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Abstract

Background—N-nitroso compounds formed endogenously after nitrate/nitrite ingestion are 

animal renal carcinogens. Previous epidemiologic studies of drinking water nitrate did not evaluate 

other potentially toxic water contaminants, including the suspected renal carcinogen chloroform.

Methods—In a cohort of postmenopausal women in Iowa (1986–2010), we used historical 

measurements to estimate long-term average concentrations of nitrate-nitrogen (NO3-N) and 

disinfection byproducts (DBP) in public water supplies. For NO3-N and the regulated DBP [total 

trihalomethanes (THM) and the sum of five haloacetic acids (HAA5)], we estimated the number of 

years of exposure above one-half the current maximum contaminant level (>½-MCL NO3-N; 

>5mg/L). Dietary intakes were assessed via food frequency questionnaire. We estimated hazard 

ratios (HR) and 95% confidence intervals (CI) with Cox models, and evaluated interactions with 

factors influencing N-nitroso compound formation.

Results—We identified 125 incident kidney cancers among 15,577 women reporting using water 

from public supplies >10 years. In multivariable models, risk was higher in the 95th percentile of 

average NO3-N (HRP95vsQ1=2.3;CI:1.2–4.3;ptrend=0.33) and for any years of exposure >½-MCL; 

adjustment for total THM did not materially change these associations. There were no independent 

relationships with total THM, individual THMs chloroform and bromodichloromethane, or with 

haloacetic acids. Dietary analyses yielded associations with high nitrite intake from processed 

meats but not nitrate or nitrite overall. We found no interactions.
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Conclusions—Relatively high nitrate levels in public water supplies were associated with 

increased risk of renal cancer. Our results also suggest that nitrite from processed meat is a renal 

cancer risk factor.
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Introduction

Kidney cancer is among the 10 most common adult malignancies in the United States.1 

Established risk factors for renal cell carcinoma, the predominant histologic type, include 

cigarette smoking, obesity, and hypertension.2 Evidence is accumulating for low levels of 

physical activity, high alcohol consumption, and high parity as risk factors.3 Certain 

occupations and exposure to industrial chemicals, such as trichloroethylene,4 are also 

positively associated with renal cancer risk. Relationships with other occupational and 

environmental exposures are less well established.3

Drinking water may be a source of exposure to renal toxicants in the general population. 

Inorganic nitrate (NO3-) is a common ground and surface water contaminant in agricultural 

areas, arising from synthetic fertilizers and livestock manure.5,6 Nitrate is naturally present 

in plants, thus diet also contributes to exposure.7 In the presence of nitrosatable precursors 

such as amines and amides, nitrite derived from nitrate by the oral microbiome and nitrite 

from processed meats and other dietary sources react endogenously to form N-nitroso 

compounds. Ingestion of nitrate or nitrite under conditions that result in such nitrosation is 

classified by the International Agency for Research on Cancer as a probable human 

carcinogen.7 Several N-nitroso compounds, including ethylated and methylated 

nitrosoamines and ureas7,8 and N-nitrosomorpholine administered in drinking water, cause 

kidney tumors in animals.8 In human biomonitoring studies, N-nitroso compound formation 

in the gastrointestinal tract can be almost entirely inhibited by high intakes of 

antioxidants.7,9 However, animal studies suggest that antioxidant inhibition of nitrosation is 

incomplete for some organ sites, including the kidney.7

The few epidemiologic studies of the relationship between kidney cancer and drinking water 

nitrate report inconsistent findings.10–13 One ecologic study in Slovakia found no 

association with nitrate concentrations in public water supplies,10 while another in Germany 

reported an elevated rate ratio for renal cell carcinomas among women in areas with high 

public water supply nitrate levels.11 Early follow-up of a single prospective cohort with a 

small number of accrued cases, the Iowa Women’s Health Study (IWHS), found no kidney 

