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Abstract
Purpose: Cigarette smoking interacts with the urinary arsenic profile to modify the urothelial carcinoma (UC) risk. 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and its metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) are biomarkers for cigarette smoking exposure. We explored the joint effects of urinary NNK metabolites and arsenic species on UC risk. Materials and Methods: We recruited 137 pairs of UC cases and matched healthy participants for a hospital-based case-control study. Participants completed questionnaires and provided 50 mL urine samples. Urine samples were analyzed for free NNAL and NNAL-glucuronides (NNAL-Gluc) using liquid chromatography-tandem mass spectrometry; samples were analyzed for arsenic species using high performance liquid chromatography-hydride generator-atomic absorption spectrometry. Results: Overall, subjects with high urinary total NNAL and high total arsenic had a higher UC risk than those with low total NNAL and low total arsenic. Subjects with a lower ratio of NNAL-Gluc/free NNAL and higher total arsenic had a higher UC risk than those with a higher NNAL-Gluc/free NNAL ratio and lower total arsenic. 
Conclusions: This is the first study to observe a significant trend of progressively increased risk of UC in subjects who had none, one, or both of the following factors: urinary total arsenic and total NNAL or urinary total arsenic and the ratio of NNAL-Gluc/free NNAL. 
Introduction

Urothelial carcinoma (UC) arises from the urothelium, a tissue lining the inner surface of hollow organs, and includes cancers of the renal pelvis, ureter and bladder. Bladder cancer is the second most common malignancy of the genitourinary tract and it is the eighth most common malignancy among men in Taiwan. Cigarette smoking is a major risk factor for bladder cancer and accounts for up to 50% of all incident cases of bladder cancer 1. Our previous study indicated that a increased exposure to cigarette smoking, measured by daily exposure and cumulative pack-years, caused cigarette smokers to have a significantly higher odds ratio (OR) of UC than non-smokers in a dose-dependent manner 2. This finding is consistent with the results reported in a meta-analysis involving 43 case-control and cohort studies 3. Cigarette smoke contains more than 60 carcinogenic constituents that can induce tumorgenesis or increase proliferation of urothelial cells 4. 
Environmental tobacco smoke (ETS) is thought to be a risk factor for bladder cancer 5. The nicotine-derived tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), has also been linked to tobacco-related human malignancies 6. NNK is a pro-carcinogen that requires metabolic activation by cytochrome P450 enzymes to exhibit its carcinogenic effects 7. NNK is metabolized by carbonyl reduction to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL). NNAL is a carcinogen and can be detoxified to either O- or N-glucuronide, known as NNAL-glucuronides (NNAL-Gluc); this detoxification is mediated by UDP-glucuronosyltransferases (UGTs) 8. Total NNAL (free NNAL and its glucuronides) is only found in tobacco-related products and is one of the most important carcinogenic biomarkers in urine for individuals with ETS exposure 9. In addition, the ratio of NNAL-Gluc/free NNAL is a useful biomarker for NNK detoxification in smokers and a lower ratio is regarded as a risk factor for UC 10. Both NNK and NNAL can be activated by α-hydroxylation to form DNA adducts such as 7-methylguanine (N7MeG) 11. In bladder cancer, N7MeG levels are higher in bladder cancer tissue than in adjacent normal bladder epithelia 12. Our previous study found that the urinary levels of total NNAL, free NNAL and N7MeG were positively correlated with cigarette smoking 5. 
Epidemiological study has reported that the incidence of bladder cancer was significantly associated with chronic arsenic exposure 13. Inorganic arsenic is bio-transformed in humans to monomethylarsonic acid (MMAV) and dimethylarsinic acid (DMAV). The methylation of inorganic arsenic has always been considered a detoxification process because MMAV and DMAV have relatively low toxicity 14 and are quickly excreted in urine 15. However, recent studies have shown that monomethylarsonous acid (MMAIII) and dimethylarsinous acid (DMAIII) are more toxic than inorganic arsenite 16. In addition, the metabolizing ability of inorganic arsenic varies among individuals. We previously reported that decreased arsenic methylation capability is associated with skin cancer and UC 2,17. Further, the synergism between cigarette smoking and arsenic exposure has been reported in previous studies 2,18,19. Because arsenic is a constituent of tobacco smoke 20, ETS may be another potential source of arsenic exposure. A study reported the relationship between the interaction of ETS and arsenic methylation capability on bladder cancer risk 18, but the joint effects of tobacco metabolites and the arsenic methylation profile on UC remain unknown. Therefore, we conducted a case-control study to investigate the joint effect of the tobacco-specific nitrosamine NNK metabolites and urinary arsenic methylation profile on UC. 
Materials and methods

