsenic.45,54 Another study from South Korea 

found no association between NAG and arsenic after adjusting for urine creatinine.55 Two 

studies from Poland and China found a positive association between urine arsenic and 

RBP levels.44,45,47 Overall, the evidence of an association between arsenic and β2MG, 

NAG, and RBP is mixed. However, many studies of β2MG, NAG, and RBP measures 

were of poor quality, with inadequate sample sizes and not adjusting for important 

covariates including age and sex. 
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Ecological Studies of Kidney Disease Mortality  

Five studies evaluated the risk of kidney disease mortality in areas of Taiwan, 

Chile, and the United States affected by moderate to high arsenic levels in drinking water 

(Table 4, Table 8). Two studies found a positive standardized mortality rate (SMR) for 

kidney disease mortality (based on ICD-9 codes) for men and women in high-arsenic 

areas of Taiwan compared to the general population.50,51 One of them evaluated the 

trends over time, and found that the SMR decreased after the implementation of low-

arsenic drinking water sources in arsenic endemic areas.51 In Chile, adults with childhood 

or in-utero exposure to high concentrations of arsenic had significantly elevated SMRs 

for kidney disease compared to the overall population of Chile.52 The first ecological 

study from the United States found an elevated SMR from “nephritis and nephrosis” 

death for men, but not for women in communities with high arsenic exposure in Utah.56 

The second ecological study from the United States found elevated SMRs for kidney 

disease mortality for both men and women residing in Michigan.57 We calculated an 

overall pooled SMR (95% CI) of 1.29 (1.10, 1.51) for all the countries combined. The I2 

was 89.4 indicating that there is considerable heterogeneity across ecological studies. 

Overall evidence from ecological studies suggests a positive association between living 

in an area with arsenic exposure and kidney disease mortality, but these data need to be 

interpreted cautiously due to low-quality in exposure and outcome assessment, lack of 

adjustment for relevant confounders, and substantial heterogeneity across studies. 

DISCUSSION  

This systematic review identified multiple human studies that evaluated the role 

of arsenic in kidney disease. This review found a positive cross-sectional association 
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between arsenic and albuminuria/proteinuria, and a positive association with kidney 

disease mortality in ecological studies. These associations were observed both in areas 

characterized by drinking water with high (>100 µg/L) as well as low-moderate (<100 

µg/L) arsenic levels. For the association of arsenic with CKD (defined by eGFR or 

medical record ICD9 code) and with markers of kidney damage (β2MG, NAG, RBP, and 

A1M levels) the evidence was inconsistent and many studies were small and lacked 

adjustment for relevant confounders.  Overall, the evidence is insufficient to make 

inferences regarding a causal relationship between arsenic and chronic kidney disease 

due to the small sample size, cross-sectional design, and lack of adjustment for relevant 

confounders. The limited number of prospective studies that have evaluated the 

association between arsenic and kidney outcomes is a major limitation that needs to be 

addressed.   

Experimental evidence, although limited, generally supports the association 

between arsenic and the development of CKD. In vivo, mice exposed to arsenic develop 

glomerular sclerosis, tubular necrosis, and increases in urine NAG concentrations. 65 

Mice exposed to arsenic also experienced increased oxidative stress and DNA oxidative 

damage in kidney tissue.66  Dogs fed with sodium arsenate also developed glomerular 

sclerosis and tubular necrosis.67 In vitro studies suggest that arsenic increases 

inflammation 68,69 and oxidative stress,70,71 and induces endothelial dysfunction.72,73 

Although somewhat unspecific mechanisms, inflammation and oxidative stress could 

play a role in arsenic-related kidney damage.74 Overall, the limited number of in vitro 

studies with human cells is a major limitation of mechanistic evidence available. 
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Three high-quality epidemiological studies (relatively large studies with 

standardized exposure and outcome measures and  adjustment for possible confounders) 

of the association of arsenic, measured in urine and water, with CKD, measured by 

eGFR, and with β2MG in high38,40 and low41 water arsenic areas of Taiwan suggest a 

positive dose-response relationship between arsenic and CKD. In the United States, a 

large population-based study in American Indian communities found a positive 

association between arsenic exposure, as measured in urine, and prevalent albuminuria 

after adjustment for CKD risk factors,15 although the study was cross-sectional and the 

temporality of the association is unclear.  Finally, a population-based study in Bangladesh 

also found a positive association between arsenic and prevalent proteinuria, and between 

changes in urine arsenic levels and changes in proteinuria levels over time, but not 

between baseline arsenic and incident proteinuria.39 These studies provide the best 

evidence of a possible role of arsenic as a kidney disease risk factor. 

Drinking water is the major source of arsenic exposure5,64 and arsenic in drinking 

water remains a worldwide public health problem. Millions of individuals around the 

world are exposed to high concentrations of arsenic in drinking water.4 Naturally 

occurring high levels of drinking water arsenic are common in Bangladesh, Taiwan, 

China, Chile and other countries. In the United States, 13 million people remain exposed 

to arsenic at levels greater than the U.S. Environmental Protection Agency’s standard of 

10 µg/L.6 In addition to water, other sources or arsenic relevant for general populations 

include certain foods such as rice, flour, and juice.75,76 Occupational sources of arsenic, 

such as copper smelting or pesticide use, have decreased in recent years, especially in 

developing countries.64   
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Chronic Kidney Disease (CKD) has become an increasing global public health 

problem.16 The incidence and prevalence of kidney disease, however, differ substantially 

across countries, and the prevalence of end stage kidney disease is expected to increase in 

China, India and many other countries. Within countries, certain population groups are at 

increased risk of developing CKD,16 especially those affected by hypertension, diabetes 

mellitus, and obesity.16,77 The prevalence of these risk factors is also increasing in most 

parts of the world.16  Environmental causes of kidney disease including metals such as 

lead, cadmium, and mercury, as well as occupational solvents, certain herbal 

preparations, and various infectious agents,78 are also likely to play a role, alone and in 

conjunction with traditional risk factors. Because environmental exposures are 

preventable, the identification of relevant risk factors can contribute to the prevention and 

control of the CKD epidemic.  

This systematic review revealed limitations in the epidemiologic literature on 

arsenic and kidney disease outcomes, such as the dearth of prospective studies, poor 

quality in outcome assessment, relatively small study populations and a lack of 

adjustment for confounders. Arsenic exposure was measured at the individual-level in 

many studies, although some studies have used ecological assessments. As millions of 

people around the world are exposed to arsenic from drinking water and food and the 

global prevalence of chronic kidney disease is increasing. Arsenic is a well-established 

carcinogen and it has been causally associated with cardiovascular disease35,79 and 

potentially also to diabetes, nonmalignant respiratory disease, pregnancy outcomes, 

neurodevelopmental toxicity, and immune effects. Understanding the kidney effects of 
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arsenic, through high-quality research, would contribute to a more comprehensive 

characterization of the spectrum of conditions that are related to arsenic exposure. 

CONCLUSION 

This systematic review found some evidence in support of the association 

between arsenic and kidney disease outcomes, especially for albuminuria and proteinuria, 

and CKD mortality. For the association between arsenic and CKD (based on e-GFR or 

medical records), β2MG, NAG, and RBP levels, the evidence was mixed. These 

associations were found in studies conducted in populations exposed to high arsenic 

levels in drinking water, but were also evident in some populations exposed to low-to-

moderate arsenic exposure levels. Interventions to reduce arsenic may be able to decrease 

CKD burden. High quality prospective studies are needed to further characterize the role 

of arsenic as a CKD risk factor. 
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Table 1: Epidemiological studies of arsenic exposure and albuminuria and proteinuria outcomes 

Reference and 
Country 

Population 
Type, Age, % 
men 

Study 
Design 

N Outcome 
Ascertainment 

Arsenic 
Assessment 

Exposure Levels Effect Estimate  
(95% CI) 

Adjustment 
Factors 

High arsenic levels in drinking water (> 100 µg/L)   
Hong et al 2003 
Southern China 
 
 

Occupational 
 ≥ 25 years 
75.6% men 

Cross-
sectional 

147 (114 
workers, 
33 
unexposed) 

Urine albumin, 
β2MG, NAG 
levels 

Urine 
(AAS) 

Urine As (µg/g ) 
0-49  
50-99  
100-199 
≥200 

Urine albumin (mg/g) 6.31 
10.23 
16.60 
19.05 
p-value <0.01 

None 
 

Nordberg et al 
2005 
Hong et al 2004 
Guizhou China1* 
 
 

Adults 
NR 
59.5% men 

Cross-
sectional 

245 Albumin>15 mg/g Urine 
(GFAA) 

Mean (range) urine 
arsenic (µg/g) 
High As Area: 
288.4 (33.3-1973.9)  
Control Area: 
56.2 (12.4-476.5)  

Mean (range) urine albumin 
mg/g 
High As area:  
13.1 (2.4-118.3)  
Control area: 
4.5  (0.1-30.8)  
p-value <0.01 

Age, sex (matched) 
 

Chen et al 2011  
Araihazar, 
Bangladesh 
 

Adults 
Mean age 37.1 
years 
43.3% men 
 

Cross 
sectional  
 

10956 Proteinuria  via 
positive dipstick 

Urine 
(GFAA and 
ICPMS) 

Baseline urine As  
1 - 36 µg/L 
37 - 66 
67 - 114 
115 - 205 
≥206 

OR  
1.00 (Reference) 
1.48 (1.12-1.96)  
1.65 (1.25-2.16) 
1.53 (1.16-2.02)  
1.65 (1.24-2.20) 
p-trend<0.01 

Urine creatinine, 
age, sex, BMI, 
cigarette smoking, 
education, SBP, 
DBP, diabetes  

  Cohort  10160 Proteinuria  via 
positive dipstick   

Urine 
(GFAA and 
ICPMS) 

Baseline urine As 
(µg/L) 
1 - 36  
37 - 66 
67 - 114 
115 - 205 
≥206 

HR of  
1.00 (Reference) 
1.00 (0.81-1.22)  
0.94 (0.76-1.55) 
0.90 (0.72-1.12)  
0.88 (0.69-1.08) 
p-trend 0.12 

Urine creatinine, 
age, sex, BMI, 
smoking, education, 
SBP, DBP, diabetes, 
change in urine As 
since last visit 

Low to moderate arsenic levels in drinking water (<100 µg/L)   
Kong et al 2012 
Hong Kong, 
China 
 
 

Adolescents 
Mean age  
15.5 years 
43.3% men 
 

Nested 
Case-
control 

60 cases, 
60 control 

Urine 
albumin/creatinine 
ratio of >3.5 
mg/mmol 
 

Urine 
(ICPMS) 

Median (IQR) of 
As (µg/L) in cases:2  
4.06 (3.28-7.70)  
In controls:  
4.45 (2.70 -13.26)  

p-value 0.60 Age, sex (matched 
on both) 

Zheng et al 2013  
AZ, OK, ND, SD 

American 
Indians  

Cross 
sectional  

3821 albumin/creatinine 
ratio of ≥30 mg/g  

Urine 
(ICPMS) 

Baseline urine As  
≤5.8 µg/g 

Prevalence ratio  
1.00 (Reference) 

Age, sex, BMI, 
smoking, education, 

                                                 
1 The Zhejiang population was excluded because it was a coastal area with high seafood consumption. 
2 Originally reported as nmol and converted to µg/L 
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United States 
 
 

Mean age  
56.2 years 
40.9% men 
 

 5.8 - 9.7 
9.7 - 15.6 
≥15.6 

1.16 (1.00-1.34) 
1.24 (1.07-1.43)  
1.55 (1.35-1.78)  
p-trend<0.01 

SBP, diabetes, study 
location, alcohol 
hypertension 
medication, eGFR 
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Table 2: Epidemiological studies of arsenic exposure and eGFR and CKD-based outcomes 

Reference 
and Country 

Population Study Design N Outcome 
Ascertainment 

Arsenic 
Assessment 

Exposure Levels Effect Estimate  
(95% CI) 

Adjustment 
Factors 

High arsenic levels in drinking water (> 100 µg/L)      
Chiou et al 
2005 
Putai, Taiwan 
 
 
 

Participants>25 y 
in year 2000 
49.8% men 
 

Cross-
sectional 

28499 
(2399 with 
DM, 26100 
without) 

CKD and other 
kidney diseases  
ICD9 codes 
(585, 586, 
250.4, 581.8, 
582.8, 583.8) 

Well water 
arsenic  
(NR) 

Water As 
 <0.1 mg/L 
0.1 - 0.29 
0.3 - 0.59, 
≥0.6  

OR 
1.00 (Reference) 
1.06 (0.71-1.59) 
0.96 (0.58-1.60) 
1.52 (0.99-2.35) 

Age, sex, meta 
analyzed by diabetes 
status 

Chen et al 
2011 
Changhua, 
Taiwan 
 
 

High As area 
Mean age 25.0 y 
46.8% men 

Cross-
sectional 

1043 MDRD-eGFR3  
<60 
ml/min/1.73m2   

Urine  
(ICPMS) 

Urine As (µg/g) 
≤35  
35 - 75 
75 - 200  
>200  
 
 

For eGFR<60 
1.00 (Reference)  
1.11 (0.56-1.80)  
0.68 (0.42-1.33)  
1.98 (0.95-4.99) 
 
 

Age, sex, smoking, 
diabetes, 
hypertension, lead, 
cadmium, nickel, 
living area, 

Hawkesworth 
et al 2012 

Matlab, 
Bangladesh 

 

Mother-child 
pairs 

52.7% male 

Mean age 
mothers 26.7 y 

Cohort 
(children 
assessed at 
4.5 years) 

1334  

 

Child’s eGFR 
levels Cystatin-
C formula4  

Urine 
Hydride 
generation 
atomic 
absorption  

Median (10th, 90th) 
maternal urine As (µg/l) 
80 (24, 383) at 8 weeks 
of pregnancy 

 

Mean difference 
in child’s eGFR 
-14.2 (-32.2, 3.7) 
per unit increase 
in maternal As; 

Age, sex, parental 
wealth index, height 
at age 4.5, season of 
birth 

 52.7% male  
Mean age 
children for As 
assessment (18 
months) 

    Median (10th, 90th) of 
infant As (µg/l): 
34 (12, 154)  

Mean difference 
in child’s eGFR 
-33.4 (-70.2, 
3.34) per unit 
increase in infant 
18-month As 

Age, sex, parental 
wealth index, height 
at age 4.5, season of 
birth 

Jayatilake et 
al  2013 
Sri Lanka 
 
 

North-central Sri 
Lanka. 
Mean age 43.0 
years 
41.6% men 

Case-control 495  
(endemic sub-
sample with 
arsenic 
measurements) 

Unknown CKD 
defined by 
persistent 
albuminuria 
(ACR ≥30 
mg/g)  

Urine  
(ICPMS)  

Median (range) of urine 
As µg/g  
Cases: 26.3(0.4-616.6)  
Controls: 7.0 (0.2-966.3) 

 None 

Low to moderate arsenic levels in drinking water (<100 µg/L)     

                                                 
3 The study also reported the results for eGFR <90 ml/min/1.73m2, however here we report only the findings for eGFR <60 ml/min/1.73m2 
4 Formula from Grubb et al “ Simple cystatin C-based prediction equations for glomerular filtration rate compared with the modification of diet in renal disease 
prediction equation for adults and the Schwartz and the Counahan-Barratt prediction equations for children.” Clin Chem 2005 51:1420–31 
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Mayer et al 
1993 
Austria 
 
 
 

Healthy 
volunteers and 
dialysis patients 
Age: NR 
51.3% men 
 

Case-control 84 Dialysis 
cases 
25 Noncases 

Dialysis status Serum 
Hydride 
generation  
atomic 
absorption 

Median(IQR)  of 
9.1 (7.1,10.1) µg/L in 
cases  
controls: 10.6 ( 9.6 
,11.8) µg/L 
 

  None 
 

Karmaus et al 
2008 
Bulgaria 
 
 

≥30 years 
48.7% men 

Cross-
sectional 

201 baseline 
189 follow-up 

Cockcraft-
Gault eGFR 

Urine  
(GFAA) 

Median (5th, 95th 
percentile) µg/L 
3.10 (0.70, 9.30)  
in 2003-2004 
2.90 (0.80, 8.90)  
in 2004-2005 

Mean difference 
in CG-eGFR 
(ml/min/1.73m2) 
per µg/L in As: 
0.18 
P-value >0.05 

Age, sex, smoking, 
diabetes, 
hypertension, 
pyelonephritis, 
kidney stones, 
creatinine, blood 
lead, serum 
selenium, urine 
cadmium 

Hsueh et al  
2009 
Taipei, 
Taiwan 
 

Hospital-based 
study 
Mean age 59.9 
years 
42.3% men 
 

Hospital-
based Case-
control 
 

354 
(125 cases 
229 controls) 

MDRD-eGFR 
<60 
ml/min/1.73m2 

Urine 
HPLC- 
Hydride 
generation  
atomic 
absorption 

Urine As (µg/g) 
≤11.8   
11.8 - 20.7 
≥20.7 

OR  
1.00 (Reference) 
1.41 (0.62-3.19)  
4.34 (1.94-9.69)  
p-trend <0.01 

Age, sex, smoking, 
education, 
diabetes, 
hypertension 
ethnicity, coffee 
analgesic use  

Palaneeswari 
et al 2013 
Chennai, 
India 

Patients with and 
without dialysis 
Ages 40-60 years 
60% men  
 

Case-control  100 (50 cases, 
50 controls) 

End stage renal 
disease  

Blood 
(ICPMS) 

mean (SD) blood As 
(µg/L) 
ESRD: 3.20 (0.42)  
Control: 2.30 (0.00)  
 

 P value <0.01  None 
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Table 3: Epidemiological studies of arsenic exposure and β2MG, NAG, RBP, and A1M outcomes5 

Reference and 
Country 

Population Study 
Design 

N Outcome 
Ascertainment 

Arsenic 
Assessment 

Exposure Levels Effect Estimate  
(95% CI) 

Adjustment Factors 

High arsenic levels in drinking water (> 100 µg/L)      
Hong et al 2003 
Southern China 
 
 
 

Occupational 
 ≥ 25 years 
75.6% men 

Cross-
sectional 

147 (114 
workers, 
33 
unexposed) 

Urine albumin, 
β2MG, NAG levels 

Urine 
(AAS) 

Urine As  (µg/g) 
0-49  
50-99  
100-199 
≥200  

Urine B2MG (µg/g) 
107.2  
204.2 
309.1 
398.1 
NAG (U/g) 
11.2  
21.4 
27.5 
33.1 
p-value<0.01 

None 
 

Nordberg  et al 
2005 
Hong et al 2004 
Guizhou China5 

Adults 
NR 
59.5% men 

Cross-
sectional 

245 β2M>0.30mg/g 
RBP>0.3 mg/g, 
NAG>23U/g 
 

Urine 
(GFAA) 

High As area  
mean (range) 
288.4 (33.3-1973.0) 
µg/g 
Control Area 
56.23 (12.41-
476.54) µg/g  

Geometric mean 
0.163 for RBP and 
0.344 for   β2M if 
UCD>4.8 µg/g cr and 
As>36 but only for 
women 
(also, see Buchet et al 
2003) 

Age, sex (matched) 
 

Wang et al 2009 
Xinjiang, China 
 
 

General (High 
water As area 
of China) 
44.3% men, 
All subjects>30 
years old 

Cross-
sectional 

235 Urine NAG levels Urine 
(ICPMS)  

Control areas:  
Urine As (µg/g), 
mean(SD) 
 208.6 (231.6) 
16 – 38 µg/l water 
Endemic area: 
20 -272 µg/l water 
Urine As (µg/g), 
mean(SD) 
 270.6 (395.3) 

NAG: Geometric 
mean in control  area:  
10.29 
 
Endemic area:  
12.18  

None 
 

Chen et al 2011 
Changhua,Taiwan 
 

High As area 
with industrial 
exposure 
Mean age 25.0 
years 
46.8% men 

Cross-
sectional 

1043 Renal dysfunction 
defined by 
β2MG>0.154 mg/L 

Urine  
(ICPMS) 

Urine As µg/g 
≤35   
35 - 75  
75 - 200  
>200  

Renal dysfunction 
defined by β2MG:  
1.00 (Reference)  
1.69 (0.94-3.64) 
2.11 (1.23-4.98)  
2.04 (1.11-4.37) 

Age, sex, smoking, 
diabetes, hypertension, 
lead, cadmium, nickel, 
living area, 

