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 Cancer Risk Assessment of Polycyclic Aromatic Hydrocarbon Contaminated Soils Determined Using Bioassay-Derived Levels of Benzo[a]pyrene Equivalents Christine L. Lemieux,*,†,∥ Alexandra S. Long,† Iain B. Lambert,‡ Staﬀan Lundstedt,§ Mats Tysklind,§ and Paul A. White† †
 
 Mechanistic Studies Division, Environmental Health Science and Research Bureau, Health Canada, 50 Colombine Driveway, Tunney’s Pasture 0803A, Ottawa, Ontario, Canada, K1A 0K9 ‡ Department of Biology, Carleton University, 1125 Colonel By Drive, Ottawa, Ontario, Canada, K1S 5B6 § Department of Chemistry, Umeå University, SE-901 87 Umeå, Sweden ABSTRACT: Here we evaluate the excess lifetime cancer risk (ELCR) posed by 10 PAH-contaminated soils using (i) the currently advocated, targeted chemical-speciﬁc approach that assumes dose additivity for carcinogenic PAHs and (ii) a bioassay-based approach that employs the in vitro mutagenic activity of the soil fractions to determine levels of benzo[a]pyrene equivalents and, by extension, ELCR. Mutagenic activity results are presented in our companion paper.1 The results show that ELCR values for the PAH-containing fractions, determined using the chemical-speciﬁc approach, are generally (i.e., 8 out of 10) greater than those calculated using the bioassay-based approach; most are less than 5-fold greater. Only two chemical-speciﬁc ELCR estimates are less than their corresponding bioassay-derived values; diﬀerences are less than 10%. The bioassay-based approach, which permits estimation of ELCR without a priori knowledge of mixture composition, proved to be a useful tool to evaluate the chemical-speciﬁc approach. The results suggest that ELCR estimates for complex PAH mixtures determined using a targeted, chemical-speciﬁc approach are reasonable, albeit conservative. Calculated risk estimates still depend on contentious PEFs and cancer slope factors. Follow-up in vivo mutagenicity assessments will be required to validate the results and their relevance for human health risk assessment of PAH-contaminated soils.
 
 ■
 
 INTRODUCTION Industries involved in the production of manufactured gas (also known as coal gas or town gas), coking operations, and wood preservation facilities generate or use coal tar and/or coal-tar creosote. Improper disposal and release of coal tar and creosote has resulted in an abundance of contaminated land at or nearby these industrial sites. The contaminated areas contain complex mixtures of hundreds of chemicals, including a range of polycyclic aromatic hydrocarbons (PAHs) and related polycyclic aromatic compounds (PACs) (e.g., oxygenated PAHs, and O-, N- and S- heterocyclic compounds).2 Several PAHs are known or suspected human carcinogens,3 thus human health risk assessment (HHRA) of PAH-contaminated sites generally includes an assessment of excess lifetime cancer risk (ELCR) for a given level of exposure. The results of these risk assessments drive custodial decisions and risk management activities, including access restriction, prioritization for remediation, and determination of the suitability of the sites for subsequent agricultural, residential, commercial, or industrial use. The primary route of exposure for PAHs at contaminated sites is generally assumed to be via nondietary ingestion of PAHs adsorbed to soil particles.4 Complex mixture risk assessment is by no means a simple task. Some researchers and governmental agencies argue that © 2014 American Chemical Society
 
 insuﬃcient knowledge regarding the interaction(s) of PAHs in mixtures, coupled with the presence of hitherto unidentiﬁed hazardous compounds in the mixtures necessitate the development and implementation of HHRA methodologies that involve biological (i.e., hazard) assessment of the whole mixture. However, diﬃculties related to toxicity assessment of complex materials such as contaminated soil have led to the development of HHRA methodologies that focus on a small number of targeted substances that have been highlighted by governmental regulatory agencies for concern and control. In 2000, the United States Environmental Protection Agency (U.S. EPA) published a guidance document for conducting HHRAs of chemical mixtures,5 and in 2010, Health Canada published an analogous “Guidance on Human Health Detailed Quantitative Risk Assessment for Chemicals (DQRA)”.6 These documents provide guidance for HHRA of contaminated sites, including federally owned contaminated sites in Canada, most of which contain complex mixtures of toxic substances. Both Received: Revised: Accepted: Published: 1797
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 Table 1. Characteristics and Location of Contaminated Sites Investigated (Reproduced with Permission from Lemieux et al., 2008,13 SETAC Press) location Holmsund-1 Holmsund-2 Holmsund-3 Luleå Forsmo-1 Forsmo-2 Hässleholm-1 Hässleholm-2 Husarviken-1 Husarviken-2
 
 industry wood preservation wood preservation wood preservation coke production wood preservation wood preservation wood preservation wood preservation gas work gas work
 
 period of operation
 
 known pollutants
 
 sampling depth
 
 soil type
 
 LOIa(%)
 
 1943−1983 1943−1983 1943−1983
 
 b
 
 20−30 cm 10−20 cm 10−20 cm top soil 2−18 cm 0−10 cm 40 cm 40−60 cm see footnoted see footnoted
 
 sandy till sandy till sandy till sediment ﬁne sand ﬁne sand coarse sand coarse sand sand sand
 
 9.8 6.9 2.7 13 2.6 13 6.8 2.2 19 12
 
 c
 
 1933−1950 1933−1950 1946−1965 1946−1965 1893−1972 1893−1972
 
 creosote, CCA , zinc creosote, CCA, zinc creosote, CCA, zinc PAH, arsenic creosote, CCA creosote, CCA creosote, CCA, zinc creosote, CCA, zinc coal tar, heavy metals, cyanide coal tar, heavy metals, cyanide
 