Study participants

A detailed description of the study design has been described previously 2. Briefly, this was a hospital-based case-control study involving 137 UC cases that were recruited from the Department of Urology at the National Taiwan University Hospital between September 2007 and May 2009. UC cases were confirmed with histological and pathological examinations. The examinations were performed using routine urological practices, including endoscopic biopsy or surgical resection of urinary tract tumors, followed by histopathological examination by board-certified pathologists. A total of 137 control participants were recruited from those receiving health examinations at Taipei Medical University Hospital and Taipei Municipal Wan Fang Hospital. These cancer-free controls were matched to UC cases in terms of age ± 3 years and gender. The majority of the study participants (> 80%) came from Taipei city and drank tap water. All participants provided informed consent before the questionnaire interview and biospecimen collection. The Research Ethics Committee of the National Taiwan University Hospital approved this study, and the study complied with the World Medical Association Declaration of Helsinki.

Questionnaire interview and biospecimen collection

Well-trained interviewers collected information from participants through a standardized personalized interview based on a structured questionnaire. Information was collected in numerous areas: demographic and socioeconomic characteristics; lifestyle factors such as cigarette smoking, ETS exposure, and alcohol, tea and coffee consumption; and personal and family histories of disease. A 50 mL sample of spot urine from each participant was collected at the time of recruitment and immediately transferred to a -20°C freezer for the evaluation of urinary arsenic species and tobacco carcinogen NNK metabolites within 6 months.
Determination of urinary arsenic species

The detailed laboratory procedures have been described previously 21. Briefly, a urine aliquot of 200 μL was used for determining the arsenic species by high-performance liquid chromatography (HPLC) (Waters 501, Waters Associates, MA). Inorganic arsenic and its metabolites were quantified by hydride generator atomic absorption spectrometry (HG-AAS) 21. The concentrations of four arsenic species of standard solution, sample and sample-spiked standard solution were determined by on-line HPLC-HG-AAS. Recovery rates for AsIII, DMAV, MMAV and AsV ranged between 93.8% and 102.2%, with detection limits of 0.02, 0.06, 0.07 and 0.10 μg/L, respectively. The urinary concentration of the sum of inorganic arsenic (AsIII + AsV), MMAV and DMAV, named “total arsenic”, was normalized against urinary creatinine levels (μg/g creatinine). The arsenic methylation index was calculated as the percentage of various urinary arsenic species as a portion of the total arsenic.
Analysis of NNK metabolites

Urinary NNK metabolites were evaluated using the liquid chromatography-tandem mass spectrometry method 5. Linearity was observed for NNAL and hydroxy acid (HA) compounds (R2 = 0.999), with detection limits ranging from 0.2 pg to 2.4 pg on column and 0.01 to 0.12 ng/mL in injected samples. Precision and accuracy were determined by analyzing urine collected from a non-smoker spiked with 1 ng/mL d3-NNAL (QC samples). The average intra-day and inter-day variations were 6.2% and 5.5% (n = 5), respectively. Accuracy ranged from 88.0% to 107.1% (n = 5). QC samples and a blank were checked every 10 samples and the calibration standard solution was tested every 20 samples. Our data conformed to the acceptance criteria, showing good reproducibility for evaluating each urine sample.
Statistical analysis