cancer risks associated with long-term average nitrate levels >0.36 mg/L in public water 

supplies.13 A case-control study in Iowa found no relationship with long-term average public 

water supply nitrate and renal cell carcinoma, except among subgroups with hypothesized 

greater potential for endogenous nitrosation.12

None of these studies of nitrate evaluated potentially carcinogenic co-contaminants, such as 

disinfection by-products (DBP) that are formed when organic matter and inorganic bromide 

react with disinfectants such as chlorine, chloramines, and ozone. The U.S. Environmental 
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Protection Agency requires routine measurement of several chlorinated DBP in drinking 

water, including the sums of four trihalomethanes (total THM) and five haloacetic acids 

(HAA5), which have maximum contaminant levels (MCLs) of 80 and 60μg/L, 

respectively.14 Over 600 DBP chemical species have been characterized,15 and regulated 

DBP are often considered surrogates for other toxic components of the complex drinking 

water mixture. Some DBP, such as chloroform,16 are renal carcinogens in animals at high 

levels,14 but corresponding epidemiologic evidence is limited. One case-control study of 

kidney cancer reported positive associations with water mutagenicity attributed to the levels 

of the chlorinated furanone MX.17 An analysis in the IWHS found no association between 

chlorinated THM in PWS and RCC.18 To our knowledge, no cohort studies have assessed 

both nitrate and DBP in drinking water in relation to kidney cancer.

While drinking water accounts for much of an individual’s nitrate intake at high levels,7 

dietary sources constitute the bulk of daily nitrate/nitrite intakes in typical American 

diets.19,20 The relationship between dietary nitrate and renal cancer has been evaluated in 

both case-control21 and cohort13,22,23 studies, including non-significant positive associations 

reported previously in the IWHS.13 Several studies have implicated high consumption of 

processed meats,22,23 which usually contain nitrite and/or nitrate salts as preservatives, as a 

kidney cancer risk factor.

With 12 additional years of follow-up, we conducted an updated analysis of kidney cancer in 

the IWHS to evaluate exposure to both nitrate and DBP in public water supplies in relation 

to kidney cancer risk. We also evaluated dietary nitrate and nitrite and factors that may 

inhibit or promote N-nitroso compound formation, including vitamins C and E and cigarette 

smoking.

METHODS

Study Population and Design

In 1986, the IWHS randomly selected a total of 98,030 women 55–69 years old from Iowa 

driver’s license records; 41,836 (42%) completed the baseline survey on demographics, 

anthropometry, diet, physical activity, reproductive and medical histories, tobacco and 

alcohol consumption, and family history of cancer.24 Five follow-up surveys have since been 

administered (1987,1989,1992,1997,2004). In 1989 (N=36,127;87% response), women 

reported the primary source of drinking water at their home (municipal water system; rural 

water system; private well; bottled water; other; don’t know) and the duration using this 

source (<1;1–5;6–10;11–20;>20 years; don’t know). Most (77%) had a municipal or rural 

water source (hereafter public water supply), and 19% a private well. Women reporting 

bottled water or other sources (<5%) were considered unlikely to have nitrate exposures 

through these sources and were excluded from drinking water analyses. The 1989 follow-up 

participants were demographically similar to the full cohort (data not shown).

We identified vital status through linkage with the National Death Index and incident kidney 

cancers diagnosed between January 1, 1986 and December 31, 2010 from the State Health 

Registry of Iowa. We calculated person-time from the enrollment date until the earliest of 

the dates of kidney cancer diagnosis, death, or December 31, 2010. For women who 
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emigrated out of Iowa (<0.5% annually), or died out-of-state (0.5% of all deaths), we 

censored participants at the midpoint between the date of last contact and the date the 

subject was located outside Iowa or their death, respectively. The IWHS and current 

analyses were approved by the Institutional Review Boards of the University of Iowa and the 

University of Minnesota. The current analyses were also approved by the Office of Human 

Subjects Research at the National Cancer Institute.