Low to moderate arsenic levels in drinking water (<100 µg/L)      
Buchet et al Areas with Cross- 568 24-hour urine β2M, 24-h urine Most below 25 µg/g  r = 0.16 with RBP Hypertension, 

                                                 
5 The Zhejiang population was excluded because it was a coastal area with high seafood consumption 
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2003 
Belgium6 
 

smelters, 
Mean age 
48.1 years 
 35.6% men 
 

sectional NAG, RBP, and 
albumin 

Hydride 
generation  
atomic 
absorption 

(p<0.05) 
NS with β2M, NAG, 
and albumin 

painkillers, blood 
cadmium*diabetes, 
diabetes, GGT, blood 
cadmium*hypertension 

Karmaus et al 
2008 
Bulgaria 
 
 

Adults 
48.9% men 
≥30 years 
48.7% men 

Cross-
sectional 

201 
baseline 
189 
follow-up 

Urine β2MG,  Urine  
(GFAA) 

Median (5th, 95th 
percentile) 
3.10 (0.70, 9.30)  
µg/L in 2003-2004 
2.90 (0.80, 8.90)  
µg/L in 2004-2005 

Mean difference in 
β2MG per unit 
increase As: 0.001 
(p-value=NS) 
 

Age, sex, smoking, 
diabetes, hypertension, 
pyelonephritis, kidney 
stones, creatinine, 
blood lead, serum 
selenium, urine 
cadmium 

Halatek et al 
2009 
Poland  
 
 

Occupational 
Mean age  
43.5 years 
100% men  
 

Cross-
sectional 

55 
39 
exposed, 
16 
unexposed 

Urine β2MG and 
RBP 

Urine  
(ICPMS) 

Mean (SD) urine As 
in control 19.6 
(19.9) µg/l 
Mean urine As in 
exposed: 43.3 (54.1) 
µg/l 

Spearman 
correlations As vs. 
RBP  
0.43 (p-value=0.01) 
As vs.β2M   0.32 (p-
value=0.05) 
Among exposure 
participants 

None 
 

Huang et al 2009 
South Korea 
 

Korean adults 
93.4% of 
participants 
>40 years 
29.7% male 
 

Cross-
sectional 

290 Urine β2MG, NAG Urine  
(GFAA) 

Overall geometric 
mean (SD) of  
5.70 (2.19) µg/L  
or 3.95 (1.73) µg/g 

Pearson correlation 
As(µg/L )vs. β2MG 
0.004 (p-value=NS) 
As(µg/L )vs. NAG 
0.300 (p-value<0.05) 
As (µg /g cr) vs 
β2MG 
0.06  (p-value=NS) 
As (µg /g cr) vs NAG 
0.09  (p-value=NS) 

None 
 

Eom et al 2011 
Chungbuk, South 
Korea 
 

Area of high 
mine density,  
Age≥20 years 
43.6% men 
 

Cross-
sectional 

815 Urine NAG 
concentration levels 

Urine 
Hydride 
generation 
AAS 

Geometric mean 
(SD) of  
8.47 (1.89) µg/g 
creatinine 
Urine As as 
continuous variable 

Correlation between 
As and NAG  
 Low NAG group 
without seafood 
consumption: 0.052 
With seafood:  
-0.171 (p<0.01) 
High NAG group, 
without seafood: 
0.293 (p<0.01), with 
seafood 0.114.  

None 
 

Robles-Osorio et 
al 2012 
Central México 

5 communities 
in Central 
Mexico 

Cross-
sectional 

90 
(11 had 
CKD) 

Urine A1M levels 
 

Urine 
Hydride 
generation 

Mean (range) of  
15.0 (0.56- 89.2) 
µg/g  

Mean difference (β) 
in urine A1M per 
increase in As is  

Age, BMI, SBP, GFR, 
uric acid, glucose 

                                                 
6 The Chinese cohort was excluded because it was the same cohort as Nordberg et al 2005. 
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 Mean age 40.9 
years 
22.2% men 
 

AA -0.109  (p<0.01) 
(other results NS) 
 
Medians urine As of 
CKD cases/noncases:  
13.6 and 16.2 µg/g cr  
(NS) 
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Table 4: Ecological studies of arsenic and kidney disease mortality 

Reference and 
Country 

Population Study 
Design 

N Outcome 
Ascertainment 

Arsenic 
Assessment 

Exposure Levels SMR 
(95% CI) 

Adjustment Factors 

High arsenic levels in drinking water (> 100 µg/L)      
Tsai et al 1999 
Putai, Taiwan 
 
 

4 townships 
(BFD endemic) 
in two counties 
to local 
population of 
both counties 

Ecological 206 male 
deaths,  
196 
female 
deaths 

Nephritis, nephrotic 
syndrome, nephrosis 
mortality validated 
by death certificate 
using  (ICD-9 code) 

Groundwater 
data from 
Chen et al 
1962  

Historical content 
of wells ranged 
from 0.25 to 1.14 
ppm (median 0.78 
ppm) 
(Chen et al 1962) 

1.10 (1.00-1.22) 
 
endemic area vs. local 
reference 
 

Age 

Chiu et al 2005 
Putai, Taiwan 
 

4 townships 
(BFD endemic)   
Use age- and 
sex-specific 
mortality rate 
of entire 
Taiwan 
population to 
standardize 
SMR 

Ecological 273 male 
deaths 
248 
female 
deaths 
(1971 – 
2000) 

Nephritis, nephrosis, 
nephrotic syndrome 
mortality validated 
by death certificate 
using  (ICD-9 code) 

Groundwater 
data from 
Chen et al 
1962 

Historical well 
water median of 
0.78 ppm 
Current supply 
<0.01 ppm 
(Chen et al 1962) 

1.05 (0.96-1.14) Age 

Smith et al 2012 
Northern Chile 
 
 

SMR of 
Antofagasta 
region of Chile 
was 
standardized by 
the mortality 
rate from all of 
Chile except 
Region II.  
Age : 30-49 
years 

Ecological 14 male, 
14 
female 
deaths 
(born 
1940-
1957); 
6 male, 6 
female 
deaths 
(born 
1958-
1970) 

Chronic renal 
disease mortality 
validated by the 
Ministry of Health 
using ICD9 codes 

Groundwater 
measured 
previously in 
Smith et al 
1998 
 

Historical mean 
water arsenic in 
Antofagasta 870 
µg/L  
Rest of Chile :<10 
µg/L  (mean of 14 
µg/L in 1984) 
  

2.03 (1.48-2.76) Age 

Low to moderate arsenic levels in drinking water (<100 µg/L)     
Lewis et al 1999 
Utah, United 
States 
 
 

Several small 
towns in 
Millard 
County, Utah  

Ecological 27 male 
deaths, 
14 
female 
deaths 

Nephritis, nephrosis, 
nephrotic syndrome 
mortality validated 
by death certificate 
using  (ICD-9 code) 

Historical 
data from 
Utah State 
Health 
Laboratory 

Historical (1970s) 
data suggested a 
mean of 150 ppb 
with a range of 53 
to 750 ppb. Paper 
stipulates that this 
is of individuals 
with <200 ppb 
exposure 

1.50 (1.11-2.04) Age 

Meliker et al 2007 Comparison of Ecological 614 male Kidney disease Groundwater Population 1.33 (1.26-1.41) Age 
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Michigan, United 
States 
 

six county area 
of Michigan vs 
rest of 
Michigan  

deaths 
679 
female 
deaths 

mortality validated 
by Vital Records 
and Health Data 
Development 
Section of MDCH 
using ICD9 code. 

 (MDEQ 
database) 

weighted median in 
rest of Michigan: 
1.27 µg/L 
Study area: 7.58 
µg/L 
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Table 5: Quality criteria for the evaluation of design and data analysis in epidemiologic studies of arsenic and albuminuria and 
proteinuria outcomes 

Criteria Hong 
et al  

Nordberg  
Hong 
et al 

Chen  
et al 
 

Kong  
et al  

Zheng 
et al 

Arsenic exposure assessed at individual level Yes Yes Yes Yes Yes 
Arsenic exposure assessed using a biomarker Yes Yes Yes Yes Yes 
Internal comparison within study participants  Yes Yes Yes Yes 
Authors controlled for relevant confounding 
factors (in addition to age, sex, BMI) 

No No Yes Yes Yes 

Response rate at least 70% NR NR Yes No No 
Same exclusion criteria applied to all 
participants 

NR NR Yes NR Yes 

Standardized definition of kidney disease/ eGFR 
(if applicable) 

No - Yes Yes Yes 

Interviewer was blinded with respect to case or 
exposure status 

NR NR NR NR Yes 

Data collected in a similar manner for all 
participants 

NR NR Yes NR Yes 

Noncases would have been cases if they had 
developed kidney disease (CC only) 

- - - Yes - 

Authors controlled for healthy worker survivor 
effect (Occupational only) 

NR - - - - 

Same time period over which cases/controls and 
exposed/unexposed interviewed  

- - - NR Yes 

Loss to follow-up independent of exposure - - NR - - 
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Table 6: Quality criteria for the evaluation of design and data analysis in epidemiologic studies of arsenic and eGFR and CKD-based 
outcomes 

Criteria Mayer 
et al 

Chiou 
et al  

Karmaus 
et al  

Hsueh 
et al 
 

Chen 
et al  

Hawkesworth 
et al  

Jayatilake 
et al  

Palaneeswari 
et al 
 

Arsenic exposure assessed at 
individual level 

Yes No Yes Yes No Yes Yes Yes 

Arsenic exposure assessed using a 
biomarker 

Yes No Yes Yes No Yes Yes Yes 

Internal comparison within study 
participants 

Yes Yes Yes Yes Yes Yes Yes Yes 

Authors controlled for relevant 
confounding factors (in addition to 
age, sex, BMI) 

No Yes Yes Yes Yes Yes No No 

Response rate at least 70% NR NR NR NR NR No Yes NR 
Same exclusion criteria applied to all 
participants 

NR NR NR NR NR NR NR NR 

Standardized definition of kidney 
disease/ eGFR (if applicable) 

Yes Yes Yes Yes Yes Yes Yes Yes 

Interviewer was blinded with respect 
to case or exposure status 

NR NR NR NR NR - NR NR 

Data collected in a similar manner for 
all participants 

NR NR NR NR Yes NR Yes NR 

Noncases would have been cases if 
they had developed kidney disease 
(CC only) 

- - No Yes - - Endemic 
only 

NR 

Authors controlled for healthy worker 
survivor effect (Occupational only) 

- - - - - - - - 

Same time period over which 
cases/controls and 
exposed/unexposed interviewed  

- - NR Yes - - Yes NR 

Loss to follow-up independent of 
exposure 

- - - - - NR - - 
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Table 7: Quality criteria for the evaluation of design and data analysis in epidemiologic studies of arsenic and β2MG, NAG, RBP, and 
A1M outcomes7 

Criteria Hong 
et al  

Buchet  
et al 
 

Nordberg  
Hong 
et al 

Karmaus 
et al  

Halatek 
et al 
 

Huang 
et al 

Wang 
et al  

Chen 
et al  

Eom 
et al 

Robles-
Osorio 
et al  

Arsenic exposure assessed at individual level Yes Yes Yes Yes Yes Yes Yes No Yes Yes 
Arsenic exposure assessed using a biomarker Yes Yes Yes Yes Yes Yes Yes No Yes Yes 
Internal comparison within study participants  Yes Yes Yes Yes Yes Yes Yes Yes Yes 
Authors controlled for relevant confounding 
factors (in addition to age, sex, BMI) 

No No No Yes No No No Yes No Yes 

Response rate at least 70% NR NR NR NR NR NR NR NR NR NR 
Same exclusion criteria applied to all 
participants 

NR NR NR NR NR NR NR NR NR NR 

Standardized definition of kidney disease/ 
eGFR (if applicable) 

No - - Yes - - - Yes - - 

Interviewer was blinded with respect to case 
or exposure status 

NR NR NR NR NR NR NR NR NR NR 

Data collected in a similar manner for all 
participants 

NR NR NR NR NR NR NR Yes NR NR 

Noncases would have been cases if they had 
developed kidney disease (CC only) 

- - - No - - - - - - 

Authors controlled for healthy worker 
survivor effect (Occupational only) 

NR - - - No - - - - - 

Same time period over which cases/controls 
and exposed/unexposed interviewed  

- - - NR - - - - - - 

Loss to follow-up independent of exposure - - - - - - - - - - 
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Table 8: Quality criteria for the evaluation of design and data analysis in epidemiologic studies of arsenic and CKD mortality 

Criteria Lewis 
et al 

Tsai  
et al 

Chiu 
et al 

Meliker 
et al 

Smith 
et al 

Arsenic exposure assessed at individual 
level 

- - - - - 

Arsenic exposure assessed using a 
biomarker 

No No No No No 

Internal comparison within study 
participants 

No Yes No No No 

Authors controlled for relevant confounding 
factors (in addition to age, sex, BMI) 

Yes Yes Yes Yes Yes 

Response rate at least 70% - - - - - 
Same exclusion criteria applied to all 
participants 

- - - - - 

Standardized definition of kidney disease (if 
applicable) 

Yes Yes Yes Yes Yes 

Interviewer was blinded with respect to case 
or exposure status 

- - - - - 

Data collected in a similar manner for all 
participants 

NR NR NR NR NR 

Noncases would have been cases if they had 
developed kidney disease (CC only) 

- - - - - 

Authors controlled for healthy worker 
survivor effect (Occupational only) 

- - - - - 

Same time period over which cases/controls 
and exposed/unexposed interviewed  

- - - - - 

Loss to follow-up independent of exposure - - - - - 
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Figure 1: Search query entered into Pubmed 
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Figure 2: Summary of search and screening process 
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Figure 3: Forest plot of all ecological studies on arsenic and CKD mortality 
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Figure 4: Evaluation of dose response for arsenic exposure and albuminuria and proteinuria outcomes. Only studies with dose-
response data and adjustment for confounders are presented. 

 



37 
 

Figure 5: Evaluation of dose response for arsenic exposure and eGFR and CKD-based outcomes. Only studies with dose-response data 
and adjustment for confounders are presented. 



38 
 

CHAPTER 2:  Urine Arsenic and Prevalent Albuminuria: Evidence from a 

Population-based Study 

Laura Y. Zheng1,MEng; Jason G. Umans, MD PhD2,3;  Maria Tellez-Plaza, MD, PhD1,4-6; 

Fawn Yeh7, PhD; Kevin A. Francesconi8, PhD; Walter Goessler8, PhD; Ellen K 

Silbergeld, PhD1; Eliseo Guallar, MD, DrPH4-6,9; Barbara V. Howard, PhD2,3;Virginia M. 

Weaver, MD, MPH1,5,6; Ana Navas-Acien, MD, PhD1,4,5 

1Department of Environmental Health Sciences, Johns Hopkins University Bloomberg 
School of Public Health, Baltimore, MD. USA 
 
2MedStar Health Research Institute, and Georgetown University, USA 
 

3Georgetown-Howard Universities Center for Clinical and Translational Science, 
Washington DC, USA 
 

4Department of Epidemiology, Johns Hopkins Bloomberg School of Public Health, 
Baltimore, MD, USA 
 

5Welch Center for Prevention, Epidemiology and Clinical Research, Johns Hopkins 
University Bloomberg School of Public Health, Baltimore, MD, USA 
 

6Area of Epidemiology and Population Genetics, National Center for Cardiovascular 
Research (CNIC), Madrid, Spain 
 

7 College of Public Health, University of Oklahoma 
 

8Institute of Chemistry – Analytical Chemistry, Karl-Franzens University, Graz, Austria 
 

9Department of Medicine, Johns Hopkins Medical Institutions, Baltimore, MD, USA 
 
 
Corresponding author: 
Ana Navas-Acien, MD, PhD  
Departments of Environmental Health Sciences and Epidemiology 
Johns Hopkins Bloomberg School of Public Health 
615 N Wolfe Street, Room W7513D 
Baltimore, MD 21205, US  
Phone: (410) 502-4267; Fax: (410) 955-1811 
E-Mail: anavas@jhsph.edu 

mailto:anavas@jhsph.edu


39 
 

Support: Supported by grants from the National Heart Lung and Blood Institute 

(HL090863 and SHS grants HL41642, HL41652, HL41654 and HL65521) and from the 

National Institute of Environmental Health Sciences (P30ES03819). Laura Zheng was 

supported by a T32 training grant from the National Institute of Environmental Health 

Sciences (ES103650).  

Disclosure: The authors have no conflict of interest to declare. 

 

 

 

  



40 
 

ABSTRACT 

Background: Chronic arsenic exposure is a major global health problem. Few 

epidemiologic studies, however, have evaluated the association of arsenic with kidney 

measures. Our objective was to evaluate the cross-sectional association between 

inorganic arsenic exposure and albuminuria in American Indian adults from rural areas of 

Arizona, Oklahoma and North and South Dakota.  

Study Design: Cross-sectional. 

Setting: Strong Heart Study locations in Arizona, Oklahoma, and North and South 

Dakota. 

Participants: 3,821 American Indian men and women 45 to 74 years of age with urine 

arsenic and albumin measures.  

Predictor: Urine arsenic. 

Outcomes: Urine albumin/creatinine ratio and albuminuria status. 

Measurements: Arsenic exposure was estimated by measuring total urine arsenic and 

urine arsenic species using inductively coupled plasma-mass spectrometry (ICPMS) and 

high performance liquid chromatography-ICPMS, respectively. Urine albumin was 

measured by automated nephelometric immunochemistry.  

Results: The prevalence of albuminuria ≥30 mg/g creatinine was 30%. The median 

(interquartile range) for the sum of inorganic and methylated arsenic species was 9.7 (5.8, 

15.6) μg/g creatinine. The multivariable-adjusted prevalence ratios (95% confidence 

interval) of albuminuria ≥30 mg/g comparing the three highest to lowest quartiles of the 
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sum of inorganic and methylated arsenic species were 1.16 (1.00, 1.34), 1.24 (1.07, 1.43), 

and 1.55 (1.35, 1.78), respectively (P trend <0.001). The association between urine 

arsenic and albuminuria was observed across all participant subgroups evaluated and was 

evident for both micro and macroalbuminuria. 

Limitations: The cross-sectional design cannot rule out reverse causation.  

Conclusion: Increasing urine arsenic concentrations were cross-sectionally associated 

with increased albuminuria in a rural US population with a high burden of diabetes and 

obesity.  Prospective epidemiologic and mechanistic evidence is needed to understand the 

role of arsenic as a kidney disease risk factor. 
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INTRODUCTION 

Inorganic arsenic is a widespread toxicant and carcinogen that occurs naturally in 

the earth’s crust. In the general population, the main sources of arsenic exposure are 

drinking water and food. Chronic exposure to inorganic arsenic from drinking water is a 

global public health problem due to natural mineral deposits or improperly disposed 

arsenic chemicals in groundwater.1-3 Dietary sources of arsenic are an increasingly 

recognized concern for general populations as arsenic is found at relatively high 

concentrations in some foods including rice, flour and certain juices.4,5 Occupational 

sources of arsenic exposure have markedly decreased in developed countries in the last 

decades, including copper smelters, the use of arsenic pesticides and herbicides, and the 

use of arsenic as a wood preservative.6  

In addition to cancer,7 arsenic may play a role in the development of 

cardiovascular disease,8-10 diabetes,11-13 and developmental and reproductive 

abnormalities.14 Few epidemiologic studies, however, have evaluated the relationship 

between arsenic exposure and chronic kidney disease outcomes. In China, high arsenic 

exposure from burning contaminated coal (geometric mean 288 μg/g) was associated 

with albumin and other proteins in urine.15 In a population in Bangladesh with a wide 

range of exposure to arsenic in drinking water (from <10 to >100 µg/L), arsenic exposure 

was positively related to the prevalence of proteinuria.8 In Southwestern Taiwan, in an 

area characterized by historically high arsenic levels in well water (>500 µg/L), kidney 

disease mortality decreased after the installation of public water supply systems and the 

reduction of arsenic in drinking water.8 In the US, arsenic levels in drinking water are 

generally low,6 although it is estimated that around 13 million inhabitants live in areas 
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where arsenic in drinking water is above 10 µg/L, the US EPA standard for arsenic in 

drinking water.16 In Southeastern Michigan (mean water arsenic 11 μg/L), an ecological 

study found a positive association between moderate water arsenic concentrations and 

kidney disease mortality.17 Additional epidemiological studies are needed to evaluate the 

association of arsenic with chronic kidney disease outcomes at low-moderate levels of 

arsenic exposure, relevant for many communities around the world. 