Continuous variables were expressed as mean ± standard error (SE). Student's t-test was used to compare the differences in the continuous variables between UC cases and controls. Total NNAL concentration (μg/g creatinine) was the sum of urinary free NNAL and NNAL-Gluc. We performed a multivariate logistic regression to estimate the joint effect of the total NNAL (μg/g creatinine) or NNAL-Gluc/free NNAL ratio and the total arsenic (μg/g creatinine) on UC. For the dose-response analysis, the cutoff points of arsenic indices or NNK metabolites were the respective tertiles or quartiles of the controls. Significance tests for linear trend among ORs across exposure strata were calculated by categorizing exposure variables and treating scored variables as continuous. In addition, for the joint effect analysis, total arsenic (μg/g creatinine), total NNAL (μg/g creatinine) and the NNAL-Gluc/free NNAL ratio were the medians of the controls. All data were analyzed using the Statistical Analysis Software for Windows, version 9.1 (SAS Institute, Cary, NC). P-values of < 0.05 were considered statistically significant. 

Results

Participants who had a higher educational level demonstrated a lower OR of UC in a dose-dependent manner. Ever-smokers had a higher OR of UC than non-smokers, but this association was statistically insignificant. Higher cigarette smoking indices, in terms of daily cigarette smoking amount and cumulative cigarette smoking in pack-years, were associated with a significantly higher OR of UC than in non-smokers in a dose-dependent manner after adjustment for age and gender. The OR of UC was markedly higher (2-fold) in subjects with ETS exposure than in those without exposure (95% CI, 1.26 - 3.58). A significant trend of progressively increased OR of UC was observed in subjects who met none, one, or both of the following criteria: cigarette smoker and ETS exposure.
UC cases had significantly higher levels of total NNAL (μg/g creatinine) and free NNAL (μg/g creatinine). However, the NNAL-Gluc/ free NNAL ratio was significantly lower in UC cases than in controls. UC cases had significantly higher total arsenic ((g/g creatinine), a higher percentage of inorganic arsenic, a higher percentage of MMAV, and a lower percentage of DMAV than controls. Based on trend analysis, urinary total arsenic, inorganic arsenic percentage, and free NNAL were found to be significantly associated with UC. However, DMAV percentage and NNAL-Gluc/free NNAL were significantly inversely associated with UC in a dose-dependent manner after the multivariate analysis.

Total NNAL was significantly positively correlated with cumulative cigarette smoking, total arsenic, and inorganic arsenic percentage, but total NNAL was significantly inversely correlated with DMAV percentage (Table 1).
Since total NNAL, NNAL-Gluc/free NNAL and urinary arsenic indices affect UC, further analyses were conducted to assess the joint effects of these risk factors. Although urinary total NNAL or NNAL-Gluc/free NNAL tended to interact additively with urinary total arsenic in modifying the OR of UC, the interactions were all statistically insignificant. A significant trend of progressively increased OR was observed in subjects who had none, one, or both of the two unfavorable indices (Table 2). The joint effect of total NNAL, NNAL-Gluc/free NNAL and the arsenic methylation profile indices (inorganic arsenic percentage, MMAV percentage, and DMAV percentage) had similar associations with the OR of UC as urinary total arsenic (data not shown).
Discussion

