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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 24 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 three 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.
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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 to various adverse health outcomes, including

cancer [8], cardiovascular disease [7, 9], diabetes [10, 11], respiratory outcomes [4], and

neurodevelopmental and reproductive abnormalities [12]. Recent epidemiologic studies also

suggest that arsenic is associated with chronic kidney disease (CKD) [13••, 14, 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.

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 (Fig. 1). We used free text as well as Medical Subject
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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 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 (Fig. 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 of limited quality and too diverse in outcome

measures to allow for meaningful meta-analysis of all studies [37]. Data were abstracted for

summary tables. Data from five papers [15, 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 within each study (Fig. 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 pooled estimates that is 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

Twenty-five papers consisting of 24 studies (including five ecological studies) published

between 1983 and 2013 were identified (Tables 1–4). Twenty-three studies that met the

inclusion criteria were published in English, and one paper was published in Chinese.
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Twenty-two studies were conducted in general populations and two were conducted in

occupational populations in China and Poland [44, 45]. There were ten 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 papers [47, 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

were 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 one study, in

urine in 17 studies, in blood and serum in two studies, and by comparing populations living

in high vs. low arsenic areas in five studies. A total of five studies evaluated albuminuria/

proteinuria (Table 1), eight studies evaluated CKD outcomes based on estimated Glomerular

Filtration Rate (eGFR) or medical history (Table 2), ten studies evaluated β2MG and NAG

(Table 3), and five studies evaluated CKD mortality (Table 4) [57].

Quality Assessment

All studies, except the five ecological studies evaluating CKD mortality, measured arsenic at

the individual level (Tables 5–7). Nearly all studies assessing arsenic exposure at the

individual level measured it in urine, except one study [40] 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 Bangladesh [39] 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 one study in Taiwan

[40] 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).

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, Fig. 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
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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]. 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 study [40], 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 (Fig. 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 on exposure 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 urine

[53] and blood [60] 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.

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 ten 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
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Taiwan [38] 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 and conducted in China and Poland [44, 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.

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 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
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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.

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

high [38, 40] and low [41] 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 exposure [5, 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].

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
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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, the global prevalence of chronic kidney

disease is increasing. Arsenic is a well-established carcinogen and it has been causally

associated with cardiovascular disease [35, 79] and potentially also to diabetes,

nonmalignant respiratory disease, pregnancy outcomes, neurodevelopmental toxicity, and

immune effects. Understanding the kidney effects of 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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Fig. 1.
Search query entered into PubMed
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Fig. 2.
Summary of search and screening process. *Total numbers may not add up since some

studies examined multiple outcomes
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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
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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
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