In this study, our objective was to investigate the relationship between arsenic 

exposure, as measured in urine, with the presence of albuminuria in the Strong Heart 

Study (SHS). The SHS is a population-based study funded by the National Heart Lung 

and Blood Institute to evaluate cardiovascular disease and its risk factors in American 

Indian communities from Arizona, Oklahoma and North and South Dakota,18,19 where the 

primary source of arsenic exposure is through drinking water.19 Albuminuria, the excess 

of serum albumin in the urine due to increased filtration through damaged glomeruli or 

decreased reabsorption in the proximal tubules,20,21 is an important risk factor for 

cardiovascular disease in this population.22 In the SHS communities the primary source 

of arsenic exposure is through drinking water and we recently confirmed long-term 

exposure from low to moderate arsenic levels.19 In this setting, it is essential to assess the 

potential for arsenic as a novel, preventable risk factor for albuminuria.   

METHODS 

Study population 

 From 1989 to 1991, men and women 45-74 years of age from 13 tribes and 

communities were invited to participate in the SHS.23  The goal was to recruit 1,500 
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participants per region. In Arizona and Oklahoma, all community members were invited 

to participate. In the Dakotas, a cluster sampling technique was used. The overall 

participation rate was 62% and a total of 4,549 participants were recruited. We used data 

from 3,974 SHS participants with urine arsenic measured at the baseline visit (1988-

1991). We further excluded 1 participant missing data on albuminuria, 10 participants 

missing diabetes status, and 135 participants missing other variables of interest, leaving 

3,821 participants for this analysis. The SHS protocol and consent form were approved 

by local institutional review boards, participating tribes and the Indian Health Service. 

All participants provided informed consent. 

Urine albumin and creatinine 

Spot urine samples were collected in 1989-91, frozen within 1-2 hours of 

collection, and stored at -80ºC at the Penn Medical Laboratory, MedStar Health Research 

Institute (Hyattsville, MD and Washington, DC).18 Urine albumin and creatinine were 

measured at the Laboratory of the National Institute of Diabetes and Digestive and 

Kidney Diseases Epidemiology and Clinical Research Branch, Phoenix, Arizona by an 

automated nephelometric immunochemical procedure and an automated alkaline picrate 

methodology, respectively.18 To account for urine dilution, urine albumin concentrations 

were divided by urine creatinine concentrations. In addition to albumin concentrations, 

we defined albuminuria as an albumin to creatinine ratio (ACR) ≥30 mg/g, as based on 

standard guidelines24 and in previous SHS studies.22,23 We also defined microalbuminuria 

as ACR between 30 and <300 mg/g and macroalbuminuria as ACR ≥300 mg/g.24  
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Urine arsenic     

From the same urine sample that had been used to measure urine albumin and 

urine creatinine, up to 1.0 mL of urine per participant was transported on dry ice to the 

Trace Element Laboratory of the Institute of Chemistry-Analytical Chemistry, Karl 

Franzens University (Graz, Austria) in 2009. Total arsenic concentrations in urine 

samples were measured by inductively coupled plasma mass spectrometry (ICPMS) 

(Agilent 7700x ICPMS, Agilent Technologies, www.agilent.com), and arsenic species 

were determined by high performance liquid chromatography (HPLC; Agilent 1100) 

coupled to ICPMS which served as the arsenic selective detector 

(HPLC/ICPMS).  Arsenic speciation can distinguish arsenic species that are directly 

related to inorganic arsenic exposure (arsenite, arsenate, MMA and DMA) from those 

related to organic arsenicals in seafood (arsenobetaine), which are generally nontoxic.6 

The analytical methods used in these analyses and the associated quality control criteria 

have been described in detail.25 The limit of detection for total arsenic, and for inorganic 

arsenic (arsenite+arsenate), MMA, DMA and arsenobetaine plus other cations was 0.1 

µg/L. The percentages of participants with concentrations below the limit of detection 

were 0.03% for total arsenic, 5.2% for inorganic arsenic, 0.8% for MMA, 0.03% for 

DMA, and 2.1% for arsenobetaine plus other cations.  For participants with arsenic 

species below the limits of detection, levels were imputed as the corresponding limit of 

detection divided by the square root of two. An in-house reference urine and the Japanese 

National Institute for Environmental Studies (NIES) No 18 Human urine were analyzed 

together with the samples. The inter-assay coefficients of variation for total arsenic, 

inorganic arsenic, MMA, DMA and arsenobetaine for the in-house reference urine were 
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4.4%, 6.0%, 6.5%, 5.9%, and 6.5%, respectively.25 Urine concentrations of arsenobetaine 

and other cations were very low (median 0.69 µg/g, interquartile range 0.41 to 1.57 

µg/g), confirming that seafood intake was low in this population. Urine arsenic 

concentrations (µg/L) were divided by urine creatinine concentrations (g/L) to account 

for urine dilution and expressed in µg/g creatinine. 

Other variables 

Sociodemographic (age, gender, education) and life-style (smoking status, and 

alcohol status) information at baseline was collected by trained and certified interviewers 

using a standardized questionnaire 18. Physical exam measures (height, weight, systolic 

and diastolic blood pressure) were performed by centrally trained nurses and medical 

assistants following a standardized protocol. Methods to measure blood pressure, body 

mass index, fasting glucose and 75-g oral glucose tolerance test (OGTT), HbA1c, and 

plasma fibrinogen have been described.26-28  Diabetes was defined as a fasting glucose 

≥126 mg/dL, a 2-h post-load plasma glucose ≥200 mg/dL, an HbA1c ≥6.5%, or the use 

of insulin or an oral hypoglycemic agent.  Plasma creatinine was measured by an 

alkaline-picrate rate method. Estimated glomerular filtration rate (eGFR) was calculated 

from recalibrated creatinine,29 age and sex using the Chronic Kidney Disease 

Epidemiology Collaboration (CKD-EPI) formula without an ethnicity factor.29  

Statistical analyses 

Statistical analyses were performed in Stata IC 11.2 (Stata Corporation, 

www.stata.com). In addition to total arsenic, we calculated the sum of inorganic and 

methylated arsenic species as an additional measure of exposure to inorganic arsenic. 

Urine concentrations of total arsenic, the sum of inorganic and methylated species, and 
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albumin were right skewed and log transformed for the analyses. Quartiles were 

generated based on the distribution of urine arsenic concentrations in the overall study 

sample.  

Linear models were used to estimate adjusted ratios of the geometric means of 

urine albumin concentrations by urine arsenic concentrations. Logistic regression models 

were used to estimate adjusted odds ratios for the prevalence of urine albumin ≥30 mg/g 

creatinine by urine arsenic concentrations. Since the prevalences of urine albumin ≥30 

mg/g creatinine were high and prevalence odds ratios overestimated prevalence ratios, we 

used the results of logistic regression models to estimate marginally adjusted prevalences 

of urine albumin ≥30 mg/g creatinine by urine arsenic concentrations and then calculated 

prevalence ratios. 95% confidence intervals for the prevalence ratios were generated 

using the delta method.30 In both linear and logistic regression models, arsenic 

concentrations were entered as quartiles (comparing quartiles 2-4 to the lowest quartile), 

log-transformed (comparing an interquartile range in log-transformed arsenic levels) and 

as restricted quadratic splines with knots at the 10th, 50th, and 90th percentiles of the log-

arsenic distribution (to evaluate the dose-response relationship in a flexible manner), in 

separate models.  P-values for linear trend were obtained by including in the regression 

model a continuous variable with the medians corresponding to each quartile of the 

arsenic distribution.31  

In addition to estimating crude models, we estimated both linear and logistic 

regression models with progressive degrees of adjustment. Initially, we adjusted for 

demographic and lifestyle factors including sex (male, female), age (continuous), study 

region (Oklahoma, Arizona, North and South Dakota), body mass index (continuous), 
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education (years of education), smoking status (never, former, current), and alcohol status 

(never, former, current). Then, we further adjusted for health conditions such as diabetes 

(yes/no), systolic blood pressure (continuous), hypertension medication (yes/no), and 

eGFR (continuous). Finally, we further adjusted for urine cadmium concentrations (log-

transformed), another widespread metal that is an established nephrotoxicant. We also 

ran multinomial logistic models to estimate the prevalence ratio of microalbuminuria (30 

to <300 mg/g) and macroalbuminuria (≥300 mg/g) to normal levels, and additional 

logistic regression models to compare macro vs. microalbuminuria by increasing urine 

arsenic levels. 

The association between urine albumin ≥30 mg/g creatinine and urine arsenic was 

evaluated in fully adjusted models stratified by sex (male, female), age (<50 years, 50 – 

65 years, >65 years), study location (Oklahoma, Arizona, North and South Dakota), body 

mass index (<25 kg/m2, 25- 29 kg/m2, >29 kg/m2), education (no high school, some high 

school, completed high school), smoking status (never, former, current), alcohol status 

(never, former, current), diabetes status (yes, no), hypertension medication (yes, no), 

eGFR category (≤60 ml/min/1.73m2, >60 ml/min/1.73m2), fibrinogen ( <264 mg/dl, 264 

– 324 mg/dl, and >324 mg/dl) and urine cadmium category (<0.7 μg/g, 0.7 – 1.21 μg/g, 

and >1.22 μg/g).  To test for effect modification, interaction terms were generated as the 

product of urine arsenic concentration and the participant subgroups of interest. The p-

value for interaction terms was determined using a bootstrapping procedure with 1000 

repetitions, a more stable approach when sample sizes are small.32  We had no a priori 

hypotheses for effect modification by participant characteristics, except for urine 

cadmium, for which a synergistic interaction was supported by limited epidemiologic and 
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experimental evidence.15,33 We ran several sensitivity analyses. First, we repeated full 

models to estimate prevalence ratios using Poisson regression, with similar results (data 

not shown). Second, we repeated the analyses adjusting for urine creatinine separately 

instead of dividing urine arsenic concentrations by urine creatinine, also with similar 

findings (data not shown). Third, we adjusted for educational levels using 4 categorical 

variables (no high school, some high school, completed high school, beyond high school) 

instead of years of education with no differences in the associations between arsenic and 

albuminuria (data not shown).  Fourth, we repeated the analyses for the sum of inorganic 

and methylated arsenic species and albuminuria excluding participants with undetectable 

inorganic arsenic, MMA or DMA (N=213) with consistent findings (data not shown). 

RESULTS 

Median urine concentrations were 12.8 µg/g for total arsenic and 9.7 µg/g for the 

sum of inorganic and methylated arsenic species. The Spearman correlation coefficients 

were 0.90 for total arsenic and the sum of inorganic and methylated species, 0.36 for 

arsenobetaine and total arsenic, and 0.13 for arsenobetaine and the sum of inorganic and 

methylated species. The sum of inorganic and methylated species were higher in men, in 

Arizona and the Dakotas compared to Oklahoma, in participants with lower education, in 

participants with higher systolic blood pressure, in current drinkers, in diabetics, and in 

participants with urine albumin ≥30 mg/g creatinine (Table 1). Similar associations were 

found for total arsenic, except higher total arsenic concentrations in women (Table S1). 

The prevalence of urine albumin ≥30 mg/g creatinine was 30.0% (Table 2). 

Compared to those with urine albumin <30 mg/g, participants with urine albumin ≥30 

mg/g were more likely to live in Arizona, have lower education levels, higher BMI, be 
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never and former smokers, have diabetes, take anti-hypertensive medication, and have 

higher systolic blood pressure, lower eGFR levels and higher fibrinogen levels. 

Urine arsenic was positively associated with the prevalence of urine albumin ≥30 

mg/g creatinine (Table 3, Figure 1). The fully adjusted prevalence ratios for urine 

albumin ≥30 mg/g creatinine comparing participants in the highest to lowest arsenic 

quartiles were 1.42 (1.24, 1.64) for total arsenic and 1.55 (1.35, 1.78) for the sum of 

inorganic and methylated species (Table 3, model 4). The association was present for 

both micro and macroalbuminuria, although the association was somewhat stronger for 

macroalbuminuria (Table 4). Urine arsenic concentrations were also positively associated 

with urine albumin concentrations in regression models (Table S2). Comparing the 

highest to lowest quartile, urine albumin concentrations were 1.58 (1.33, 1.88) and 1.67 

(1.39, 2.00) times higher for total arsenic and for the sum of inorganic and methylated 

arsenic species, respectively (Table S2, Model 4). 

The positive association between arsenic and the prevalence of urine albumin ≥30 

mg/g creatinine was observed across all participant subgroups evaluated, although the 

association was stronger in younger participants and in participants with higher education 

levels (Table S3). We found no evidence of effect modification for the association 

between arsenic and albuminuria by urine cadmium concentrations.  

Finally, we evaluated the association between albuminuria and arsenic 

metabolism, as measured in %MMA. After adjustment for age in years, sex, study 

location, body mass index (kg/m2), education in years, smoking status, alcohol status, 

systolic blood pressure, hypertension medication (yes or no), diabetes status (yes or no), 
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eGFR category (≤60 mL/minute/1.73m2), urine cadmium (log-transformed), fibrinogen 

(mg/dl) and urine arsenic (μg/g creatinine), the prevalence ratios comparing quartiles 2-4 

of %MMA (10.8 – 13.9% , 14.0 – 17.5%, and ≥17.8 %) to the lowest quartile (<10.8%) 

were 0.87 (0.77, 0.98), 0.91(0.01, 1.02), and 0.88 (0.77, 1.00), respectively, (p-trend = 

0.11). 

DISCUSSION 

Exposure to inorganic arsenic, as measured in urine, was positively associated 

with increased urine albumin concentrations and with urine albumin ≥30 mg/g creatinine 

in men and women from rural communities in Arizona, Oklahoma and North and South 

Dakotas. The associations persisted after adjustment for demographic and kidney disease 

risk factors and were observed for both micro and macroalbuminuria. The associations 

were also observed in all population-subgroups evaluated, although they were stronger in 

some subgroups, including younger participants and more educated participants. These 

findings should be interpreted with caution, as we had no a priori hypotheses regarding 

these subgroups. Finally, we found no evidence of effect modification in albuminuria by 

urine cadmium concentrations, despite limited epidemiologic and experimental evidence 

suggesting potential synergy between arsenic and cadmium.15,33  

Previous studies of arsenic and kidney measures have generally been conducted in 

populations with arsenic exposure levels higher than those in the Strong Heart Study. In a 

population-based study conducted in Guizhou, China, 122 individuals exposed to arsenic 

from burning coal (urine arsenic geometric mean 288.4 μg/g) had higher urine albumin, 

β-2 microglobulin (β2MG), and N-acetyl-β-D-glucosaminidase (NAG) concentrations 

compared to 123 unexposed participants (urine arsenic geometric mean 56.2 μg/g).15  
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Arsenic and cadmium exposure were associated with increased excretion of albumin, 

β2MG, and NAG after controlling for possible confounders.33 Moreover, there was a 

synergistic effect between arsenic and cadmium co-exposures on urine albumin and NAG 

concentrations.15 In Zhejiang, China, moderate arsenic exposure (mean urine arsenic 35 

µg/g creatinine) was associated with urine albumin concentrations but not with several 

tubular markers, including NAG, β-2 microglobulin and retinol binding protein.34,35  Like 

our study, however, they found no effect modification by cadmium levels.34,35 In a large 

population-based study from Araihazar, Bangladesh (N=10,160), both arsenic measured 

in drinking water (≤7 µg/L in the lowest quintile and 180-864 µg/L in the highest 

quintile, mean of 99 μg/L) and urine arsenic concentrations (<36 µg/L in the lowest 

quintile and ≥115 µg/L in the highest quintile) were positively associated with the 

prevalence and incidence of proteinuria measured qualitatively.8 The adjusted odds ratios 

comparing the highest to the lowest quintile were 1.65 for drinking water arsenic and 

1.65 for urine arsenic. In Bangladesh, the study population was characterized by low 

body mass index and low prevalence of diabetes,8 while in our study both obesity and 

diabetes were very common.23,36  

Few experimental studies have specifically evaluated the renal effects of arsenic 

exposure in animal models. In dogs, acute administration of sodium arsenate (0.73 

mg/kg) resulted in vacuolation of the renal tubular epithelium, while higher doses (14.66 

mg/kg) resulted in moderate glomerular sclerosis and severe tubular necrosis.37 In mice, 

arsenic exposure via drinking water (22.5 mg/L) increased urine NAG but not urine 

albumin concentrations.38 In that model, mice fed both arsenic in drinking water and 

cadmium in food exhibited increases in urine protein and NAG excretion that were 
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markedly higher compared to mice fed cadmium or arsenic alone.38 The mechanisms 

underlying arsenic-induced nephrotoxicity are likely to be complex. Mechanistic 

evidence suggests that arsenic increases inflammation, as measured by increased IL-6 and 

IL-8 expression39 and reactive oxygen species (ROS) pathways.40,41 These mechanisms 

could play a role in arsenic related kidney damage.42 Widespread vascular endothelial 

dysfunction or chronic low-grade inflammation may also be underlying mechanisms for 

albuminuria.43 Arsenic has been associated with vascular cell adhesion molecule-1,44,45 a 

biomarker of endothelial dysfunction that is also a surrogate of increased cardiovascular 

risk.46,47 In our study, adjustment for fibrinogen, a non-specific inflammatory marker did 

not modify the association between arsenic and albuminuria. Arsenic could also 

contribute to kidney damage and albuminuria through diabetes effects. Arsenic has been 

associated with diabetes in some12,13 but not all48 epidemiological studies. Substantial 

mechanistic evidence also supports a role for arsenic in the development of diabetes.49-51 

Epidemiologic52,53 and experimental53,54 evidence, moreover, indicate that arsenic could 

induce more severe nephrotoxic effects in the presence of diabetes.  

Strengths of this study include high quality and standardized protocols for 

recruitment, interviews, physical examinations, collection and storage of biological 

samples, and laboratory procedures to determine urine albumin and arsenic 

concentrations. The use of urine arsenic to reflect arsenic exposure is an additional 

strength, as urine arsenic integrates all sources of exposure and it has been selected as the 

biomarker of choice for epidemiologic studies.55 While its half-life is relatively short, 

urine arsenic concentrations were relatively constant over a 10-year period19 indicating 
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that exposure through drinking water and diet remained unchanged and supporting the 

use of a single biomarker to reflect long-term arsenic exposure in this population.  

Our study has several limitations. First, this is a cross-sectional study and reverse 

causation may be an issue. Experimental evidence suggests that arsenic binds to 

proteins.56-61 Two arsenic binding sites have been found on bovine serum albumin,56,62  

and arsenite has been found to bind serum albumin in vitro under physiological 

conditions.63 The binding of arsenic and albumin in serum could result in higher albumin 

in urine with increasing arsenic exposure or in higher arsenic in urine in individuals with 

albuminuria. Evidence from Bangladesh, however, showed that proteinuria was 

associated with arsenic in drinking water and not just with urine arsenic and that urine 

arsenic was associated with incident proteinuria,8 suggesting that reverse causation was 

unlikely to explain the associations. Second, we used spot urine samples, which must be 

adjusted for urine dilution. In our study we used urine creatinine to correct for urine 

dilution. While specific gravity has been used as an alternative in some populations, it is 

not suitable in our study population with a high prevalence of diabetic glucosuria and 

albuminuria.64,65 Third, water samples were not collected or measured for arsenic content, 

although previous studies have found similar associations with proteinuria for arsenic in 

urine and in drinking water.8  Fourth, we cannot discard the possibility of residual 

confounding by socioeconomic factors or environmental factors, although the 

associations persisted after adjustment for education and urine cadmium concentrations. 

Finally, our study was conducted in a population with a high burden of albuminuria, 

obesity and diabetes and it is uncertain if our findings can be generalized to populations 

with a different disease profile.   
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In conclusion, at the low to moderate levels of arsenic exposure present in rural 

communities in the US with a high burden of diabetes and obesity, increasing urine 

arsenic concentrations were cross-sectionally associated with increased albuminuria. 