Drinking water exposure assessment

We obtained historical measurements (1955–1988)25 of nitrate-nitrogen (mg/L NO3-N) for 

finished water samples from Iowa public water utilities. Monitoring of nitrate was not 

required annually before 1993,26 and utility-specific data ranged from periodic samples 

every several years to multiple samples per year. We also had limited DBP data prior to the 

promulgation of the THM Rule in the 1980s. We estimated historical DBP levels via expert 

assessment, using available measurements (including data from plants before they made 

changes to comply with the Rule) and other information such as water source, quality, 

treatment, and disinfectant type, accounting for changes in source water or treatment/

disinfection processes over time.27 Estimated DBP included total THM and two of the four 

specific THM (chloroform, bromodichloromethane), the sum of five haloacetic acids 

(HAA5: monochloroacetic, trichloroacetic, dichloroacetic, monobromoacetic, and 

dibromoacetic acids), and HAA6 (the sum of HAA5 and the unregulated species 

bromochloroacetic acid).26 The majority (86%) of women reported using their drinking 

water source for >10 years; we limited our drinking water evaluation to this subgroup. In 

contrast to analyses by Weyer et al.13 that used the 33-year average nitrate level for each 

city, we accounted for each woman’s duration at her public water supply. Because duration 

was reported in categories, we estimated the medians within categories of 11–20 years and 

>20 years as 16 and 40 years, respectively, based on data from female general population 

controls in an Iowa case-control study with complete water source histories.28 We computed 

16- and 40-year averages (from 1989, when water source and duration were collected) of 

annual mean NO3-N and individual DBP levels, and the number of years within these 

periods when annual means of NO3-N, total THM, and HAA5 exceeded one-half the 

maximum contaminant level (>½-MCL;5mg/L,40μg/L, and 30μg/L, respectively). Since we 

lacked annual NO3-N measurements for all public water supplies, nitrate exposure metrics 

reflect a variable number of years of data (range=1–28 years; median=8). We also examined 

whether a public water supply was served from a ground or surface water source, the latter 

which may reflect elevated DBP concentrations, and whether disinfection was by 

chloramination, a method that may produce the carcinogenic nitrosamine N-

nitrosodimethylamine.29,30 Supplemental details of the exposure assessment are 

published.31,32

Dietary Assessment

Usual intake of food items and dietary supplements over the prior 12 months33 was assessed 

at enrollment via a semi-quantitative food frequency questionnaire (FFQ) previously 

validated in the IWHS.34 We identified the nitrate and nitrite contents of foods from 

published U.S. and Canadian studies35,36 and computed food-specific nitrate and nitrite 

means weighted by the number of samples analyzed in each study. To assign a nitrate and 
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nitrite level to the FFQ line items, we weighted food-specific values by female-specific 

intakes from the 1994–1996 Continuing Survey of Food Intake by Individuals, accounting 

for variation in nitrate levels by food preparation method (e.g., raw, cooked, canned).37 A 

similar approach to estimate nitrate and nitrite levels from a FFQ found good correlations 

with 24 hour-based recalls for women.38 For each participant, we estimated dietary nitrate 

and nitrite overall and separately for intakes from plant, animal, and processed meat (e.g., 

sausage, salami, bologna; bacon; and hot dogs) sources. We multiplied the frequency of 

consumption of vitamin C-containing foods and dietary supplements by their vitamin C 

levels to generate total intake, and similarly estimated intake of vitamin E, another 

antioxidant and potential inhibitor of endogenous nitrosation.