In this study, we observed that the higher the amount of daily cigarette smoking and cumulative cigarette smoking, the higher the OR of UC. Subjects with high total NNAL and high total arsenic had a higher OR of UC than those with low total NNAL and low total arsenic. Subjects with a lower ratio of NNAL-Gluc/free NNAL and higher total arsenic had a higher OR of UC than those with a higher NNAL-Gluc/free NNAL ratio and lower total arsenic. Based on the present data, NNK-related metabolites might interact with urinary total arsenic and affect UC.
A previous study reported a significant dose-response relationship between arsenic concentration in drinking water and UC in Taiwan 13. The results would have been more significant if the percentages of urinary arsenic species were used as internal indicators of inorganic arsenic metabolism. Consistent with previous findings 2, we observed that UC cases had higher total arsenic, inorganic arsenic and MMAV percentages and a lower DMAV percentage in the present study. Generally, arsenic methylation is thought to be a detoxification process in which MMAV and DMAV are considered non-toxic metabolites. In fact, inhibition of the secondary methylation process, resulting in higher MMAV and lower DMAV percentages in urine, have weaker detoxification capabilities that may lead to a higher risk of arsenic-related malignancies 2. 
Recently, we also found that the levels of three urinary NNK metabolites, total NNAL, free NNAL and NNAL-Gluc, increased gradually with cumulative dosage of cigarette smoking 22. In addition, cigarette smokers with a lower NNAL-Gluc/free NNAL ratio had a significantly higher OR of UC than non-smokers with a higher NNAL-Gluc/free NNAL ratio. Therefore, the ratio of NNAL-Gluc/free NNAL might be a useful biomarker to represent cigarette smoking exposure and to rule out potential error from a questionnaire interview 22. A previous study reported that the half-life of total NNAL was 10 to 18 days, and defined urinary total NNAL as the specific biomarker to detect tobacco smoke exposure or second-hand smoke 23. In addition, female non-smokers who were exposed to ETS and poorly metabolized the tobacco-specific carcinogen NNK demonstrated an increased lifetime risk of lung cancer 24. Although the carcinogenicity of NNK and its metabolites in lung cancer have been reported, few studies have explored the carcinogenicity of these chemicals related to an increased bladder cancer risk. 
UC is a multi-factorial malignancy in the urinary tract system. Environmental risk factors, including arsenic exposure through drinking well water, cigarette smoking and ETS, are considered major risk factors for UC 25. Further, exposure to certain carcinogens contained in tobacco smoke may lead to DNA damage through the generation of DNA adducts 26. The formation of reactive oxygen species, which can induce DNA adducts, also occurs in the process of inorganic arsenic metabolism 27. Therefore, the joint effect of arsenic exposure and cigarette smoking in UC may be due to shared mechanisms of carcinogenesis.

To our knowledge, this is the first study to investigate the joint effects of urinary arsenic species and NNK-related metabolites, including total NNAL and the ratio of NNAL-Gluc/free NNAL, on UC. In a recent study, we did not find a significant interaction between urinary total arsenic and total NNAL on UC; however, we observed that those who demonstrated high urinary total NNAL and high total arsenic simultaneously had a significantly greater OR of UC than individuals with lower urinary total NNAL and a lower total arsenic level. On the other hand, we found that total NNAL was significantly positively associated with total arsenic and inorganic arsenic percentage and inversely associated with DMA percentage. These findings indicated that cigarette smoking might alter arsenic methylation, leading to an amplification of arsenic carcinogenesis28. In contrast, arsenic may also influence the metabolism of cigarette smoke components, such as bezopyrene or NNK, and promote cigarette-smoking related carcinogenesis29. In addition, we found that individuals with a low NNAL-Gluc/free NNAL ratio and high total arsenic simultaneously had a significantly greater OR of UC compared to individuals with a high NNAL-Gluc/free NNAL ratio and low total arsenic. The NNAL-Gluc/free NNAL ratio was a better biomarker than total NNAL to evaluate NNK-related metabolites that can contribute to the carcinogenesis of UC. Therefore, it may suggest a mechanism by which the presence of arsenic and NNK metabolites could induce greater DNA adduct formation in hepatic tissues, resulting in a higher carcinogenetic potential30. 
 The present study has some limitations. First, the evaluation of a single spot of urinary arsenic species and urinary tobacco carcinogen NNK metabolites may be limited; however, the values were considered reliable if subjects did not have a recent change in their lifestyle. Second, UC prevalence cases were recruited in this study. We cannot exclude the possibility that the association between urinary NNAL or arsenic levels and UC in the present study might have resulted from and not be the cause of UC. Finally, owing to a small sample size, statistical significance should be interpreted with caution.
In conclusion, to our knowledge, this is the first study to investigate the joint effect of the metabolic products of NNK and arsenic species in urine on UC. The findings are especially consequential for individuals with a lower NNAL-Gluc/free NNAL ratio and high total arsenic. Moreover, the ratio of NNAL-Gluc/free NNAL and total arsenic can be used as a biomarker for estimating the OR of UC.
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