While we cannot discard reverse causation, kidney effects may add to the potential 

carcinogenic.7,66 cardiometabolic,9,49,67 and developmental14 health effects related to low-

moderate exposure to inorganic arsenic from drinking water and food. Prospective 

epidemiologic studies and mechanistic experimental research needs to be conducted to 

understand the role of arsenic as a kidney disease risk factor.  
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Table 1: Participant characteristics by quartiles for the sum of inorganic and methylated arsenic species 

 Population Sum of inorganic and methylated arsenic species (μg/g creatinine) 
  <5.8 5.8 – 9.7 9.7 – 15.6 >15.6 P-trend 
Overall (N) 3821 960 963 945 953  
Sex       
    Male 40.9 49.3 40.4 40.3 33.4 <0.01 
    Female 59.1 50.7 59.6 59.7 66.6  
Age, years 56.2 (8.0) 56.5 (8.3) 55.9 (8.1) 56.3 (7.9) 56.2 (7.9) 0.78 
Study Location       
    Arizona 34.0 7.3 25.1 43.6 60.2 <0.01 
    Oklahoma 33.2 70.3 38.6 17.3 6.0  
    South Dakota 32.8 22.4 36.3 39.1 33.8  
Education, years       
    No HS 22.2 9.2 16.3 28.0 35.4 <0.01 
    Some HS  25.1 24.1 23.8 24.7 27.9  
    Completed HS 52.7 66.7 59.9 47.3 36.7  
BMI, kg/m2 30.9 (6.3) 30.7 (5.7) 31.4 (6.3) 30.8 (6.3) 30.7 (6.9) 0.33 
Smoking status       
    Never 34.0 36.0 35.3 32.8 31.8 0.34 
    Former 32.6 31.0 30.8 32.7 35.9  
    Current 33.4 33.0 33.9 34.5 32.3  
Alcohol status       
    Never 41.9 48.2 43.5 38.8 36.9 <0.01 
    Former 16.2 17.7 16.6 14.3 16.1  
    Current 41.9 34.1 39.9 46.9 47.0  
Diabetes       
    No 50.3 61.5 53.3 49.5 36.8 <0.01 
    Yes 49.7 38.5 46.7 50.5 63.2  
Systolic BP, mmHg 127.5 (19.3) 127.2 (17.6) 126.4 (18.7) 127.4 (19.8) 128.9 (20.9) 0.01 
Hypertension Medication       
    No 76.6 74.5 77.6 76.8 77.5 0.24 
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    Yes 23.4 25.5 22.4 23.2 22.5  
eGFR, ml/min/ 1.73m2 97.1 (18.6) 94.1 (17.9) 96.7 (17.5) 97.5 (19.3) 100.0 (19.4) <0.01 
Fibrinogen, mg/dl 303.2 (80.5) 291.7 (75.4) 296.9 (74.1) 307.4 (81.5) 316.9 (87.9) <0.01 
Urine cadmium, µg/g 1.23 (1.9) 1.0 (1.6) 1.1 (1.0) 1.3 (2.7) 1.5 (2.0) <0.01 
Urine ACR, mg/g 319.2 (1574.8) 147.5 (840.1) 203.2 (853.7) 369.8 (1348.3) 559.2 (2568.2)  
Albuminuria status       
    No 70.0 82.2 75.3 68.7 53.6 <0.01 
    Yes 30.0 17.8 24.7 31.3 46.4  
Median (IQR) concentration       
    Total urine As 12.7 (7.8, 20.5) 5.6 (4.5, 6.9) 9.7 (8.3, 11.6) 15.1 (13.1, 17.5) 26.7 (21.4, 36.1)  
    Inorganic and methylated As 9.7 (5.8, 15.6) 4.2 (3.3, 5.0) 7.5 (6.6, 8.6) 12.4 (10.9, 13.8) 21.8 (18.3, 29.0)  
    Urine arsenobetaine 0.69 (0.41, 0.57) 0.57 (0.36, 1.09) 0.72 (0.40, 1.82) 0.72 (0.42, 1.69) 0.78 (0.49, 1.72)  

Data are % for categorical variables and mean (SD) for continuous variables 
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Table 2: Participant characteristics by urine albumin concentrations category  

 Population Normal 
<30 mg/g  
creatinine 

Microalbuminuria 
30 – 300 mg/g 

creatinine 

Macroalbuminuria 
>300 mg/g 
creatinine 

P-value 

Overall (N) 3821 2674 719 428  
Sex      
    Male 40.9 58.3 60.5 62.4 0.20 
    Female 59.1 41.7 39.5 37.6  
Age, years 56.2 (8.0) 55.8 (7.9) 57.13 (8.5) 57.5 (7.8) <0.01 
Study Location      
    Arizona 34.0 24.9 50.3 62.8 <0.01 
    Oklahoma 33.2 37.6 25.9 18.0  
    South Dakota 32.8 37.5 23.8 19.2  
Education, years      
    No HS 22.2 18.7 27.8 34.3 <0.01 
    Some HS  25.1 23.5 29.5 28.3  
    Completed HS 52.7 57.8 42.7 37.4  
BMI, kg/m2 30.9 (6.3) 30.7 (6.4) 31.5 (6.3) 30.8 (5.8) 0.01 
Smoking status      
    Never 34.0 32.6 35.6 39.7 <0.01 
    Former 32.6 31.0 35.7 37.6  
    Current 33.4 36.4 28.7 22.7  
Alcohol status      
    Never 41.9 41.1 41.2 47.9 0.01 
    Former 16.2 15.7 17.1 17.8  
    Current 41.9 43.2 41.7 34.3  
Diabetes      
    No 50.3 63.9 23.8 9.8 <0.01 
    Yes 49.7 36.1 76.2 90.2  
Systolic BP, mmHg 127.5 (19.3) 124.0 (17.1) 131.7 (19.6) 142.1 (23.3) <0.01 
Hypertension Medication      
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    No 76.6 81.6 70.0 56.3 <0.01 
    Yes 23.4 18.4 30.0 43.7  
eGFR, ml/min/ 1.73m2 97.1 (18.6) 99.2 (13.4) 99.6 (18.2) 79.6 (32.7) <0.01 
Fibrinogen, mg/dl 303.2 (80.5) 287.6 (69.8) 318.3 (77.3) 375.3 (101.1) <0.01 
Urine cadmium (µg/g) 1.23 (1.9) 1.2 (2.1) 1.2 (1.4) 1.4 (1.6) 0.03 
Urine ACR, mg/g 319.2 (1574.8) 8.4 (6.7) 100.6 (71.7) 2628.2 (4018.6) <0.01 
Median (IQR) concentration      
    Total urine As 12.7 (7.8, 20.5) 11.5 (7.0, 18.2) 16.1 (9.1, 25.1) 17.2 (11.2, 27.7)  
    Inorganic and methylated As 9.7 (5.8, 15.6) 8.6 (5.3, 13.8) 12.5 (7.2, 19.1) 13.3 (8.4, 21.3)  
    Urine arsenobetaine 0.69 (0.41, 0.57) 0.67 (0.40, 1.56) 0.66 (0.42, 1.38) 0.85 (0.49, 2.21)  

 Data are % for categorical variables and mean (SD) for continuous variables 
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Table 3: Prevalence ratios (95% CI) for albuminuria ≥30 mg/g creatinine by urine arsenic concentrations. 

 Total Arsenic, μg/g 
 <7.8 7.8 – 12.8 12.8 – 20.5 >20.5 P-trend 75th vs 25th percentile 
Model 1 1.00 (Reference) 1.42 (1.19, 1.68) 1.62 (1.37, 1.90) 2.44 (2.10, 2.83) <0.001 1.55 (1.42, 1.69) 
Model 2 1.00 (Reference) 1.20 (1.02, 1.42) 1.21 (1.03, 1.43) 1.67 (1.44, 1.95) <0.001 1.30 (1.19, 1.42) 
Model 3 1.00 (Reference) 1.13 (0.98, 1.30) 1.17 (1.02, 1.34) 1.49 (1.31, 1.70) <0.001 1.23 (1.14, 1.33) 
Model 4 1.00 (Reference) 1.11 (0.97, 1.28) 1.14 (0.99, 1.31) 1.44 (1.26, 1.64) <0.001 1.21 (1.12, 1.31) 
Cases/Noncases 178/782 252/705 286/666 431/521  1147/2674 
 Sum of inorganic and methylated arsenic species, μg/g 
 <5.8 5.8 – 9.7 9.7 – 15.6 ≥15.6 P-trend 75th vs 25th percentile 
Model 1 1.00 (Reference) 1.38 (1.16, 1.65) 1.75 (1.49, 2.07) 2.60 (2.23, 3.03) <0.001 1.63 (1.49, 1.78) 
Model 2 1.00 (Reference) 1.23 (1.04, 1.47) 1.35 (1.14, 1.60) 1.84 (1.57, 2.17) <0.001 1.52 (1.39, 1.67) 
Model 3 1.00 (Reference) 1.17 (1.01, 1.36) 1.26 (1.09, 1.46) 1.60 (1.39, 1.84) <0.001 1.28 (1.18, 1.39) 
Model 4 1.00 (Reference) 1.16 (1.00, 1.34) 1.24 (1.07, 1.43) 1.55 (1.35, 1.78) <0.001 1.26 (1.16, 1.36) 
Cases/Noncases 171/789 238/725 296/649 442/511  1147/2674 

 

Model 1 is crude. 
Model 2 is adjusted for age (continuous), sex, study region, body mass index (continuous), education, smoking status, and alcohol status. 
Model 3 further includes diabetes status, hypertensive medication, and systolic blood pressure (continuous), eGFR (continuous) and fibrinogen (mg/dl) 
Model 4 further includes urine cadmium (log-transformed). 
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Table 4: Prevalence ratios (95% CI) for microalbuminuria and macroalbuminuria vs normal and for macroalbuminuria vs 
microalbuminuria, comparing 75th to 25th percentile of sum of inorganic and methylated arsenic, μg/g 

 Albuminuria Microalbumuria Macroalbuminuria Macro vs Micro 
Model 1 1.63 (1.49, 1.78) 1.51 (1.34, 1.70) 1.87 (1.58, 2.21) 1.14 (1.00, 1.29) 
Model 2 1.52 (1.39, 1.67) 1.34 (1.18, 1.52) 1.44 (1.21, 1.72) 1.05 (0.91, 1.20 
Model 3 1.28 (1.18, 1.39) 1.21 (1.07, 1.37) 1.37 (1.19, 1.58) 1.15 (1.02, 1.29) 
Model 4 1.26 (1.16, 1.36) 1.22 (1.08, 1.38) 1.28 (1.11, 1.48) 1.08 (0.96, 1.22) 
Cases/Noncases 1147/2674 719/2674 428/2674 428/719 

 

Microalbuminuria and macroalbuminuria were defined as urine albumin concentrations 30 to <300 µg/g and ≥300 µg/g, respectively. 
Model 1 is crude. 
Model 2 is adjusted for age (continuous), sex, study region, body mass index (continuous), education, smoking status, and alcohol status. 
Model 3 further includes diabetes status, hypertensive medication, and systolic blood pressure (continuous), eGFR (continuous) and fibrinogen (mg/dl) 
Model 4 further includes urine cadmium (log-transformed). 
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Figure 1. Prevalence ratio of albuminuria by sum of inorganic and methylated arsenic species.  

 

Lines represent prevalence ratios (solid line) and 95% confidence intervals (dotted line) based on restricted quadratic spline models for log transformed arsenic 
with 3 knots.  The reference was set at the 10th percentile of the urine arsenic biomarker distribution. Prevalence ratios were adjusted for age (continuous), sex, 
study region, body mass index (continuous), education, smoking status, alcohol status, diabetes status, hypertensive medication, systolic blood pressure 
(continuous), eGFR (continuous) and fibrinogen (mg/dl) and urine cadmium (log-transformed). 
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Table S1: Participant characteristics by quartiles of total urine arsenic 

 Population Total Urine Arsenic (μg/g creatinine) 
  <7.8 7.8 – 12.8 12.8 – 20.5 >20.5 P-trend 
Number 3821 960 957 952 952  
Sex       
    Male 40.9 48.2 41.4 39.0 34.7 <0.01 
    Female 59.1 51.8 58.6 61.0 65.2  
Age, years 56.2 (8.0) 56.5 (8.2) 55.9 (8.0) 56.6 (8.0) 56.0 (7.9) 0.48 
Study Location       
    Arizona 34.0 9.2 27.7 41.3 58.0 <0.01 
    Oklahoma 33.2 65.0 35.8 19.8 11.7  
    South Dakota 32.8 25.8 36.5 38.9 30.3  
Education, years       
    No HS 22.2 10.2 20.1 26.3 32.3 <0.01 
    Some HS  25.1 25.1 23.7 24.6 27.1  
    Completed HS 52.7 64.7 56.2 49.1 40.6  
BMI, kg/m2 30.9 (6.3) 30.9 (5.7) 31.4 (6.5) 30.9 (6.5) 30.4 (6.4) 0.01 
Smoking status       
    Never 34.0 35.2 34.9 32.7 33.1 0.81 
    Former 32.6 31.3 29.7 33.9 35.6  
    Current 33.4 33.5 35.4 33.4 31.3  
Alcohol status       
    Never 41.9 47.4 42.7 40.6 36.8 <0.01 
    Former 16.2 17.7 16.2 15.6 15.2  
    Current 41.9 34.9 41.1 43.8 48.0  
Diabetes       
    No 50.3 61.2 52.5 47.9 39.6 <0.01 
    Yes 49.7 38.8 47.5 52.1 60.6  
Systolic BP, mmHg 127.5 (19.3) 126.8 (18.4) 127.1 (18.7) 127.2 (19.1) 128.7 (20.8) 0.03 
Hypertension Medication       
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    No 76.6 75.7 76.7 78.4 75.6 0.85 
    Yes 23.4 24.3 23.3 21.6 23.4  
eGFR, ml/min/ 1.73m2 97.1 (18.6) 94.6 (17.8) 95.8 (18.4) 98.7 (16.6) 99.1 (21.0) <0.01 
Fibrinogen, mg/dl 303.2 (80.5) 293.4 (74.8) 296.7 (75.7) 306.8 (78.4) 315.9 (90.2) <0.01 
Urine cadmium, µg/g 1.23 (1.9) 1.0 (1.7) 1.2 (2.6) 1.3 (1.4) 1.4 (1.8) <0.01 
Urine ACR, mg/g 319.2 (1574.8) 136.8 (776.8) 237.3 (974.6) 290.8 (1075.2) 614.8 (2667.2) <0.01 
Albuminuria status       
    No 70.0 81.5 73.7 70.0 54.7 <0.01 
    Yes 30.0 18.5 26.3 30.0 45.3  
Median (IQR) concentration       
    Total urine As 12.7 (7.8, 20.5) 5.6 (4.5, 6.7) 10.1 (8.8, 11.4) 15.9 (14.3, 18.1) 29.2 (23.8, 39.3)  
    Inorganic and methylated As 9.7 (5.8, 15.6) 4.3 (3.3, 5.4) 8.0 (6.8, 9.5) 13.0 (11.0, 15.2) 21.8 (17.1, 29.0)  
    Urine arsenobetaine 0.69 (0.41, 0.57) 0.50 (0.33, 0.77) 0.63 (0.38, 1.33) 0.79 (0.46, 1.94) 1.17 (0.56, 6.81)  

Data are % for categorical variables and mean (SD) for continuous variables 
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Table S2: Ratio of geometric mean (95% CI) of albuminuria concentrations by urine arsenic concentrations 

 Total Arsenic, μg/g 
 <7.8 7.8 – 12.8 12.8 – 20.5 >20.5 P-trend 75th vs 25th percentile 
Model 1 1.00 (Reference) 1.46 (1.21,1.76) 1.79 (1.48, 2.16) 3.68 (3.04, 4.44) <0.001 1.54  (1.45, 1.65) 
Model 2 1.00 (Reference) 1.19 (0.99, 1.43) 1.20 (0.99, 1.46) 1.98 (1.61, 2.42) <0.001 1.26  (1.17, 1.35) 
Model 3 1.00 (Reference) 1.11 (0.95, 1.29) 1.18 (1.01, 1.39) 1.72 (1.45, 2.04) <0.001 1.22  (1.15, 1.29) 
Model 4 1.00 (Reference) 1.07 (0.92, 1.25) 1.11 (0.95, 1.31) 1.58 (1.33, 1.88) <0.001 1.18  (1.11, 1.25) 
N 960 957 952 942  3821 
 Sum of inorganic and methylated arsenic species, μg/g 
 <5.8 5.8 – 9.7 9.7 – 15.6 ≥15.6 P-trend 75th vs 25th percentile 
Model 1 1.00 (Reference) 1.40 (1.16, 1.69) 1.91 (1.58, 2.30) 3.85 (3.19, 4.64) <0.001 1.59  (1.49, 1.70) 
Model 2 1.00 (Reference) 1.19 (0.99, 1.43) 1.29 (1.06, 1.58) 2.07 (1.67, 2.56) <0.001 1.31  (1.21, 1.41) 
Model 3 1.00 (Reference) 1.17 (1.00, 1.37) 1.24 (1.05, 1.46) 1.81 (1.51, 2.17) <0.001 1.26  (1.18, 1.34) 
Model 4 1.00 (Reference) 1.14 (0.98, 1.33) 1.17 (0.99, 1.38) 1.67 (1.39, 2.00) <0.001 1.21  (1.14, 1.29) 
N 960 963 945 953  3821 

 

Model 1 is crude. 
Model 2 is adjusted for age (continuous), sex, study region, body mass index (continuous), education, smoking status, and alcohol status. 
Model 3 further includes diabetes status, hypertensive medication, and systolic blood pressure (continuous), eGFR (continuous). 
Model 4 further includes urine cadmium (log-transformed). 
*p-value for trend was estimated by replacing participants in each quartile with the median value of each quartile 
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Table S3: Prevalence ratios for albuminuria ≥30 mg/g creatinine comparing a 75th vs 25th percentile change in urine arsenic 
concentrations (µg/g creatinine) by participant characteristics (N=3821). 

    Total Arsenic Sum of inorganic and methylated 
  N PR 95% CI Pinteraction PR 95% CI Pinteraction 
Overall 3821 1.22 (1.12, 1.31)  1.26 (1.16, 1.36)  
Sex        
   Male 1561 1.19 (1.05, 1.35) 0.282 1.27 (1.11, 1.45) 0.395 
   Female 2260 1.23 (1.11, 1.35)  1.26 (1.13, 1.39)  
Age, years        
   <55 years 1894 1.27 (1.12, 1.43) 0.091 1.37 (1.20, 1.56) 0.021 
   55 – 64 years 1251 1.19 (1.04, 1.35)  1.17 (1.02, 1.33)  
   >65 years 676 1.13 (0.96, 1.32)  1.17 (0.98, 1.38)  
Study Region        
   Oklahoma 1267 1.16 (0.98, 1.36) 0.407 1.23 (1.04, 1.45) 0.568 
   Arizona 1298 1.16 (1.07, 1.26)  1.17 (1.07, 1.27)  
   Dakotas 1256 1.23 (1.03, 1.46)  1.23 (1.03, 1.46)  
Education, years        
    No HS  847 1.07 (0.94, 1.20) 0.031 1.08 (0.95, 1.22) 0.016 
    Some HS  960 1.18 (1.02, 1.34)  1.15 (0.99, 1.32)  
    Completed HS 2014 1.36 (1.19, 1.54)  1.49 (1.29, 1.71)  
BMI, kg/m2        
   <25 588 1.21 (0.99, 1.47) 0.436 1.29 (1.03, 1.59) 0.146 
   25 - 29 1287 1.23 (1.07, 1.39)  1.30 (1.13, 1.49)  
   >29 1946 1.25 (1.12, 1.39)  1.26 (1.12, 1.41)  
Smoking Status        
   Never 1298 1.18 (1.04, 1.33) 0.851 1.19 (1.04, 1.34) 0.467 
   Former 1246 1.20 (1.05, 1.37)  1.22 (1.06, 1.40)  
   Current 1277 1.28 (1.09, 1.50)  1.41 (1.19, 1.66)  
Alcohol Status        
   Never 1601 1.18 (1.05, 1.32) 0.296 1.24 (1.09, 1.39) 0.317 
   Former 618 1.16 (0.96, 1.39)  1.14 (0.93, 1.38)  
   Current 1602 1.28 (1.12, 1.45)  1.35 (1.17, 1.54)  
Diabetes        
   No 1922 1.26 (1.01, 1.57) 0.349 1.35 (1.07, 1.69) 0.581 
   Yes 1899 1.20 (1.10, 1.29)  1.23 (1.13, 1.33)  
Systolic BP, mmHg        
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    <120 1421 1.22 (1.01, 1.47) 0.591 1.20 (0.99, 1.45) 0.579 
    120 – 139  1536 1.22 (1.06, 1.38)  1.29 (1.12, 1.48)  
    ≥140  864 1.19 (1.06, 1.31)  1.23 (1.09, 1.37)  
Hypertension medication        
   No 2927 1.23 (1.11, 1.36) 0.534 1.30 (1.16, 1.44) 0.308 
   Yes 894 1.19 (1.05, 1.33)  1.19 (1.05, 1.34)  
eGFR, mL/minute/1.73m2        
   ≤60 171 1.24 (1.13, 1.35) 0.041 1.30 (1.18, 1.42) 0.021 
   >60 3650 0.98 (0.89, 1.07)  0.96 (0.87, 1.05)  
Urine cadmium (µg/g)        
   <0.7 1287 1.24 (1.07, 1.42) 0.857 1.30 (1.11, 1.50) 0.306 
   0.7 – 1.21 1262 1.23 (1.07, 1.40)  1.26 (1.09, 1.45)  
   ≥ 1.22 1271 1.21 (1.06, 1.36)  1.26 (1.10, 1.43)  
Fibrinogen (mg/dl)        
  <264 1305 1.21 (0.98, 1.47) 0.06 1.36 (1.09, 1.68) 0.583 
  264 - 324 1287 1.20 (1.02, 1.40)  1.30 (1.10, 1.52)  
  >324 1229 1.21 (1.10, 1.32)   1.18 (1.07, 1.29)   

eGFR: estimated glomerular filtration rate. 
Prevalence ratios were adjusted for age in years, sex, study location, body mass index (kg/m2), education in years, smoking status, alcohol status, systolic blood 
pressure, hypertension medication (yes or no), diabetes status (yes or no), eGFR category (≤60 mL/minute/1.73m2) urine cadmium (log-transformed), and 
fibrinogen (mg/dl).  
b estimated using an interaction term between log2-transformed urine arsenic and the corresponding group of categories and using the Wald test.
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ABSTRACT 

Background: Few studies have evaluated associations between low-moderate arsenic 

levels and incident albuminuria.  