Statistical Analysis

Of 41,836 enrolled women, we excluded those with a cancer or chemotherapy history 

(N=3,830), who had illogical or extreme dietary intakes (<600 or >5000 kcal/day) or 

missing responses to >30 dietary questions (n=2,751), or who were not menopausal 

(N=547), for consistency with the cohort’s target population of postmenopausal women and 

with the previous drinking water evaluation by Weyer et al.13 This left 34,708 women 

available for dietary analyses. For drinking water analyses, we additionally excluded women 

who did not participate in the 1989 survey or were missing water source duration, were 

using a public water supply with <75% of the exposure period served by a single source, or 

were lacking measurement data for both nitrate and DBP in their public water supply 

(N=10,247). Women with <10 years at their water source (N=2,879) were excluded, leaving 

15,910 on public water supplies and 5,035 on private wells (eTable 1). Lastly, we excluded 

women missing covariate data, retaining 33,964 in dietary analyses and 15,577 and 4,930 for 

analyses of public and private water supplies, respectively.

We computed Spearman rank correlations to describe relationships between water 

contaminants. We created quartile-based average NO3-N and DBP exposure categories and 

compared participant characteristics across NO3-N and total THM (the most abundant DBP 

class) levels and private well use. For multivariable analyses, we further split NO3-N at the 

95th percentile; this value corresponded to ½-MCL (>5 mg/L). Case numbers were too small 

to allow a 95th percentile split for all individual DBP. We estimated hazard ratios (HR) and 

95% confidence intervals (95% CI) with Cox regression, using the lowest quartile (Q1) as 

the referent group. We divided the number of years of exposure >½-MCL at the median and 

compared to those with no years of exposure at this level. Without measurements for private 

wells, we compared women on private well water to women with low (Q1) average nitrate in 

the public water supply. We similarly estimated associations with dietary nitrate and nitrite, 

for total intakes and separately for those from plant, animal, and processed meat sources. 

Non-parametric analyses did not indicate non-linear associations, so we present natural log-

transformed (ln-transformed) results for continuous models in addition to categorical 

analyses.

We evaluated potential confounders from baseline data, including sociodemographic (e.g., 

age, education), health (e.g., hypertension, obesity), and lifestyle characteristics (e.g., 

smoking, physical activity), reproductive history (e.g., parity, estrogen use), and family 
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history of cancer, for model inclusion based on a ≥10% change in the exposure parameter 

estimate. Smoking status (never, former, current smoker) was reported at enrollment and in 

three follow-up surveys; results were similar regardless of which was used for adjustment. A 

hypertension diagnosis was positively associated with risk, as in the full cohort,39 but was 

not strongly correlated with nitrate in drinking water and diet (ρ=0.20–0.22). Final drinking 

water nitrate models (Model 1) were adjusted for age, the most recent available smoking 

status, pack-years of smoking (0,≤1–19, 20–39, ≥40), and body mass index (BMI), and were 

further adjusted by continuous total THM concentration (Model 2). Dietary models were 

adjusted for smoking, age, BMI, and total calorie intake (Model 1), and were mutually 

adjusted for continuous dietary nitrate or nitrite intakes (Model 2).

We tested for linear trend in categorical exposures using continuous variables derived from 

the median of each category. We used stratified analyses with common referent groups 

assumed to have the lowest risk of endogenous nitrosation to assess nitrate interactions, 

including with smoking (common referent Q1 and non-smokers) and vitamins C and E 

(common referent Q1 and ≥median of the vitamin). We also evaluated DBP interactions with 

NO3-N and smoking. We used likelihood ratio tests to compare fit between models with and 

without product interaction terms of the exposure and modifier and to derive global 

interaction p-values.

We used sensitivity analyses to evaluate the consistency of our results, such as by excluding 

cities contributing the top 10% of person-time or exposure levels to the analyses. We also 

repeated analyses restricting to women with >20 years at their water source and whose long-

term NO3-N exposure estimates were based on ≥8 years (≥median) of annual measurements, 

and to renal cell carcinomas only (90% of cases). We conducted all analyses in SAS v.9.3 

(Cary, NC) with p≤0.05 the threshold for statistical significance.

RESULTS

We observed 266 kidney cancers over an average of 21 years (median=25) of follow-up. 