Objective: Evaluate the prospective associations between inorganic arsenic exposure and 

albuminuria in American Indian adults who participated in the Strong Heart Study (SHS).  

Methods: Cross-sectional analyses used 3,851 adults aged 45 – 74 years in 1989-1991. 

Prospective analyses were restricted to 2402 participants who participated in study who 

were free of baseline albuminuria and had least one follow-up visit between 1989 and 

1999.  Urine arsenic species were measured using HPLC-ICPMS. Plasma creatinine was 

measured by automated alkaline picrate methodology. Albuminuria was defined as 

having an albumin/creatinine ratio (ACR) ≥30 mg/g. 

Results:  In the 2402 participants, 587 individuals developed albuminuria. The 

multivariable adjusted hazard ratio for incident albuminuria compared the second, third, 

and fourth quartile of urine arsenic compared to the first quartile were 1.03 (0.79, 1.33), 

1.10 (0.84, 1.45), and 1.13 (0.85, 1.50), respectively. The incidence rate comparing the 

second, third, and fourth quartile of urine arsenic compared to the first quartile were 1.06 

(0.82, 1.37), 1.09 (0.83, 1.44), and 1.18 (0.89, 1.57), respectively. 

Conclusions: Baseline urine arsenic levels were positively associated with incident 

albuminuria, but these associations were not statistically significant. Longitudinal studies 

with repeated measures of arsenic exposure and renal dysfunction endpoints are needed 

to further characterize the association between arsenic exposure and albuminuria. 
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INTRODUCTION 

Exposure to inorganic arsenic from drinking water is a widespread public health 

problem and is associated with a variety of health outcomes.1 Exposure to inorganic 

arsenic from drinking water is a global public health problem due to either naturally 

occurring mineral deposits or contamination from arsenical chemicals in groundwater.1-3 

Other arsenic sources of concern for general populations include food products, since 

arsenic is found at relatively high concentrations in rice, flour and certain juices.4,5 

Occupational sources of arsenic include copper smelters, arsenic pesticides and 

herbicides, and the use of arsenic as a wood preservative.6 However, these exposures 

have markedly decreased in developed countries in the last decades.  

Arsenic has been linked to kidney disease in populations with high arsenic7 and 

low-moderate8 concentrations. Our previous systematic review found a positive 

association between urine arsenic and albuminuria and proteinuria.9 Our review also 

found that urine arsenic was positively associated with prevalent proteinuria in a large 

population-based study in Araihazar, Bangladesh. However, the study did not find a 

positive association between baseline urine arsenic and incident proteinuria, although it 

found a positive association between change in urine arsenic (between baseline and 

follow-up) and incident proteinuria.10 In our previous work, we found that arsenic is 

associated with prevalent albuminuria in the Strong Heart Study, a population of 

American Indians in four study sites across the United States. 11 

Our objective is to assess the association of urine arsenic, measured at baseline, 

with incident albuminuria developed over follow-up in the Strong Heart Study, defined as 

an albumin-creatinine ratio (ACR) of ≥30 mg/g. Urine arsenic is a well-established 
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biomarker of current arsenic exposure,6  and has been confirmed as a biomarker of long-

term arsenic exposure in our study population.12  The study was conducted using data 

from the Strong Heart Study (SHS), a population-based study of American Indian 

communities from Arizona, Oklahoma and North and South Dakota.13 This study 

population has low to moderate levels of arsenic exposure through drinking water and 

food.12 

METHODS 

Study population 

 The Strong Heart Study was originally funded by the National Heart Lung and 

Blood Institute to evaluate risk factors for cardiovascular disease in American Indian 

communities. 12,13 Men and women 45-74 years of age from 13 tribes and communities in 

Arizona, Oklahoma and North and South Dakota were invited to participate. 13,14 A total 

of 4,549 participants were recruited (62% response rate). The baseline visits took place 

between 1989-1991 and two follow-up visits took place in 1993-1995 and 1997-1999. 

The response rates among participants who were alive at the time of the visits were 88% 

and 89% at visits 2 and 3, respectively. We used data from the 3,821 participants from 

the cross-sectional analyses11 and excluded 395 participants with prevalent albuminuria, 

and 1,024 participants lacking follow-up data, leaving 2,402 for this analysis.  The SHS 

protocol and consent form were approved by local institutional review boards, 

participating tribes and the Indian Health Service. All participants provided informed 

consent.  
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Urine arsenic     

Urine collected at baseline was frozen at -80 C and shipped to the MedStar Health 

Research Institute, Washington DC. In 2009, the urine samples were shipped to the Trace 

Element Laboratory at Graz University, Austria for arsenic analyses. The analytical 

methods and quality control criteria for the measurement of urine arsenic in the Strong 

Heart Study have been described in detail elsewhere.15  Arsenic species (arsenite and 

arsenate, monomethylarsonate (MMA), dimethylarsonate (DMA) and arsenobetaine plus 

other arsenic cations) were determined by high performance liquid chromatography 

(HPLC; Agilent 1100, Agilent Technologies, www.agilent.com) coupled to inductively 

coupled plasma - mass spectrometry (ICP-MS) (Agilent 7700x ICPMS). We used the 

sum of inorganic (arsenite, arsenate) and methylated (MMA, DMA) arsenic species as 

our biomarker of inorganic arsenic exposure. In addition, we analyzed inorganic arsenic, 

MMA and DMA separately, as well as arsenobetaine, a seafood arsenical characterized 

by very low toxicity. The inter-assay coefficient of variation was below 5% for all arsenic 

species. Urine arsenic concentrations (µg/L) were divided by urine creatinine 

concentrations (g/L) to account for urine dilution and expressed in µg/g creatinine. The 

Spearman’s correlation coefficient of inorganic arsenic (arsenate, arsenite) with the sum 

of inorganic and methylated species, MMA, DMA and arsenobetaine were 0.82, 0.84, 

0.73 and 0.01, respectively.   

Plasma and urine creatinine measures 

Serum creatinine was measured in fasting venous blood samples by an automated 

alkaline-picrate rate method (Roche Diagnostics, www.rocheusa.com/portal/usa) using 

Hitachi 717 platform (Hitachi Ltd, www.hitachi.com) at all visits.16 eGFR was calculated 

http://www.agilent.com/
http://www.rocheusa.com/portal/usa
http://www.hitachi.com/
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from creatinine, age, and sex using the Modification of Diet in Renal Disease (MDRD) 

equation without the ethnicity factor.17  CKD was defined as eGFR ≤60 ml/min/1.73 m2 

or presence of kidney transplant or dialysis.18 

Urine creatinine was measured in spot urine samples collected during the baseline 

visit at the Laboratory of the National Institute of Diabetes and Digestive and Kidney 

Diseases Epidemiology and Clinical Research Branch, Phoenix, Arizona by an automated 

alkaline picrate methodology.13  

Other variables 

Information on age, gender, education, smoking status, hypertension medication 

use, dialysis and kidney transplant was collected by trained and certified interviewers 

using standardized questionnaires.13 Physical exam measures (height, weight, systolic and 

diastolic blood pressure) were performed by trained nurses and medical assistants 

following a standardized protocol. Methods to measure blood pressure, body mass index, 

fasting glucose, 75-g oral glucose tolerance test (OGTT), and hemoglobin A1c (HbA1c) 

have been described.13 Diabetes was defined as a fasting glucose ≥126 mg/dL, a 2-h post-

load plasma glucose ≥200 mg/dL, an HbA1c ≥6.5%, or the use of insulin or an oral 

hypoglycemic agent.19 

Statistical analyses 

Statistical analyses were performed in Stata 13.1 (Stata Corporation, 

www.stata.com) and R 3.0.2 (R Project, www.r-project.org). Urine arsenic concentrations 

were right skewed and natural log transformed. Quartiles were generated based on the 

distribution of urine arsenic concentrations in the overall study sample.  

http://www.stata.com/
http://www.r-project.org/
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 We used Cox proportional hazards models stratified by study location and with 

age as time scale and age at baseline treated as staggered entries. Follow up time was 

calculated in years from the date of the baseline visit to the date at the first visit with 

CKD for participants with incident CKD, and to the date at the last visit for those without 

incident CKD. This follow up time was added to the participant’s age at the baseline 

visit.  Arsenic concentrations were entered as quartiles (comparing quartiles 2-4 to the 

lowest quartile), as log-transformed continuous variables (comparing an interquartile 

range in log-transformed arsenic levels), and as restricted quadratic splines in separate 

models.  P-values for linear trend were obtained by including a continuous variable with 

the medians corresponding to each quartile of the arsenic distribution in the regression 

models.20 

Models were progressively adjusted. Initially, we adjusted for age (only for 

logistic models as Cox models already accounted for age), gender, study location (only 

for logistic models as Cox models were stratified by location), education, body mass 

index, smoking status, systolic blood pressure, hypertension medication, baseline eGFR, 

and fibrinogen (Model 2). Because arsenic has been associated with diabetes prevalence 

and poor diabetes control in our population19, we ran additional models adjusting for 

diabetes (Model 3) and fasting glucose levels (Model 4). Fasting glucose levels were 

highly correlated with HbA1c (ρ=0.86), we thus used fasting glucose as a measure of 

diabetes control due to a smaller number of participants missing fasting glucose. 

Adjusting for HbA1c instead of fasting glucose levels resulted in similar findings (data 

not shown). 
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In sensitivity analyses, we accounted for urine dilution by adjusting for urine 

creatinine instead of dividing arsenic by creatinine,21 and adjusting for specific gravity.22  

In analyses adjusted for specific gravity, we also further excluded participants with 

prevalent diabetes and albuminuria. To account for high mortality rates in the study 

population,23 we fitted Cox proportional hazards models using the Fine and Gray method 

of handling competing risks24 with death as the competing event with similar findings 

(data not shown). Because the exact date of albuminuria development was unknown and 

our ascertainment of the study outcome was only available at 3 visits, we used Poisson 

regression as an alternative modeling strategy with consistent findings. Using Poisson 

regression we also estimated absolute incidence rates across arsenic quartile categories 

given mean values of covariates (model 3 and model 4).  

RESULTS 

Of the 2402 individuals at baseline, 587 developed albuminuria at subsequent 

study visits. Participants who developed albuminuria over the follow-up period were 

more likely to be older, female, from the Dakotas, have less education, have a higher 

BMI, have diabetes, have higher systolic blood pressure, and higher fibrinogen levels 

(Table 1).   

Median urine arsenic levels were also higher in participants with incident 

albuminuria, with a median (IQR) of 10.0 (6.2, 15.7) compared to those without, median 

(IQR) of 8.1 (5.0, 13.2).  MMA levels were higher (median (IQR) of 1.3 (0.8, 2.1) in 

participants with incident albuminuria, compared to a median (IQR) of 1.13 (0.7, 1.9). 

DMA levels were also higher in participants with incident albuminuria, with a median 

(IQR) of 7.4 (4.7, 12.5), compared to 6.2 (3.8, 10.0) for participants without incident 
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albuminuria. Arsenobetaine levels were similar for participants with and without incident 

albuminuria (Table 1). 

Urine arsenic levels were also higher in older participants, females, participants 

from Arizona and South Dakota, individuals with less education, former and current 

drinkers, buse hypertension medication, and have higher levels of fibrinogen. Participants 

with higher levels of arsenic also had higher eGFR levels, but lower systolic blood 

pressure levels. Participants with higher levels of arsenic also had higher fasting glucose 

levels (Table 2). 

The hazard ratios (95% CI) of incident albuminuria for the second, third, and 

fourth quartile of urine arsenic, compared to the first quartile, were 1.04 (0.8, 1.35), 1.14 

(0.87, 1.51), 1.2 (0.9, 1.6) before adjusting for fasting glucose and 1.03 (0.79, 1.33), 1.10 

(0.84, 1.45), and 1.13 (0.85, 1.50), after adjusting for fasting glucose (Table 2).  The 

adjusted incidence rate ratio for the second, third, and fourth quartile of urine arsenic is 

1.06 (0.82, 1.37), 1.09 (0.83, 1.44), and 1.18 (0.89, 1.57), respectively.  These findings 

were consistent with restricted quadratic spline models (Figure 1). We ran separate 

models for each of the arsenic species and adjusted the associations with MMA, DMA 

and arsenobetaine. Our hazard ratios (95% CI) for inorganic arsenic were the stronger 

(1.09 (0.95, 1.24) compared to MMA (1.04 (0.91, 1.2)) and DMA (1.04 (0.90, 1.19)). 

Hazard ratios were similar across most participant characteristics (Figure 2). However, 

the association between arsenic and incident albuminuria were strongest for younger 

participants, with an HR (95% CI) of 1.17 (0.97, 1.42) for participants aged 55 years and 

younger, compared to 0.89 (0.72, 1.11) for participants aged 55-64 years and 0.88 (0.65, 

1.19) for participants aged 65 years and older. However, there was no statistically 
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significant interaction (p=0.10).  The association between arsenic and incident 

albuminuria also differed by study location, as participants in Arizona had a higher HR 

(95% CI) of 1.32 (1.03, 1.68), compared to participants in Oklahoma, with an HR (95% 

CI) of 1.11 (0.86, 1.42) and North and South Dakota, with an HR (95% CI) of 0.85 (0.69, 

1.06). The p-value for interaction between arsenic and study location was significant 

(p=0.03).  

DISCUSSION 

Baseline urine arsenic is positively associated with incident albuminuria in men 

and women from rural communities in Arizona, Oklahoma, and North and South Dakota  

participating in the Strong Heart Study, although the association is not statistically 

significant. These findings are not like our previous findings, in which we found a 

significant positive association between urine arsenic and prevalent albuminuria.11 Our 

study results are partially consistent with other studies showing similar findings. Previous 

studies were conducted in locations with much higher arsenic exposure than the Strong 

Heart Study. A large population study in Bangladesh found that arsenic was associated 

with prevalent proteinuria, and change in urine arsenic was significantly associated with 

incident proteinuria, although not with baseline urine arsenic levels.25  Their findings are 

in agreement with ours, as we also found a significant prevalent but not incident 

association. However, the Bangladesh study, the prevalence of diabetes and obesity is 

low, unlike the Strong Heart Study, where the prevalence of diabetes and obesity is high. 

In the northwest China, a study comparing an arsenicosis endemic region and a 

neighboring control found that urinary NAG (another biomarker of kidney damage) was 

higher in participants from the arsenicosis endemic region than from the control region, 
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in both participants with and without diabetes.26  An occupational study from southern 

China found a significant positive association between arsenic and urine albumin levels, 

but did not adjust for potential confounders.27 A cross-sectional study of Hong Kong 

adolescents found no association between arsenic and urine albumin levels.28 Overall, our 

systematic review found five studies of arsenic and albuminuria and proteinuria 

outcomes, in which most of them reported a positive association between arsenic and 

albuminuria and proteinuria outcomes.9  

Our review also found mixed evidence of an association between arsenic 

exposure and other kidney disease outcomes, such as Chronic Kidney Disease (CKD) 

prevalence and other biomarkers of kidney damage such as β-2 microglobulin (β2MG), 

and N-acetyl-β-D-glucosaminidase (NAG) levels.9 However, many of these studies had 

small sample sizes and did not adequately adjust for potential confounders. With regards 

to ecological studies, our review also found a positive association between arsenic levels 

and kidney disease mortality, but these findings should be interpreted with caution due to 

study heterogeneity.9 

There are a limited number of in vitro studies of arsenic exposure and kidney 

damage on human cell lines. However, animal experiments have found evidence of 

arsenic-induced tissue damage. Mice administered arsenic in water develop glomerular 

sclerosis, tubular necrosis, and increases in urine NAG concentrations,29 as well as 

increased oxidative stress and DNA oxidative damage in kidney tissue.30 Dogs 

administered sodium arsenate also developed glomerular sclerosis and tubular necrosis.31 

In vitro studies with cell lines suggest that arsenic increases inflammation 32,33 and 

oxidative stress,34,35 and induces endothelial dysfunction.36,37 Through somewhat 
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unspecific mechanisms, inflammation and oxidative stress could play a role in arsenic-

related kidney damage.38  

The strengths of our study were the availability of prospective data with highly 

standardized protocols for recruitment, examinations, interviews, and collection and 

storage of biological samples. We had little missing data, and low loss to follow-up. The 

laboratory techniques for assessing urine arsenic are advanced and highly sensitive, with 

few participants below the limit of detection (less than 6%).15 The speciation of arsenic in 

urine allowed us to distinguish exposure to inorganic arsenic and confirm that organic 

arsenic from seafood consumption was low. 

The major limitation of our study was the lack of precise date of the development 

of albuminuria. Albuminuria status was only measured at baseline and follow-up visits. 

We also used spot urine samples to measure arsenic exposure, which must be adjusted for 

urine dilution. While specific gravity can be used as an alternative to urine creatinine to 

correct for urine dilution, it is not valid for studying albuminuria outcomes.39 We use a 

single baseline measurement of urine arsenic to determine long-term arsenic exposure. 

Fortunately, arsenic exposures stayed relatively constant over the 10-year study period12  

and therefore, one arsenic sample may serve as a reasonably good measure of long term 

arsenic exposure. Our study population has a high burden of obesity and diabetes, and 

albuminuria, and may be of limited generalizability to other populations. Finally, 

competing risks such as censoring by death could be a problem in this study population, 

characterized by a high burden of disease.23 However, our results using the Fine and Gray 

method to handle competing risks resulted in similar findings.  
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CONCLUSION 

Baseline urine arsenic levels were positively, but not significantly associated with 

incident albuminuria at the low to moderate levels of arsenic exposure present in rural 

communities in the United States. These findings could support that arsenic is an 

albuminuria, although this may be mediated by its effect on increasing diabetes risk or 

poor glucose control. Additional studies with repeated measures of arsenic exposure, 

diabetes control and albuminuria are needed characterize the association between urine 

arsenic and albuminuria. 
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Table 1: Albuminuria status by participant characteristics at baseline 

Participant Characteristics No 
Albuminuria 

Incident 
Albuminuria 

Overall N 1815 587 
Age, years 55.4 (7.8) 56.2 (7.9)* 
Gender (%)   
   Male 41.3 37.1 
   Female 58.7 62.9 
Study Region   
   Arizona 22.7 33.9* 
   Oklahoma 40.2 30.5 
   South Dakota 37.1 35.6 
Education, years 11.6 (3.02) 10.9 (2.9)* 
Smoking Status   
   Never  30.9 32.9 
   Former 33.1 32.4 
   Current 36.0 34.7 
Alcohol Status   
   Never  15.1 19.1 
   Former 41.2 41.9 
   Current 43.7 39.0 
BMI, kg/m2 30.5 (6.4) 31.6 (6.3)* 
Diabetes Status   
   No 72.5 37.1* 
   Yes 27.5 62.9 
Fasting Glucose, mg/dL 119.0 (44.8) 157.7 (71.8)* 
Hypertension Medication   
   No  84.2 75.3 
   Yes 15.8 24.7 
Systolic BP, mmHg 123.2 (16.4) 127.0 (18.4)* 
eGFR, ml/min/1.73m2 99.8 (12.9) 99.2 (14.2) 
Fibrinogen, mg/dL 284.1 (69.3) 300.1 (69.6)* 
As concentrations (Median, IQR), µg/g   
    iAs+MMA+DMA 8.1 (5.0, 13.2) 10.0 (6.2, 15.7) 
    iAs (inorganic arsenic) 0.6 (0.3, 1.3) 0.8 (0.4, 1.5) 
    MMA 1.13 (0.7, 1.9) 1.3 (0.8, 2.1) 
    DMA 6.2 (3.8, 10.0) 7.4 (4.7, 12.5) 
    Urine arsenobetaine 0.7 (0.4, 1.6) 0.7 (0.4, 1.5) 
*P<0.05 

Data are mean (standard deviation) or percentages except for urine arsenic and urine arsenobetaine where 
we present median (interquartile range).
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Table 2: Baseline participant characteristics by urine arsenic concentrations for participants without albuminuria at baseline and with 
at least one follow-up visit (N=2402) 

 Population Sum of inorganic and methylated  (μg/g creatinine) 
  ≤5.2 5.2 – 8.6 8.6  – 13.8 ≥15.8 P-

value 
Number 2402 602 607 600 593  
Sex       
    Male 40.3 49.5 37.7 38.3 35.6 <0.01 
    Female 59.7 50.5 62.3 61.7 64.4  
Age, years 55.7 (7.8) 55.6 (7.7) 55.7 (8.1) 55.3 (7.6) 56.2 (7.9) 0.17 
Study Location       
    Arizona 25.4 4.0 18.8 33.3 46.0 <0.01 
    Oklahoma 37.9 72.7 48.1 21.5 8.4  
    South Dakota 36.7 23.3 33.1 45.2 45.5  
Education, years 11.4 (3.0) 12.6 (2.7) 11.9 (2.8) 10.9 (3.1) 10.3 (3.0) <0.01 
BMI, kg/m2 30.7 (6.3) 30.5 (5.6) 31.1 (6.2) 30.9 (6.5) 30.6 (7.0) 0.70 
Smoking status       
    Never 31.4 30.9 32.3 30.8 31.5 0.26 
    Former 32.9 35.6 33.6 32.5 30.0  
    Current 35.7 33.5 34.1 36.7 38.5  
Alcohol Status       
    Never 16.1 18.1 16.6 14.3 15.2 <0.01 
    Former 41.4 45.0 46.5 49.2 34.7  
    Current 42.6 36.9 36.9 46.5 50.1  
Diabetes       
    No 63.8 70.8 64.1 61.8 58.5 <0.01 
    Yes 36.2 29.2 35.9 35.9 41.5  
Fasting Glucose, mg/dL 128.5 (55.2) 118.4 (38.8) 126.1 (52.6) 130.6 (58.0) 139.0 (66.2) <0.01 
Hypertension Medication       
    No 82.1 78.2 82.4 81.7 86.0 <0.01 
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    Yes 17.9 21.8 17.6 18.3 14.0  
Systolic BP, mmHg 124.1 (17.0) 124.7 (15.5) 124.5 (17.5) 123.3 (16.7) 123.8 (18.1) 0.32 
eGFR, ml/min/ 1.73m2 83.5 (17.7) 78.4 (13.7) 82.6 (16.2) 84.8 (20.8) 88.5 (17.9) <0.01 
Fibrinogen, mg/dL 288.0 (69.7) 285.8 (71.8) 286.7 (65.8) 287.1 (71.4) 292.5 (69.6) 0.08 
Median (IQR) concentration       
    iAs+MMA+DMA 8.6 (5.2, 13.7) 3.9 (3.2, 4.6) 6.8 (6.0, 7.6) 11.0 (9.7, 12.3) 19.3 (15.8, 26.0)  
    iAs (inorganic arsenic) 0.7 (0.3, 1.3) 0.3 (0.2, 0.4) 0.5 (0.3, 0.7) 0.9 (0.7, 1.3) 1.8 (1.2, 3.0)  
    MMA 1.2 (0.7, 2.0) 0.5 (0.4, 0.7) 0.9 (0.7, 1.2) 1.6 (1.2, 2.0) 2.7 (1.9, 4.0)  
    DMA 6.5 (4.0, 10.6) 3.0 (2.4, 3.5) 5.3 (4.6, 6.0) 8.2 (7.2, 9.4) 15.0 (12.4, 19.7)  
    Urine arsenobetaine 0.7 (0.4, 1.6) 0.6 (0.4, 1.2) 0.7 (0.4, 1.8) 0.7 (0.4, 1.7) 0.8 (0.5, 1.6)  
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Table 3: Hazard ratios (95% confidence interval) for incident albuminuria by urine 
arsenic concentrations* 

Sum of inorganic and 
methylated, μg/g 

Cases/ 
Model 1 Model 2 Model 3 

noncases 
≤5.2 111/491 1.00 (ref) 1.00 (ref) 1.00 (ref) 
5.3 – 8.6 137/470 1.11 (0.86, 1.43) 1.06 (0.81, 1.37) 1.03 (0.79, 1.33) 
8.6 – 13.8 155/445 1.25 (0.95, 1.63) 1.2 (0.91, 1.57) 1.10 (0.84, 1.45) 
≥13.8 184/409 1.32 (1.01, 1.74) 1.27 (0.95, 1.68) 1.13 (0.85, 1.50) 
p-trend  0.046 0.085 0.394 
  IQR (13.7 vs 5.2) 587/1815 1.12 (0.99, 1.27) 1.10 (0.97, 1.26) 1.04 (0.90, 1.19) 
Inorganic arsenic, μg/g 

      IQR (1.3 vs 0.3) 587/1815 1.11 (0.98, 1.26) 1.15 (1.01, 1.31) 1.09 (0.95, 1.24) 
MMA, μg/g 

      IQR (2.0 vs 0.7) 587/1815 0.98 (0.86, 1.11) 1.01 (0.88, 1.15) 1.04 (0.91, 1.20) 
DMA, μg/g 

      IQR (10.6 vs 4.0) 587/1815 1.14 (1.00, 1.29) 1.12 (0.98, 1.28) 1.04 (0.90, 1.19) 
Arsenobetaine, μg/g  

      IQR (1.6 vs 0.4) 587/1815 0.99 (0.91, 1.09) 1.01 (0.92, 1.11) 1.06 (0.97, 1.17) 
Model 1 is crude 

    Model 2 is adjusted for age and gender, location, education, smoking status, BMI, hypertension 
medication, SBP, eGFR 
Model 3 is additionally adjusted for diabetes status and fasting glucose 
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Figure 1: Hazard ratio for incident albuminuria by the sum of inorganic and methylated 
arsenic species 

 
 
Caption: Lines represent hazard ratios without inorganic arsenic adjustment (solid lines) 
and with inorganic arsenic adjustment (dashed lines) based on restricted quadratic spline 
models for log transformed arsenic with 3 knots.  The reference was set at the 10th 
percentile of the urine arsenic biomarker distribution.  Hazard ratios were adjusted for 
age (continuous), sex, body mass index (continuous), education (continuous), smoking 
status, alcohol status, diabetes status, hypertensive medication, systolic blood pressure 
(continuous) and fasting glucose (continuous). Baseline hazard was stratified by study 
region. The p-value for a linear dose-response relationship for the sum of inorganic and 
methylated species was 0.98 and the p-value for a non-linear dose-response was 0.66. 
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Figure 2: HR of incident albuminuria comparing the 75th to 25th percentile of the sum of 
inorganic and methylated species, stratified by participant characteristics 

 
Hazard ratios were adjusted for age (continuous), sex, body mass index (continuous), 
education (continuous), smoking status, diabetes status, hypertensive medication, systolic 
blood pressure (continuous) and fasting glucose (continuous). Baseline hazard was 
stratified by study region. 
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ABSTRACT 

Background: Few studies have evaluated associations between low-moderate arsenic 

levels and incident chronic kidney disease (CKD).  

Objective: Evaluate cross-sectional and prospective associations between inorganic 

arsenic exposure and CKD in American Indian adults who participated in the Strong 

Heart Study (SHS).  

Methods: We evaluated 3,851 participants aged 45–74 years in 1989-1991 cross-

sectionally, and 3,119 participants CKD-free at baseline and with 1 or 2 follow-up visits 

through 1999.  Inorganic, monomethylated (MMA) and dimethylated (DMA) arsenic 

species were measured in urine using HPLC-ICPMS. CKD was defined as estimated 

glomerular filtration rate <60 mL/min/1.73 m2, kidney transplant or dialysis. 

Results: CKD prevalence was 10.3%. The median (interquartile range) for the sum of 

inorganic and methylated arsenic species (ƩAs) in urine was 9.7 (5.8, 15.7) µg/L. The 

adjusted odds ratio (95%CI) of prevalent CKD for an interquartile range in ƩAs was 0.68 

(0.56, 0.82), mostly due to a strong inverse association with inorganic arsenic (odds ratio 

0.35 (0.29, 0.43)). MMA and DMA were positively associated with prevalent CKD after 

adjustment for inorganic arsenic species in urine (odds ratios 3.75 and 1.77, respectively). 

The CKD incidence rate was 23.5 per 1,000 person-years.16.1%. The multi-adjusted 

hazard ratio of incident CKD for an interquartile range in ƩAs was 1.20 (1.03, 1.41). The 

corresponding hazard ratios for inorganic arsenic, MMA and DMA were 1.00 (0.86, 

1.17), 1.15 (0.99, 1.34) and 1.21 (1.04, 1.42), respectively. 

Conclusions: Prevalent CKD was inversely associated with inorganic arsenic 

concentrations in urine, suggesting that kidney disease affects the excretion of inorganic 
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arsenic species. Prospectively, inorganic plus methylated urine arsenic concentrations, 

especially DMA concentrations, were positively associated with incident CKD. Studies 

with repeated measures of urine arsenic species and renal dysfunction endpoints are 

needed to further characterize the relationship between arsenic exposure, excretion of the 

arsenic species, and kidney disease development. 
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INTRODUCTION 

Chronic exposure to arsenic from drinking water1 and food2 plays a role in the 

development of cancer3 and cardiovascular disease.4-7 Other health outcomes that have 

been associated with arsenic exposure include type 2 diabetes,8-10 respiratory outcomes11, 

and neurodevelopmental and reproductive abnormalities. 12, 13 Fewer epidemiologic 

studies have evaluated associations between arsenic and chronic kidney disease (CKD).14 

Most studies on arsenic and renal outcomes have focused on proteinuria, showing that 

high15 and low16 arsenic exposure levels are associated with increased albuminuria or 

proteinuria. In two small studies from Taiwan (Taipei and Central Taiwan), moderate 

arsenic exposure levels were associated with prevalent CKD, defined as estimated 

glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2.17, 18 In Southeastern Michigan, 

an ecological study found a positive association between moderate arsenic concentrations 

in drinking water (mean 11 μg/L) and kidney disease mortality.19 Little is known, 

however, about the association between arsenic and CKD at low-moderate levels of 

exposure.  

The objective of this study was to investigate the association between inorganic 

arsenic exposure, by measuring inorganic (arsenite and arsenate) and methylated 

(monomethylarsonate (MMA) and dimethylarsinate (DMA)) arsenic species in urine, and 

CKD, defined as eGFR <60 mL/min/1.73 m2, kidney transplant, or dialysis. The sum of 

inorganic and methylated arsenic species in urine is an established biomarker of recent 

and ongoing arsenic exposure.20  Because kidney excretion is the primary route for 

arsenic elimination,20 it is possible that kidney function affects excretion and 

concentrations of arsenic species in urine.21, 22 Little is known, however, about how the 
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inorganic and methylated species are excreted in the kidney or if they are affected by 

GFR. In this study, we evaluated the cross-sectional association of baseline urine arsenic 

concentrations with prevalent CKD and the prospective association of baseline urine 

arsenic concentrations with incident CKD among participants free of CKD at baseline. 

The study was conducted using data from the Strong Heart Study (SHS), a population-

based study in American Indian communities from Arizona, Oklahoma and North and 

South Dakota.23 The study population is characterized by low to moderate levels of 

arsenic exposure through drinking water and food.24 In a previous study, we confirmed 

that the sum of inorganic and methylated arsenic concentrations measured in urine 

samples collected as baseline was an appropriate biomarker of arsenic exposure over a 

10-year period in our study population.24  We have also previously reported that urine 

arsenic was associated with prevalent albuminuria, with no difference for inorganic or 

methylated arsenic species.16  

METHODS 

Study population 

 The SHS was originally funded by the National Heart Lung and Blood Institute to 

evaluate risk factors for cardiovascular disease in American Indian communities.23,24 Men 

and women 45-74 years of age from 13 tribes and communities in Arizona, Oklahoma 

and North and South Dakota were invited to participate.23,25 A total of 4,549 participants 

were recruited (62% response rate). The baseline visits took place between 1989-1991 

and two follow-up visits took place in 1993-1995 and 1997-1999. The response rates 

among participants who were alive at the time of the visits were 88% and 89% at visits 2 

and 3, respectively. 
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We used data from 3,974 SHS participants in whom we have measured urine 

arsenic at the baseline visit. We excluded 78 participants missing serum creatinine, 7 

participants missing fasting glucose, and 38 participants missing other variables of 

interest, leaving 3,851 participants for the cross-sectional analysis.  For the prospective 

analyses, we further excluded the 395 participants who had CKD (eGFR≤60 

ml/min/1.73m2, dialysis or kidney transplant) at baseline as well as 331 participants who 

missed both follow-up visits, leaving 3,119 participants for the prospective analyses. The 

SHS protocol and consent form were approved by local institutional review boards, 

participating tribes and the Indian Health Service. All participants provided informed 

consent.  

Urine arsenic     

Urine collected at baseline was frozen and shipped to the MedStar Health 

Research Institute, Washington DC where it was stored at -80°C. In 2009, up to 1 mL 

urine sample aliquots were shipped to the Trace Element Laboratory at Graz University, 

Austria for arsenic analyses. The analytical methods and quality control criteria for the 

measurement of urine arsenic in the Strong Heart Study have been described in detail.26  

In summary, inorganic arsenic species (arsenite and arsenate, measured together under 

oxidized conditions) methylated arsenic species (MMA and DMA) and arsenobetaine 

plus other arsenic cations were determined by high performance liquid chromatography 

(HPLC; Agilent 1100, Agilent Technologies, www.agilent.com) coupled to inductively 

coupled plasma - mass spectrometry (ICP-MS) (Agilent 7700x ICPMS). The inter-assay 

coefficient of variation was below 5% for all arsenic species. The limit of detection 

(LOD) was 0.1 µg/L for inorganic arsenic, MMA, DMA and arsenobetaine and other 

http://www.agilent.com/
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arsenic cations. The percentage of samples below the LOD was 5.2% for inorganic 

arsenic, 0.8% for MMA, 0.03% for DMA, and 2.1% for arsenobetaine and other arsenic 

cations. Samples below the LOD were replaced by the LOD divided by the square root of 

two. 

We used the sum of inorganic (arsenite, arsenate) and methylated (MMA, DMA) 

arsenic species as our biomarker of inorganic arsenic exposure. In addition, we evaluated 

inorganic arsenic, MMA and DMA separately, as well as arsenobetaine, a seafood 

arsenical characterized by very low toxicity. Urine arsenic concentrations (µg/L) were 

divided by urine creatinine concentrations (g/L) to account for urine dilution and 

expressed in µg/g creatinine. The Spearman’s correlation coefficient of inorganic arsenic 

(arsenate, arsenite) with MMA, DMA and arsenobetaine were 0.84, 0.73 and 0.01, 

respectively.   

Plasma and urine creatinine measures 

Serum creatinine was measured in fasting venous blood samples by an automated 

alkaline-picrate rate method (Roche Diagnostics, www.rocheusa.com/portal/usa) using 

Hitachi 717 platform (Hitachi Ltd, www.hitachi.com) at all visits.27 eGFR was calculated 

from creatinine, age, and sex using the Modification of Diet in Renal Disease (MDRD) 

equation without the ethnicity factor.28  Prevalent CKD was defined as eGFR ≤60 

ml/min/1.73 m2 or presence of kidney transplant or dialysis at baseline.29 Incident CKD 

was defined as eGFR ≤60 ml/min/1.73 m2 or presence of kidney transplant or dialysis at 

either follow-up visits. 

Urine creatinine was measured in spot urine samples collected during the baseline 

visit at the Laboratory of the National Institute of Diabetes and Digestive and Kidney 

http://www.rocheusa.com/portal/usa
http://www.hitachi.com/
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Diseases Epidemiology and Clinical Research Branch, Phoenix, Arizona by an automated 

alkaline picrate methodology.23 

Other variables 

Information on age, gender, education, smoking status, hypertension medication 

use, dialysis and kidney transplant was collected by trained and certified interviewers 

using standardized questionnaires.23 Physical exam measures (height, weight, systolic and 

diastolic blood pressure) were performed by trained nurses and medical assistants 

following a standardized protocol. Methods to measure blood pressure, body mass index, 

fasting glucose, 75-g oral glucose tolerance test (OGTT), and hemoglobin A1c (HbA1c) 

have been described.23 Diabetes was defined as a fasting glucose ≥126 mg/dL, a 2-h post-

load plasma glucose ≥200 mg/dL, an HbA1c ≥6.5%, or the use of insulin or an oral 

hypoglycemic agent.30  

Statistical analyses 

Statistical analyses were performed in Stata 13.1 (Stata Corporation, 

www.stata.com) and R 3.0.2 (R Project, www.r-project.org). Urine arsenic concentrations 

were right skewed and natural log transformed. Quartiles were generated based on the 

distribution of urine arsenic concentrations in the overall study sample.  

 For the cross-sectional analysis, we used logistic regression models to estimate 

adjusted odds ratios for prevalent CKD by urine arsenic concentrations at baseline. For 

the prospective analysis, we used Cox proportional hazards models stratified by study 

location with age as time scale and age at baseline treated as staggered entries. Follow up 

time was calculated in years from the date of the baseline visit to the date at the first visit 

http://www.stata.com/
http://www.r-project.org/
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with CKD for participants with incident CKD, and to the date at the last visit for those 

without incident CKD. This follow up time was added to the participant’s age at the 

baseline visit.  In both logistic and Cox proportional hazards regression models, arsenic 

concentrations were entered as quartiles (comparing quartiles 2-4 to the lowest quartile), 

as log-transformed continuous variables (comparing an interquartile range in log-

transformed arsenic levels), and as restricted quadratic splines in separate models.  P-

values for linear trend were obtained by including a continuous variable with the medians 

corresponding to each quartile of the arsenic distribution in the regression models.31 

Models were progressively adjusted. Initially, we adjusted for age (only for 

logistic models as Cox models already accounted for age), gender, study location (only 

for logistic models as Cox models were stratified by location), education, body mass 

index, smoking status, systolic blood pressure, and hypertension medication (Model 2). 

Because arsenic has been associated with diabetes prevalence and poor diabetes control 

in our population,30 we ran additional models adjusting for diabetes and fasting glucose 

levels (Model 3). Results were similar adjusting for HbA1c instead of fasting glucose 

levels (data not shown). For the prospective association between baseline urine arsenic 

and incident CKD, because glomerular filtration rate could interfere with arsenic 

excretion in urine,32 a possibility further supported by our cross-sectional findings 

especially for inorganic arsenic species, in Model 2 we also adjusted for baseline eGFR. 

This is a common approach to look at CKD progression. In this model, we are evaluating 

the association between urine arsenic concentrations in urine with incident CKD that are 

independent of baseline eGFR.   
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In sensitivity analyses, we accounted for urine dilution adjusting for urine 

creatinine instead of dividing arsenic by creatinine,33 and adjusting for specific gravity.34 

In analyses adjusted for specific gravity, we also excluded participants with prevalent 

diabetes and albuminuria. The results of the sensitivity analyses were similar 

(Supplemental Table 1). To account for high mortality rates in the study population,35 we 

fitted Cox proportional hazards models using the Fine and Gray method of handling 

competing risks36 with death as the competing event with similar findings (data not 

shown). Because the exact date of CKD development was unknown and our 

ascertainment of the study outcome was only available at 3 visits, we used Poisson 

regression as an alternative modeling strategy with consistent findings. Using Poisson 

regression we also estimated absolute incidence rates across arsenic quartile categories 

given mean values of covariates (model 3 and model 4).  