Among women >10 years at their water source, there were 125 cases on PWS and 38 cases 

on a private well. The percentile distribution of drinking water contaminants among women 

on PWS is shown in eTable 2. We observed few substantive differences in follow-up, 

lifestyle, and medical history characteristics across quartiles of NO3-N or total THM (Table 

1). However, smoking status varied across total THM quartiles, and surface water and 

chloramination percentages varied across levels of both contaminants. Public water supply 

and private well users also differed; the latter were less likely to smoke, consumed more 

calories and red meat, had lower vitamin C intakes, and higher BMIs. Approximately 5% of 

women on public water supplies lived on farms or in non-farm rural areas, versus 91% on 

private wells. Average NO3-N was only moderately correlated with total THM (ρ=0.24) and 

uncorrelated with HAA5 (ρ=0.06). Individual THMs chloroform and bromodichloromethane 

were strongly correlated (ρ=0.95), as were individual haloacetic acids (trichloroacetic, 

dichloroacetic, and bromochloroacetic acid; ρ=0.71–0.82).

Women in the 95th percentile of average public water supply nitrate had higher risks of 

kidney cancer compared to those in Q1, but we observed no trend with increasing levels 
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(Model 1 HRp95vsQ1=2.3,95%CI:1.2–4.3;ptrend=0.33;Table 2). Total THM adjustment had 

little impact on these associations (Model 2). The association with >5 mg/L NO3-N 

remained in sensitivity analyses of women at their water source for >20 years and whom had 

exposures estimated based on ≥8 years of data; approximately 55% of women from 147 

cities (Model 2 HRp95vsQ1=3.6,95%CI:1.3–10.5;ptrend=0.17). It also held when we excluded 

women from the city with the largest person-time contribution to the analysis (N=1,340), or 

with the highest average NO3-N exposure (25.3mg/L;N=17;data not shown). Associations 

with continuous nitrate levels showed an imprecisely measured elevation (Model 2 

HR=1.1,95%CI:0.97–1.3;Table 2). Risks were higher among women exposed to 1–4 years 

(Model 2 HR=1.6,95%CI:0.99–2.4) or ≥4 years (range 4–36) >½-MCL NO3-N 

(HR=1.5,95%CI:0.97,2.4) compared to women with zero years of exposure, and there was 

no trend (p=0.09). We observed no association among private well users compared to 

women on public water supplies with low (Q1) nitrate (HR=0.96,95%CI:0.59–1.58).

We found no associations between long-term average total THM or HAA5 and kidney 

cancer risk (Table 2). Similarly, we found no associations between HAA6 (data not shown) 

or individual THMs or HAAs and kidney cancer (eTable 3). Further adjustment for nitrate 

(Model 2) did not substantively change these results. We found no association with the 

number of years >½-MCL for total THM or HAA5 (Table 2). Using a public water supply 

with surface water sources or that disinfected by chloramination was also not associated 

with kidney cancer (data not shown).

We found no evidence for multiplicative interaction between drinking water nitrate or total 

THM and vitamins C or E on risk of kidney cancer. Models stratified by smoking status 

were imprecise, but likewise did not show interactions between smoking and either nitrate or 

total THM. We also found no interactions for women on private wells (data not shown).

Dietary nitrate intakes came almost exclusively from plants, thus we present results only for 

total nitrate, whereas nitrite came from plant, animal, and processed meat sources.31 We 

observed no association between dietary nitrate intake and kidney cancer risk, or for dietary 

nitrite overall (Table 3). However, a higher risk was evident for the 95th percentile of dietary 

nitrite from processed meats (HRp95vs.Q1=1.8,95%CI:1.1–3.0;ptrend=0.54). Red meat 

consumption was not associated with kidney cancer, and we observed no modification of 

dietary associations by vitamin C or E intake or smoking (data not shown).