RESULTS 

Cross-sectional findings 

The prevalence of CKD at baseline was 10.3% (395/3,851). Participants with 

prevalent CKD were more likely to be older, female, from Arizona, less educated and 

former smokers (Table 1). Participants with prevalent CKD were also more likely to have 

diabetes and higher fasting glucose levels, to use anti-hypertensive medication, and to 

have higher blood pressure levels.  Median (IQR) urine inorganic plus methylated arsenic 

concentrations were lower in participants with CKD (8.9 (5.2, 14.6) µg/g) compared to 

participants without CKD (9.8 (5.9, 15.7) µg/g). Inorganic arsenic, MMA and DMA 

concentrations were also lower in participants with CKD (Table 1). Arsenobetaine 

concentrations were similar in participants with and without CKD. 
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The OR for CKD comparing the 75th to the 25th percentile of inorganic plus 

methylated arsenic was 0.68 (0.56, 0.82) after adjusting for sociodemographic and CKD 

risk factors (Table 3). In separate analyses for each arsenic species, a markedly strong 

inverse association was observed for inorganic arsenic (OR for CKD comparing the 75th 

to the 25th percentile was 0.35 (0.29, 0.43). For MMA and DMA, the inverse associations 

were weaker and they became positive after adjustment for inorganic arsenic (OR (95% 

CI) 3.75 (2.76, 5.08) for MMA, and 1.77 (1.37, 2.31) for DMA). Urine arsenobetaine was 

not associated with prevalent CKD. In restricted quadratic spline models, we observed an 

inverse association between the sum of inorganic and methylated arsenic concentrations 

and prevalent CKD, which was mostly driven by a strong inverse association with 

inorganic arsenic (Figure 2).  For MMA and DMA the inverse association was weaker 

and non-significant and it could be related to the correlation between iAs and MMA and 

DMA species. After adjustment for inorganic arsenic levels, the associations between 

MMA and prevalent CKD, and DMA and prevalent CKD became strongly positive 

(Figure 2). The inverse association for the sum of inorganic and methylated arsenic 

species was observed in all participant subgroups evaluated, except in participants 

younger than 55 years of age (Figure 1).   

Modeling eGFR as a continuous variable, higher urine arsenic was associated 

with higher eGFR levels in all models.  After adjustment for all variables in model 3 

(Supplemental Table 2), an interquartile range in urine arsenic levels was associated with 

a mean difference of 5.22 (95% CI 4.13, 6.31) ml/min/1.73 m2 for the sum of inorganic 

and methylated arsenic, 7.95 (6.91, 8.99) ml/min/1.73 m2 for inorganic arsenic, 2.97 

(1.91, 4.02) ml/min/1.73 m2 for MMA and 4.76 (3.68, 5.84) ml/min/1.73 m2 for DMA. 
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After adjusting for inorganic arsenic concentrations, the corresponding mean difference 

in eGFR was -0.1 (-1.4, 1.11) for MMA and 2.46 (1.19, 3.73) ml/min/1.73 m2 for DMA. 

In analyses restricted to 3,456 participants without CKD and in 1,356 participants with 

eGFR ≥90 ml/min/1.73m2, the mean difference in eGFR for an interquartile range in 

inorganic plus methylated arsenic concentrations were 4.43 (3.41, 5.45) ml/min/1.73 m2 

and  3.38 (1.51, 5.25) ml/min/1.73 m2, respectively. 

Prospective findings 

 The incidence rate of CKD over the study period was 23.5 per 1,000 person-years. 

Mean follow-up time was 6.86 years. Similar to the cross-sectional analysis, participants 

who developed CKD were more likely to be older, female, from Arizona, less educated, 

former smokers, and more likely to have diabetes, use anti-hypertension medication, and 

have higher blood pressure and higher fasting glucose levels (Table 1). Participants with 

incident CKD had higher inorganic plus methylated arsenic concentrations in baseline 

urine (median 11.2 (interquartile range 6.2, 18.2) µg/g creatinine) compared to those 

without incident CKD (9.5 (5.7, 15.4) µg/g creatinine). Looking at the individual species, 

baseline MMA and DMA concentrations were higher in participants with than without 

incident CKD. Baseline inorganic arsenic species and arsenobetaine concentrations were 

similar in participants with and without incident CKD.   

The hazard ratio (95%CI) for incident CKD comparing the 75th to the 25th 

percentile of inorganic plus methylated arsenic species was 1.20 (1.03, 1.41) after 

adjusting for all sociodemographic and kidney disease risk factors evaluated (Table 4, 

model 3). In analyses of the individual species separately, the corresponding hazard ratios 

were 1.00 (0.86, 1.17) for inorganic arsenic, 1.15 (0.99, 1.34) for MMA and 1.21 (1.04, 
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1.42) for DMA. In flexible dose-response models, a positive prospective association with 

CKD was observed for the sum of inorganic and methylated arsenic species, as well as 

for MMA and especially for DMA (Figure 3); by contrast, there was no association for 

inorganic arsenic. The association between the sum of inorganic and methylated arsenic 

species and incident CKD was similar across participant characteristics (Figure 2).  

  

DISCUSSION 

In this population, primarily from rural communities in the western United States, 

participants with prevalent CKD had lower concentrations of inorganic plus methylated 

arsenic species measured in baseline urine, which was mostly explained by a strong 

inverse association with inorganic arsenic. This finding suggests that glomerular filtration 

contributes importantly to inorganic arsenic excretion. For urinary MMA and DMA, we 

found a positive association with prevalent CKD after adjustment for inorganic urinary 

arsenic concentrations. Prospectively, baseline urine concentrations of inorganic plus 

methylated arsenic species were associated with incident CKD. The prospective 

association between arsenic and CKD remained after adjustment for sociodemographic 

and CKD risk factors, including baseline eGFR, as well as in most participant subgroups. 

In analyses of the individual species, the prospective associations remained present for 

MMA and DMA but no association was observed with inorganic arsenic concentrations.     

The major route of arsenic excretion is through the kidneys.20  Little is known, 

however, about the precise pathways of excretion for the different arsenic species. In an 

experiment in dogs, arsenate and arsenite were filtered through the glomeruli and partly 
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reabsorbed by the tubules.37 Arsenic excretion was decreased in several studies of 

animals with impaired kidney function. In rabbits, arsenic excretion was reduced in a 

dose-responsive manner following partial and subtotal nephrectomy.38 None of those 

animal studies have evaluated the impact of kidney function on the methylated arsenic 

species.  

Few human studies have evaluated arsenic excretion in the presence of impaired 

kidney function.  Dialysis was needed to remove sodium arsenite from blood in 2 patients 

with acute sodium arsenite intoxication and acute kidney failure.39 When kidney function 

recovered, urine total arsenic excretion increased.39 A pharmacological study of arsenic 

trioxide treatment in 20 cancer patients with varying kidney function levels found that 

total arsenic excretion was reduced in patients with impaired kidney function.32 Impaired 

kidney function also resulted in decreased percentage of total arsenic excreted as arsenite 

as well as with an increase in plasma MMA and DMA concentrations.32 However, only in 

cases of severe renal impairment did the internal dose of arsenite increase.32 In a cancer 

patient on hemodialysis treated with arsenic trioxide, plasma total arsenic concentration 

increased in the presence of arsenic trioxide treatment and hemodialysis was not 

sufficient to reduce plasma arsenic concentrations.40 

Our cross-sectional findings suggest that chronically reduced glomerular function 

reduces the excretion of inorganic arsenic but not of MMA or DMA, or of arsenobetaine. 

These findings are thus consistent with reverse causation, in which CKD and decreased 

GFR impair urine arsenic excretion, specifically inorganic arsenic exposure. Decreased 

inorganic arsenic elimination through the kidneys could result in increased arsenic 

internal dose and higher risk of arsenic related health effects among individuals with 
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CKD. In blood, the longer retention of inorganic arsenic species would allow them to be 

further methylated.  In our study, however, we have no measurements of arsenic species 

in blood. Several small studies in patients with CKD, including participants on dialysis, 

have shown increased arsenic concentrations in serum compared to healthy controls, 

although levels of urine arsenic were not reported (and urine assessment can be difficult 

to do in patients on dialysis).21,22,41,42 The impact could occur across the range of kidney 

filtration, rather than just with CKD, since the association between arsenic, especially 

inorganic arsenic, and eGFR was present even at eGFR levels > 90 mL/min/1.73 m2. The 

marked change in the direction of the association between MMA and DMA after 

adjustment for inorganic arsenic to evaluate the association for the methylated species 

that is independent of their correlation with the inorganic species needs to be interpreted 

cautiously. Although this analysis can support that the methylated species are a risk factor 

for CKD and the result is consistent with the prospective analyses, we cannot rule out that 

the moderate to strong correlation between the inorganic and methylated arsenic species 

results in an artifact.  

A second possibility for inverse association between arsenic and prevalent CKD 

that becomes positive with incident CKD is hyperfiltration. Hyperfiltration is the 

presence of an elevated GFR in the early stages of kidney disease before a decline in 

GFR in later stages of kidney disease. Hyperfiltration is well established in the early 

stages of kidney diseases associated with diabetes and obesity,43 and with sickle cell 

disease.44 It has also been proposed for environmental nephrotoxicants such as lead 45,46. 

Little is known, however, on whether arsenic could induce hyperfiltration. A caveat is 
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that no human or animal studies have evaluated the possible role of arsenic exposure in 

hyperfiltration.   

Few experimental studies have evaluated the role of arsenic in kidney disease 

development. In vitro and animal studies support the role of high arsenic exposure levels 

in kidney damage,47,48 although the relevance of those studies is unclear as arsenic 

concentrations were very high. For instance, subcytotoxic but still high arsenite (10 

µmol/L) and arsenate (25 µmol/L) concentrations inhibited mitochondrial metabolism in 

proximal tubule cells.49  Arsenic can also influence inflammatory processes in in vitro 

models, as measured by increased IL-6 and IL-8 expression,50 and reactive oxygen 

species (ROS) pathways.51 In rodents exposed to 5 mg/kg arsenic trioxide, markers of 

kidney function (serum urea nitrogen and serum creatinine), markers of kidney injury 

(urine N-acetyl- β -D-glucosaminidase (NAG)), and markers of reactive oxygen species 

(ROS) increased in arsenic trioxide treated kidney tissue compared to controls.52  

Through these mechanisms, arsenic could also play a role in arsenic related kidney 

damage.53 

In human populations, ecological studies with standardized mortality ratios 

(SMRs) have found associations between high arsenic levels in drinking water and 

kidney disease mortality including evidence from Antofagasta, Chile54 and Southwestern 

Taiwan.55 At lower levels of arsenic exposure, an ecological study in Southeastern 

Michigan (mean water arsenic 11 μg/L) found elevated kidney disease mortality 

compared to the rest of Michigan in both men (SMR 1.28, 95% CI 1.15–1.42) and 

women (SMR 1.38, 95% CI  1.25–1.52).19 In another ecological study of residents of 

Millard County in Utah (median arsenic concentrations ranging from 14 to 166 μg/L in 
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selected towns), the SMR for mortality due to nephritis and nephrosis was significantly 

increased among men (SMR 1.72, 95% CI 1.13 – 2.50), and non-significantly increased 

among women (SMR 1.21, 95% CI 0.66– 2.03).56 In a systematic review, the overall 

pooled SMR was 1.29 (95% CI 1.10 - 1.51).14 Our prospective results are consistent with 

those ecological findings.  

The major strengths of our study were the availability of arsenic speciation and 

the ability to compare cross-sectional and prospective findings. The laboratory techniques 

for assessing urine arsenic are state-of-the art and highly sensitive, resulting in few 

participants below the limit of detection (less than 6% for inorganic arsenic).26 The 

speciation of arsenic in urine allowed us to distinguish exposure to inorganic arsenic, 

confirm that organic arsenic from seafood was low, and evaluate different associations 

with different species. The protocols for recruitment, interviews, examinations, and 

collection and storage of biological samples were highly standardized. The losses to 

follow-up were low and we had little missing data.  

Our study has several limitations. First, eGFR levels were only measured at 

baseline and two follow-up visits. Therefore, the exact date of CKD development was 

unknown. Second, as the direct determination of GFR is not feasible in large population 

studies, we estimated GFR using the the CKD-EPI equation for baseline and cross-

sectional analyses and the MDRD equation for follow up assessment of incident CKD. 

The MDRD equation was developed in individuals with kidney disease, and as a result, 

the equation has greater imprecision and underestimates GFR in individuals with GFR> 

60 ml/min/1.73m2.57 In the SHS, the isotope dilution mass spectrometry (IDMS)-

calibrated serum creatinine measures required for the CKD-EPI were only available at 
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baseline, so that it could not be used for outcome assessment. Third, we used spot urine 

samples to measure arsenic exposure, which must be adjusted for urine dilution. Our 

main analysis divided by urine creatinine to account for urine dilution. In sensitivity 

analyses, we adjusted for specific gravity, with consistent findings (Table S1). Also, we 

could not evaluate arsenite and arsenate separately, as both species were measured 

simultaneously under oxidized conditions.26  Fourth, our study population has a high 

burden of obesity, diabetes and CKD. Generalization to a population with a different 

disease profile may be limited. However, the prospective associations remained after 

adjustment for CKD risk factors, including diabetes and fasting glucose levels, which 

have been associated with arsenic in the SHS population30 and other studies in American 

Indians8 and Northern Mexicans,58 and could be potential mediators of the association 

between arsenic and CKD. Finally, competing risks such as censoring by death could be a 

problem in this study population, characterized by a high burden of disease.35 Our 

sensitivity analyses using the Fine and Gray method to handle competing risks resulted in 

similar findings.  

CONCLUSION 

Prevalent CKD was inversely associated with the sum of inorganic and 

methylated arsenic concentrations in urine, and particularly with inorganic arsenic 

concentrations. These cross-sectional findings suggest that kidney disease affects the 

excretion of inorganic arsenic species. Prospectively, inorganic plus methylated urine 

arsenic concentrations, especially MMA and DMA concentrations, were positively 

associated with incident CKD. These findings could support that arsenic is a kidney 

disease risk factor. Studies with repeated measures of arsenic species in urine and blood 
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as well as renal dysfunction endpoints are needed to further characterize the association 

between arsenic exposure, excretion of the arsenic species, and CKD development.
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Table 1: CKD status by participant characteristics at baseline 

Participant Characteristics Prevalent CKD Incident CKD 
 No Yes No Yes 
Overall N 3456 395 2617 502 
Age, years 55.6 (7.8) 62.0 (7.8) 54.9 (7.6) 58.6 (7.8) 
Gender (%)     
   Male 42.9 23.0 43.1 31.7 
   Female 57.1 77.0 56.9 68.3 
Study Region (%)     
   Arizona 33.8 34.7 33.0 38.6 
   Oklahoma 32.9 36.7 32.9 33.1 
   South Dakota 33.3 28.6 34.1 28.3 
Education, years 11.2 (3.1) 10.7 (2.9) 11.3 (3.0) 10.9 (3.0) 
Smoking Status (%)     
   Never  33.7 36.2 31.5 35.7 
   Former 31.8 39.7 33.5 35.8 
   Current 34.5 24.1 35.0 28.5 
BMI, kg/m2 31.0 (6.3) 30.2 (5.9) 31.0 (6.4) 31.2 (6.2) 
Diabetes Status (%)     
   No 52.1 36.5 56.5 31.3 
   Yes 47.9 63.5 43.5 68.7 
Fasting Glucose, mg/dL 148.5 (73.3) 157.6 (82.5) 141.1 (67.3) 187.8 (91.1) 
Hypertension Medication (%)     
   No  79.4 52.4 81.4 70.5 
   Yes 20.6 47.6 18.6 29.5 
Systolic BP, mmHg 126.3 (18.2) 137.5 (24.9) 125.0 (17.3) 132.3 (20.7) 
As concentrations (Median, IQR)     
   iAs+MMA+DMA, µg/g 9.8 (5.9, 15.7) 8.9 (5.2, 14.6) 9.5 (5.7, 15.4) 11.2 (6.2, 18.2) 
   iAs (inorganic arsenic) 0.8 (0.4, 1.5) 0.4 (0.2, 0.9) 0.8 (0.4, 1.5) 0.8 (0.4, 1.5) 
   MMA (monomethylarsonate) 1.3 (0.8, 2.2) 1.2 (0.7, 2.2) 1.3 (0.8, 2.2) 1.4 (0.8, 2.5) 
   DMA (dimethylarsinate) 7.4 (4.5, 12.0) 7.3 (4.0, 11.7) 7.1 (4.4, 11.7) 8.5 (4.8, 13.8) 
   Arsenobetaine,  µg/g 0.7 (0.4, 1.5) 0.7 (0.4, 2.1) 0.7 (0.4, 1.6) 0.7 (0.4, 1.4) 
 
Data are mean (standard deviation) or percentages except for urine arsenic and urine arsenobetaine where we present median (interquartile range). 
*Sum of inorganic and methylated arsenic species 
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Table 2: Baseline participant characteristics by urine arsenic concentrations for participants without CKD at baseline and with at least 
one follow-up visit (N=3119) 

 Population Sum of inorganic and methylated  (μg/g creatinine) 
  ≤5.8 5.8 – 9.7 9.7 – 15.6 ≥15.6 P-

value 
Number 3119 772 781 784 782  
Sex       
    Male 41.2 50.5 40.0 40.9 33.6 <0.01 
    Female 58.8 49.5 60.0 59.1 66.4  
Age, years 55.5 (7.7) 55.5 (7.9) 55.2 (7.7) 55.8 (7.7) 55.6 (7.7) 0.42 
Study Location       
    Arizona 34.0 6.5 25.9 43.0 60.1 <0.01 
    Oklahoma 32.9 70.5 38.4 17.0 6.4  
    South Dakota 33.1 23.0 35.7 40.0 33.5  
Education, years 11.2 (3.0) 12.4 (2.8) 11.7 (2.8) 10.7 (3.0) 10.1 (3.0) <0.01 
BMI, kg/m2 31.0 (6.4) 30.7 (5.7) 31.6 (6.4) 30.9 (6.3) 30.8 (6.9) 0.46 
Smoking status       
    Never 32.2 30.6 30.9 32.4 34.8 0.18 
    Former 33.9 35.0 35.8 32.8 32.0  
    Current 33.9 34.4 33.3 34.8 33.2  
Diabetes       
    No 52.5 63.7 55.2 52.6 38.5 <0.01 
    Yes 47.5 36.3 44.8 47.4 61.5  
Fasting Glucose, mg/dL 148.6 (73.7) 129.8 (54.7) 138.2 (63.3) 146.8 (71.3) 179.3 (90.7) <0.01 
Hypertension Medication       
    No 79.6 77.7 80.9 79.8 79.9 0.54 
    Yes 20.4 22.3 19.1 20.2 20.1  
Systolic BP, mmHg 126.2 (18.1) 125.8 (16.2) 124.7 (17.3) 126.5 (18.6) 127.8 (19.9) <0.01 
eGFR, ml/min/ 1.73m2 86.5 (18.7) 82.0 (17.1) 84.9 (15.8) 87.4 (18.9) 91.6 (21.2) <0.01 
Median (IQR) concentration       
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    iAs+MMA+DMA 9.7 (5.8, 15.7) 4.2 (3.4, 5.0) 7.5 (6.6, 8.6) 12.3 (10.9, 13.8) 21.8 (18.3, 28.7)  
    iAs (inorganic arsenic) 0.8 (0.4, 1.5) 0.3 (0.2, 0.4) 0.6 (0.4, 0.8) 1.1 (0.7, 1.4) 2.1 (1.4, 3.3)  
    MMA 1.3 (0.8, 2.2) 0.6 (0.4, 0.8) 1.0 (0.8, 1.3) 1.7 (1.3, 2.1) 2.9 (2.2, 4.3)  
    DMA 7.3 (4.4, 12.1) 3.2 (2.6, 3.8) 5.8 (5.1, 6.6) 9.3 (8.2, 10.6) 16.8 (14.0, 21.9)  
    Urine arsenobetaine 0.7 (0.4, 1.5) 0.6 (0.4, 1.1) 0.7 (0.4, 1.9) 0.7 (0.4, 1.6) 0.8 (0.5, 1.6)  

 
 
Data are mean (standard deviation) or percentages except for urine arsenic and urine arsenobetaine where we present median (interquartile range). P-value 
calculated by T-test for continuous variables and χ2 test for categorical variables 
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Table 3: Odds ratios (95% confidence interval) for prevalent CKD by quartile of urine arsenic concentrations 

Sum of inorganic and 
methylated, μg/g 

Cases/ 
noncases Model 1 Model 2 Model 3 Model 4 

Quartiles      
   ≤6.9 117/849 1.00 (ref) 1.00 (ref) 1.00 (ref) -- 

   6.9 – 11.3 95/865 0.80 (0.60, 1.06) 0.73 (0.53, 1.01) 0.72 (0.52, 0.99) -- 

   11.3 – 18.6 94/869 0.78 (0.59, 1.05) 0.63 (0.44, 0.89) 0.61 (0.43, 0.87) -- 
   ≥18.6 89/873 0.74 (0.55, 0.99) 0.50 (0.34, 0.73) 0.47 (0.32, 0.70) -- 
p-trend  0.08 <0.01 <0.01 -- 
IQR (15.6 vs 5.8) 395/3456 0.83 (0.72, 0.96) 0.69 (0.57, 0.84) 0.68 (0.56, 0.82) -- 
Inorganic arsenic, μg/g      
  IQR (1.4 vs 0.3) 395/3456 0.45 (0.38, 0.52) 0.35 (0.29, 0.42) 0.35 (0.29, 0.43) -- 
MMA, μg/g      
  IQR (2.2 vs 0.7) 395/3456 0.88 (0.76, 1.01) 0.83 (0.69, 1.00) 0.84 (0.70, 1.01) 3.75 (2.76, 5.08) 
DMA, μg/g      
  IQR (12.0 vs 4.4) 395/3456 0.90 (0.77, 1.04) 0.72 (0.6, 0.87) 0.72 (0.6, 0.87) 1.77 (1.37, 2.31) 
Arsenobetaine, μg/g       
  IQR (1.6 vs 0.4) 395/3456 1.00 (0.90, 1.13) 0.92 (0.81, 1.05) 0.93 (0.82, 1.06) 0.95 (0.84, 1.08) 
Model 1 is crude 

     
Model 2 is adjusted for age and gender, location, education, smoking status, BMI, hypertension medication, SBP 
Model 3 is additionally adjusted for diabetes status and fasting glucose 

  
Model 4 is additionally adjusted for inorganic arsenic (arsenite, arsenate) 
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Table 4: Hazard ratios (95% confidence interval) for incident CKD by urine arsenic 
concentrations* 

Sum of inorganic and 
methylated, μg/g 

Cases/ 
Model 1 Model 2 Model 3 

noncases 
Quartiles     
≤5.7 109/663 1.00 (ref) 1.00 (ref) 1.00 (ref) 
5.8 – 9.7  110/671 1.03 (0.78, 1.36) 1.06 (0.8, 1.41) 1.06 (0.80, 1.40) 
9.7 – 15.6 128/656 1.15 (0.87, 1.53) 1.24 (0.92, 1.65) 1.21 (0.90, 1.62) 
≥15.6 155/627 1.40 (1.04, 1.87) 1.59 (1.17, 2.15) 1.28 (0.93, 1.75) 
p-trend  0.01 <0.01 0.12 
  IQR (15.6 vs 5.8) 502/2617 1.23 (1.06, 1.42) 1.32 (1.13, 1.53) 1.20 (1.03, 1.41) 
Inorganic arsenic, μg/g     
  IQR (1.5 vs 0.4) 502/2617 0.94 (0.81, 1.08) 1.09 (0.94, 1.27) 1.00 (0.86, 1.17) 
MMA, μg/g  

  
 

  IQR (2.2 vs 0.8) 502/2617 1.06 (0.92, 1.22) 1.18 (1.02, 1.36) 1.15 (0.99, 1.34) 
DMA, μg/g  

  
 

  IQR (12.1 vs 4.4) 502/2617 1.28 (1.11, 1.48) 1.34 (1.16, 1.56) 1.21 (1.04, 1.42) 
Arsenobetaine, μg/g   

  
 

  IQR (1.5 vs 0.4) 502/2617 1.05 (0.95, 1.15) 1.04 (0.95, 1.14) 1.08 (0.99, 1.18) 
Model 1 is crude 

    Model 2 is adjusted for age and gender, location, education, smoking status, BMI, hypertension 
medication, SBP, and baseline eGFR 
Model 3 is additionally adjusted for diabetes status and fasting glucose 
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Figure 1: OR and HR of CKD comparing the 75th to 25th percentile of the sum of 
inorganic and methylated species, stratified by participant characteristics 

 
Odds ratios are adjusted for age (years), sex, study region, body mass index (continuous), 
education, smoking status, diabetes status, hypertensive medication, systolic blood 
pressure (continuous), and fasting glucose (continuous) 
 
Hazard ratios were adjusted for age (continuous), sex, body mass index (continuous), 
education (continuous), smoking status, diabetes status, hypertensive medication, systolic 
blood pressure (continuous), baseline eGFR (continuous), and fasting glucose 
(continuous). Baseline hazard was stratified by study region. 
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Figure 2: Odds ratio for prevalent CKD by the sum of inorganic and methylated arsenic 
species, inorganic arsenic (arsenate and arsenite), MMA, and DMA.  

 
 
Caption: Black lines (solid lines) represent odds ratios and 95% confidence intervals 
(dashed lines) based on restricted quadratic spline models for log transformed arsenic 
with 3 knots and adjusted as in Table 3, model 3. Gray lines (solid lines) are the odds 
ratios and 95% CI (dashed lines) for MMA and DMA after adjustment for urine inorganic 
arsenic levels. The reference was set at the 10th percentile of the urine arsenic biomarker 
distribution. Odds ratios were adjusted for age (continuous), sex, study region, body mass 
index (continuous), education, smoking status, diabetes status, hypertensive medication, 
systolic blood pressure (continuous), and fasting glucose (continuous). For inorganic plus 
methylated arsenic species the p-value for a linear and non-linear dose-response 
relationships were 0.02 and 0.13, respectively. For inorganic arsenic, the p-values for 
linear and non-linear dose-response were 0.01 and 0.005. For MMA, p-values for linear 
and non-linear dose-response were, respectively, 0.02 and 0.19 before and 0.10 and 0.003 
after adjustment for inorganic arsenic. For DMA, p-values for linear and non-linear dose-
response were 0.01 and 0.14 before and 0.92 and 0.02, after adjustment for inorganic 
arsenic.   
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Figure 3: Hazard ratio for incident CKD by the sum of inorganic and methylated arsenic 
species. 

 
 
Caption: Lines represent hazard ratios without inorganic arsenic adjustment (solid lines) 
and with inorganic arsenic adjustment (dashed lines) based on restricted quadratic spline 
models for log transformed arsenic with 3 knots.  The reference was set at the 10th 
percentile of the urine arsenic biomarker distribution.  Hazard ratios were adjusted for 
age (continuous), sex, body mass index (continuous), education (continuous), smoking 
status, diabetes status, hypertensive medication, systolic blood pressure (continuous), 
eGFR (continuous) and fasting glucose (continuous). Baseline hazard was stratified by 
study region. The p-value for linear dose-response relationship for the sum of inorganic 
and methylated species was 0.80 and the p-value for a non-linear dose-response was 0.69. 
The p-value for a linear dose-response relationship for inorganic arsenic was 0.31 and the 
p-value for a non-linear dose-response was 0.47.  For MMA, the p-value for a linear 
dose-response relationship was 0.32 and 0.23 for a non-linear dose-response relationship. 
For DMA, the p-value for a linear dose-response relationship was 0.91 and 0.61 for a 
non-linear dose-response relationship.  
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Supplemental Table 1: Hazard ratios (95% confidence intervals) of incident chronic 
kidney disease by urine arsenic, with specific gravity adjustment for urine dilution. 

Sum of inorganic and 
methylated, μg/L + SG All participants Participants without 

diabetes 

Participants without 
diabetes or 

albuminuria 
N 3119 1636 1483 
≤6.9 1.00 (ref) 1.00 (ref) 1.00 (ref) 
6.9 –11.2 1.07 (0.83, 1.38) 1.44 (0.90, 2.29) 1.52 (0.93, 2.47) 
11.2 – 18.6 1.22 (0.94, 1.59) 1.63 (1.01, 2.63) 1.53 (0.91, 2.57) 
≥18.6 1.20 (0.91, 1.58) 1.55 (0.93, 2.58) 1.42 (0.81, 2.48) 
p-trend 0.217 0.173 0.399 
75th vs 25th percentile 1.11 (0.97, 1.27) 1.13 (0.90, 1.42) 1.14 (0.89, 1.44) 
Models were stratified by study location and accounts for age (baseline age entered as staggered 
entries) 
Models were adjusted for gender, education, smoking, alcohol status,  BMI,  hypertension 
medication, SBP, eGFR, diabetes (in models for all participants) and fasting glucose 
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Supplemental Table 2: Mean difference (95% confidence interval) for baseline estimated 
glomerular filtration rate (ml/min/1.73m2) comparing an interquartile range in urine 
arsenic concentrations (N=3851). 

  Model 1 Model 2 Model 3 Model 4 
Sum of inorganic 
and methylated, 
μg/g     

  IQR (18.4 vs 6.1) 5.14 (4.19, 6.09) 5.44 (4.36, 6.53) 5.22 (4.13, 6.31) -- 
Inorganic arsenic     
  IQR (1.42 vs 0.34) 8.59 (7.68, 9.51) 8.07 (7.04, 9.11) 7.95 (6.91, 8.99) -- 
MMA, μg/g 

   
 

  IQR (2.2 vs 0.75) 3.84 (2.95, 4.74) 3.07 (2.02, 4.12) 2.97 (1.91, 4.02) -0.10 (-1.40, 1.11) 
DMA, μg/g    

   IQR (12.0 vs 4.4) 4.39 (3.47, 5.31) 5.00 (3.93, 6.07) 4.76 (3.68, 5.84) 2.46 (1.19, 3.73) 
Model 1 is crude     
Model 2 is adjusted for age and gender, location, education, smoking status, BMI, hypertension 
medication, SBP 
Model 3 is additionally adjusted for diabetes status and fasting glucose 
Model 4 is additionally adjusted for inorganic arsenic 
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CHAPTER 5: Discussion and Summary of Findings 

Summary of Findings 

There is epidemiologic evidence supporting the role of arsenic exposure with 

specific kidney disease outcomes, such as albuminuria, proteinuria, and kidney disease 

mortality. However, the epidemiologic evidence regarding outcomes such as chronic 

kidney disease (CKD), glomerular filtration rate, and biomarkers of early kidney damage 

(β2MG, NAG, RBP, A1M) was much more mixed. These findings were consistent across 

high and low levels of arsenic exposure. This dissertation aimed to enhance our 

understanding of albuminuria and CKD (defined based on estimated glomerular filtration 

rate, dialysis or kidney transplant) as they related to arsenic exposure, as measured in 

urine. 

In the first chapter, we conducted a systematic review of the epidemiological 

evidence on arsenic and various kidney disease outcomes. We identified twenty-five 

papers (consisting of twenty-four epidemiologic studies) with outcomes of albuminuria, 

proteinuria, early kidney damage biomarkers (β2MG, NAG, RBP, A1M), and ecological 

studies of kidney disease mortality. We identified five studies that found a positive 

association between arsenic and albuminuria and proteinuria, from places such as 

Bangladesh, China, and the United States. We also identified five ecological studies that 

found a positive association between arsenic exposure and kidney disease mortality from 

Taiwan, Chile, and the United States. These encompassed both areas of high and low 

arsenic exposure. Studies looking at CKD, β2MG, NAG, RBP, and A1M had mixed 

results and therefore were inconclusive. Many studies in this review had methodological 
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limitations, including small study populations, cross-sectional designs, and lack of 

adjustment for potential confounders. 

In the second chapter, we conducted a cross-sectional analysis of a population of 

men and women aged 45-74 at the baseline examination of the Strong Heart Study (SHS) 

in 1988. The Strong Heart Study is the largest population-based study conducted to 

evaluate cardiovascular disease and its risk factors in American Indian communities. The 

study was conducted in Arizona, Oklahoma and North and South Dakota. Arsenic species 

were measured in urine (arsenite, arsenate, MMA and DMA) and we used the sum of 

inorganic and methylated arsenic species as our marker of inorganic arsenic exposure. 

Albuminuria status was assessed by albumin-creatinine ratio (ACR).  Urine arsenic levels 

were higher in participants with albuminuria. After multivariable adjustment, the 

prevalence ratios of albuminuria comparing quartiles 2 to 4 of urine arsenic, compared to 

the lowest quartile, were 1.16 (1.00, 1.34), 1.24 (1.07, 1.43), and 1.55 (1.35, 1.78), 

respectively (P trend <0.001). The association between urine arsenic and albuminuria was 

observed across all participant subgroups evaluated and was evident for both micro and 

macroalbuminuria. 

 In the third chapter, we conducted a prospective study of baseline urine arsenic 

and incident albuminuria on the same participants (the Strong Heart Study) in which we 

performed the cross-sectional analysis. This analysis followed participants without 

albuminuria from the cross-sectional study. Albuminuria status was determined at the 

first and second follow-up visits in 1993-1995 and 1998-1999, respectively. Participants 

who developed incident albuminuria had higher urine arsenic levels than those who did 

not develop incident albuminuria. The hazard ratio of incident albuminuria for the 
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second, third, and fourth quartile were 1.04 (0.8, 1.35), 1.14 (0.87, 1.51), 1.20 (0.9, 1.6) 

with multivariable adjustment, but before adjusting for fasting glucose and 1.03 (0.79, 

1.33), 1.10 (0.84, 1.45), and 1.13 (0.85, 1.50), after adjusting for fasting glucose. The 

association between urine arsenic and incident albuminuria was positive but not 

statistically significant. 

 In the fourth chapter, we conducted both a cross-sectional and a prospective study 

of baseline urine arsenic with prevalent and incident CKD status on American Indians in 

the Strong Heart Study. CKD status was determined at baseline (1989-1991) and the first 

and second follow-up visits (1993-1995 and 1998-1999, respectively). Participants with 

prevalent CKD had lower urine arsenic levels than participants without prevalent CKD 

both in crude and multi-adjusted models. After multivariable adjustment, the odds ratio of 

prevalent CKD comparing the second, third, and fourth quartile of inorganic plus 

methylated arsenic levels in urine were 0.72 (0.52, 0.99), 0.61 (0.43, 0.87), 0.47 (0.32, 

0.70), respectively compared to the first quartile. In separate analyses for arsenic species, 

a markedly strong inverse association was observed for inorganic arsenic (OR for CKD 

comparing the 75th to the 25th percentile was 0.35 (0.29, 0.43). For MMA and DMA, the 

inverse association became positive after adjustment for inorganic arsenic (OR (95% CI) 

3.75 (2.76, 5.08) for MMA, and 1.77 (1.37, 2.31) for DMA).  

In prospective analyses, the sum of inorganic and methylated arsenic species was 

positively associated with incident CKD, but the association was not statistically 

significant. The hazard ratios of incident CKD comparing the 75th to the 25th percentile of 

inorganic plus methylated arsenic species was 1.20 (1.03, 1.41) after adjusting for all 

sociodemographic and kidney disease risk factors evaluated. We also ran separate models 
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for each of the arsenic species. In analyses of the individual species separately, the 

corresponding hazard ratios were 1.00 (0.86, 1.17) for inorganic arsenic, 1.15 (0.99, 1.34) 

for MMA and 1.21 (1.04, 1.42) for DMA. 

Unexpected findings 

 The initial inverse association between urine arsenic and prevalent CKD status 

was an unexpected result. Based on population data from Taiwan, we had hypothesized 

that arsenic would be positively associated with prevalent CKD status in populations 

exposed to low arsenic concentrations. On the contrary, our results were consistent with 

the opposite direction. However, we found that for the arsenic metabolites MMA and 

DMA, these two were positively associated with prevalent and incident CKD after 

adjusting for the concentration of inorganic arsenic (arsenate and arsenite). Additionally, 

inorganic arsenic concentrations were strongly inversely associated with prevalent and 

incident CKD. These findings suggest the possibility that reduced glolmerular filtration 

rate interferes with the excretion of inorganic arsenic species. This could result in more of 

the arsenic being retained in tissue instead of being eliminated in the presence of kidney 

disease. Previous studies have determined that inorganic arsenic (arsenate and arsenite) 

can be eliminated more slowly than the methylated arsenic species.1,2 An important 

conclusion of our cross-sectional findings is that urine arsenic concentrations may not be 

the best biomarker of arsenic exposure for cross-sectional studies of kidney disease 

outcomes or in populations with a high burden of CKD.  

While there is a possibility that our unexpected cross-sectional findings were due 

to chance or other unidentified biases, our results are important from a scientific 

standpoint. As discussed above, a reasonable explanation for the findings is reverse 
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causation, that having pre-existing CKD leads one to excrete less arsenic in urine. 

Another possibility is use of urine creatinine as a method of adjustment for urine dilution. 

In our study, however, adjustment for specific gravity instead of urine creatinine showed 

similar findings.  

Future Research and Implications 

 One important conclusion derived from the systematic review of arsenic and 

kidney disease outcomes was the poor quality of existing studies. Despite select evidence 

from Taiwan3 and Bangladesh,4 and on studies regarding albuminuria and proteinuria, 

there were limitations in study design, outcome assessment, and adjustment for potential 

confounders have precluded meaningful synthesis of these results as causal.  The 

systematic review highlighted the need for high quality epidemiological studies with 

large study populations and control for potential confounders, and especially for 

populations with low to moderate arsenic exposure. If there is a causal association 

between arsenic and kidney disease outcomes, the magnitude of such an association 

would likely be smaller than those seen at high levels of arsenic. Only high quality 

epidemiological studies can provide accurate and precise estimates. Dose-response 

analysis of arsenic with kidney disease outcomes would be important adding to the 

current body of knowledge.  

 The Strong Heart Study communities are affected by low-moderate levels of 

arsenic exposure that are similar to other rural areas in the United States, especially in the 

Southwest and Midwest. In 1989-1991, many of the study sites had arsenic levels in 

drinking water above the current Environmental Protection Agency (EPA) maximum 

contaminant level (MCL) of 10 µg/L,5 and some of the study sites had concentrations that 
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go even over the MCL that was in place at the time (50 µg/L). It would be important to 

replicate our cross-sectional and prospective findings in other populations in the United 

States and other parts of the world affected by low-moderate arsenic exposure levels. 

A limitation of our study was that albuminuria and CKD status could only be 

assessed at follow up visits and therefore the exact date of the development of either 

condition is unknown. Another limitation is the lack of availability of urine arsenic 

measures at follow-up visits.6 Arsenic exposures stayed relative constant over the study 

period,7  and therefore, one urine arsenic sample may serve as a good measure of long 

term arsenic exposure. However, having repeated measures in all participants could have 

helped us to understand the direction of the relationship between inorganic arsenic 

exposure and glomerular filtration rate. Another limitation of our study was the use of 

spot urine samples, which need to be adjusted for dilution with urine creatinine. While 

specific gravity can be used as an alternative, there are some limitations to use it in 

populations with a high prevalence of diabetes and albuminuria, such as the Strong Heart 

Study.8 

Final Conclusion 

 In a study of American Indian communities in Arizona, Oklahoma, and North and 

South Dakota with low-moderate arsenic exposure, arsenic was positively associated with 

prevalent albuminuria, and positive but non-significantly associated with incident 

albuminuria. For CKD, on the contrary, there was an inverse association between arsenic 

and prevalent CKD, where participants with prevalent CKD had lower arsenic levels in 

urine, especially lower inorganic arsenic species (arsenite, arsenate). Arsenic species 

MMA and DMA were positively associated with prevalent CKD after adjustment for 
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inorganic arsenic levels. In prospective analysis, the sum of inorganic and methylated 

arsenic species, and arsenic species MMA and DMA were positively associated with 

incident CKD. These findings suggest that inorganic arsenic exposure, in particular the 

methylated species measured in urine, may be a risk factor for the development of 

chronic kidney disease.   

Our findings may influence arsenic risk assessment in several manners. First, because 

current arsenic risk assessment has only considered non-cancer endpoints qualitatively. 

Our study provides data on CKD, an important health condition with multiple health 

consequences. Second, by identifying CKD as a condition that might increase 

susceptibility to arsenic exposure and related health effects. Additional research studies 

with repeated measures of urine arsenic species and renal dysfunction endpoints can help 

to further characterize the relationship between arsenic exposure, excretion of the arsenic 

species, and kidney disease development. 
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