DISCUSSION

We found a higher risk of kidney cancer among postmenopausal Iowa women with >5mg/L 

average nitrate levels in their public drinking water. Use of water with lower average NO3-N 

concentrations was not positively associated with risk, and the pattern of associations lacked 

monotonic trend. Total THM adjustment did not substantially change risk estimates, and no 

individual DBP were associated with kidney cancer. Our analyses also indicated greater 

relative risk associated with high nitrite intakes from processed meat. Factors shown to 

influence intragastric N-nitroso compound formation -- vitamins C and E and cigarette 

smoking -- did not modify kidney cancer risk associated with nitrate from either drinking 

water or diet.
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This study extends a prior analysis of 55 renal cancer cases conducted in the IWHS13 that 

found imprecise associations in the top three quartiles of 33-year averaged drinking water 

nitrate. With improved exposure assessment that accounted for duration and DBP co-

exposures, we found associations with relatively high average NO3-N and that risk was 

marginally higher for any duration of exposure to levels >½-MCL. While our average and 

½-MCL nitrate metrics were correlated (ρ=0.74), only 32% of women were classified into 

high exposure categories by both metrics. Results held among women with >20 years at 

their public water supply, somewhat expected as they comprised 87% of the group. 

Restriction to renal cell carcinoma or exclusion of participants contributing high exposure 

levels or proportions of person-time also yielded similar results. Few studies are available 

for comparison with our findings. A German study found an elevated rate ratio for renal cell 

carcinoma among women exposed to higher levels of nitrate (60 mg/L as NO3, equivalent to 

13.6 mg/L as NO3-N).11 A population-based case-control study in Iowa reported 

associations with long duration of use of a public water supply with >5 mg/L NO3-N among 

subgroups with low vitamin C and high red meat intakes, who would be expected to have 

greater potential for endogenous nitrosation.12

Global indicators of toxicity have been applied as drinking water exposures in epidemiologic 

investigations,40 as in a Finnish case-control study that reported associations between water 

mutagenicity (based on historical water quality and treatment information) and kidney 

cancer risk in men, but not among women.17 However, apart from previous efforts in the 

IWHS, no analytic studies have evaluated specific disinfection by-products and renal cancer 

risk. Chlorinated DBP were of a priori interest because chloroform causes renal tumors in 

rats and mice and is a possible human carcinogen,16 although this may only be a high-dose 

phenomenon.14 Unregulated chlorinated DBP,15 such as furanones, are renal carcinogens in 

rats;15,41 public water supplies high in total THM may also have higher levels of such other 

chlorinated byproducts. Additionally, bromide reactions with ozone can form bromate, and 

bromide and organic matter reactions with chlorine can form brominated and mixed chloro-

bromo by-products, such as bromodichloromethane and bromochloroacetic acid, all of 

which are renal carcinogens in animals.15 Natural bromide sources such as salt water 

intrusion or bromide dissolution from rocks are not prevalent in Iowa,42 and ozonation was 

not historically used for disinfection.26 We observed no relationship between kidney cancer 

and average concentration of any DBP examined. Average total THM exposures 

(median=4.6μg/L, IQR=0.9–14.3) were generally below the MCL and were mostly all below 

40μg/L, the level at or above which associations with other cancer sites, such as bladder, 

have been observed.43 There were also no relationships with years >½-MCL of total THM 

or HAA5, but fewer than 10% of cases were ever exposed at these levels. Over 90% of 

participants had chloroform exposures below the maximum contaminant level goal (MCLG) 

of 70μg/L, at which there is no expected health risk to sensitive populations,44 and only 6% 

were exposed above the MCL (80μg/L). A prior IWHS analysis also found no association 

for renal cell cancer and chloroform measured during a 1986–1987 sampling campaign, nor 

with public water supplies sourced by surface waters, a crude surrogate for the presence of 

DBP.18 However, we acknowledge that nitrate associations in our study could reflect 

unmeasured DBP or other contaminants more highly correlated with nitrate than total 

THM.15
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We found a positive association with estimated nitrite intakes from processed meats, 

consistent with other published studies. An exogenous source of N-nitroso compounds in 

U.S. diets is processed meats,7 which are classified as a Group 1 human carcinogen based on 

evidence for colorectal cancer.20 The large, prospective NIH-AARP cohort reported higher 

risks of renal cell carcinoma associated with high meat-derived nitrate and nitrite intakes22 

and with processed red meat consumption.21 An older meta-analysis of case-control studies 

identified a higher pooled risk estimate for renal cancer with intakes of all meat, red meat, 

and processed meat.23 Associations in our data were limited to those with nitrite intakes 

from processed meats, not with nitrite from animal sources overall or with red meat intake 

specifically. A European cohort reported a processed meat-renal cell carcinoma association 

in pre-menopausal, but not in post-menopausal, women.45 Both animal and human studies 

suggest such meat-related associations may be driven by nitrate and/or nitrite. Simultaneous 

intake of sodium nitrite and fish meal (an amine source) induces renal epithelial tumors in 

rats.46 Human feeding studies have characterized how oral bacteria reduce ingested nitrate to 

nitrite, which reacts in the stomach with available amines sources to form N-nitroso 

compounds7,46 that can ultimately be absorbed into the bloodstream and filtered through the 

kidneys.

We evaluated vitamins C and E as modifiers of the relationship between nitrate ingestion and 

kidney cancer risk based on evidence that these antioxidants can inhibit intragastric N-

nitroso compound formation.7,9 We found no evidence of a vitamin C interaction with 

nitrate in drinking water, in contrast to the aforementioned case-control study in Iowa.12 Our 

dietary analyses also found no such interaction. Another prospective study similarly found 

no effect of vitamin C intakes on the association between dietary nitrite and risk of renal cell 

carcinoma,22 and an analysis of meat intake and renal cell carcinoma did not evaluate effect 

modification by vitamin C.21 The lack of interaction is supported by at least one animal 

study demonstrating that vitamin C’s ability to protect against tumor formation, observed at 

other sites, is incomplete in the kidney.48 Inhibition of endogenous nitrosation by vitamin E 

was suggested in an older case-control study of gastric cancer in Sweden and is 

inconsistently shown in animals,7 but we found no evidence for this interaction in our data.

This study represents to our knowledge the only evaluation of kidney cancer in relation to 

both drinking water nitrate and DBP exposures in a cohort, and the IWHS is a residentially 

stable study population with historical water quality data. We lacked information on 

drinking water and other fluid intake, but restricted drinking water analyses to women with 

long duration at their water source and addressed variability in the nitrate sampling 

frequency across public water supplies with sensitivity analyses that supported our main 

findings. We had little DBP data prior to their initial regulation, but estimates were based on 

expert assessment with available measurement data and known treatment/disinfection 

characteristics of the public water supplies. We had no quantitative exposures for women on 

private wells or information to predict their nitrate levels, such as well depth.48 We 

acknowledge possible misclassification of dietary exposures arising from use of a food 

frequency questionnaire. We also note potential etiologic heterogeneity for different renal 

cancer cell types; however, the small number of cases of types other than renal cell 

carcinoma precluded examining them separately. The generalizability of our drinking water 
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findings may be limited to other agriculturally-intensive areas or to public water supplies 

with similar DBP or precursors.

Conclusion

Our results suggest that ingesting nitrate at high levels from drinking water is associated 

with increased kidney cancer risk. A relationship with average nitrate levels >5 mg/L in 

public water supplies was not explained by the co-occurrence of DBP, which were not 

associated with kidney cancer at levels observed in this population. These results add to a 

limited literature of the association between drinking water contaminants and kidney cancer. 

We also observed higher intakes of nitrite-processed meats as a renal cancer risk factor, 

consistent with findings from other studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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