 Loss on ignition (measure of total organic content), determined by heating samples at 130 °C overnight and then at 550 °C for 2 h. bChromated copper arsenate. cFacility still in operation at the time of sampling, start unknown. dNot known.
 
 a
 
 In an earlier study,13 we employed the Salmonella reverse mutation assay (i.e., Ames test) to assess the mutagenic activity of organic extracts of PAH-contaminated soils, and moreover, we used the calculated mutagenic potencies for each soil and a novel bioassay-based approach (i.e., the mutagenic potency ratio or MPR method) to derive an estimate of ELCR. This bioassaybased approach to HHRA does not assume additivity of targeted PAHs but rather estimates risk using bioassay-derived levels of BaP-equivalents, which are calculated using the measured mutagenic potency of the mixture and its ratio to BaP potency. A comparison of risk estimates derived using the bioassay-based approach to those derived using the targeted, chemical-speciﬁc approach suggested that current risk assessment methods may be underestimating the risks posed by the PAH-containing fraction of contaminated soils. Moreover, mutagenic activity assessment of semipolar aromatic fractions of soil organic extracts suggested that more polar compounds, which remain largely unidentiﬁed and are not ordinarily included in the risk assessment process, may pose additional risk. Although interesting and pertinent to regulatory evaluations and decision-making, these results were based on measurements obtained using the Salmonella reverse mutation assay. The assay system permits reductive bacterial metabolism and employs an exogenous metabolic activation system derived from the livers of Aroclor-induced rats for oxidative metabolism. As such, it is renowned for its sensitivity to some PACs. Thus, our evaluation of targeted, chemical-speciﬁc HHRA methods for PAH-contaminated soils based solely on Salmonella mutagenic potency may not be generally applicable to the determination of risk for mammalian systems. We have now assessed the mutagenic activity of organic extracts from the same PAH-contaminated soils using a transgenic mammalian cell line (i.e., the MutaTMMouse FE1 cell line) that has an endogenous capacity to convert PAHs such as BaP to DNA-reactive metabolites,14,15 and the reader is referred to the companion paper1 for details of the mutagenic activity results. The current study continues our evaluation of the assumption of additivity routinely used for risk assessment of complex PAH mixtures. Speciﬁcally, we (i) employ mutagenic activity data from the lacZ transgene mutation assay in MutaTMMouse FE1 cells, and the aforementioned bioassaybased approach, to derive estimates of ELCR for nondietary ingestion of PAH in contaminated soils, and (ii) compare the bioassay-based risk estimates to those calculated using the targeted, chemical-speciﬁc approach currently advocated by the U.S. EPA and Health Canada.
 
 agencies currently advocate and employ similar strategies for estimating the ELCR attributable to complex PAH mixtures, including (i) evaluation of the risk attributable to the actual mixture of concern (i.e., the PAH-contaminated soil), (ii) evaluation of the risk attributable to a suf f iciently similar mixture, or (iii) evaluation of the risk attributable to a small number of targeted PAHs in the mixture (e.g., the 16 PAHs highlighted by the U.S. EPA7), and application of an assumption of additivity to calculate total risk as the sum of the incremental contributions from each targeted PAH.5,6 Methods currently advocated by Health Canada and the U.S. EPA focus on only 7−8 PAHs that have been highlighted as known, probable, or possible human carcinogens (i.e., BaP, dibenz[a,h]anthracene, benz[a]anthracene, chrysene, benzo[b]ﬂuoranthene, benzo[k]-ﬂuoranthene, benzo[ghi]perylene, indeno[1,2,3-c,d]pyrene3,4,8). Analogous approaches are recommended by several other countries (e.g., Sweden, the Netherlands, the U.K.), as well as the World Health Organization’s International Programme on Chemical Safety (WHO/IPCS).9 Some jurisdictions advocate, where possible, inclusion of a broader range of PAHs and PACs in HHRAs and concomitant regulatory decisions.10−12 Although contaminated site risk assessment, and any subsequent regulatory decisions, should be based on the risk attributable to the actual mixture of concern, assessment of the actual PAH-contaminated material, or even a suﬃciently similar mixture of targeted PAHs in the material, is rarely practical. Thus, the aforementioned targeted, chemical-speciﬁc approach (iii, above) is most often employed; the incremental contributions of each known (i.e., targeted) carcinogen in the mixture are assumed to be additive, and the total risk is equal to the sum of the incremental risks. Such an approach does not require any direct measurements of hazard for the actual material being evaluated (i.e., the PAH-contaminated soil), but rather, the approach employs chemical analyses to determine the concentrations of the targeted PAHs, applies potency equivalency factors (PEFs) to convert the concentrations of each of the targeted PAHs in the mixture to an equivalent amount of the reference carcinogen benzo[a]pyrene (i.e., BaP equivalents), and calculates the total quantity of BaP equivalents in the material as the sum of the contributions from each targeted, carcinogenic PAH. The oral cancer slope factor for BaP can then be employed to calculate the total estimated ELCR posed by the contaminated material at a given site. The choice of PEF for each of the targeted PAHs, the cancer slope factor, and the assumptions regarding the frequency and duration of exposure, all of which may vary across jurisdictions, all inﬂuence the magnitude of the calculated ELCR. 1798
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 of 70.7 kg was assumed.10 The cancer slope factor (SF) for BaP employed for these analyses was 2.3 per mg BaP/kg BW/day.18 The PEFs or potency equivalency factors are from CCME (2010).4 Upper and lower limits of risk estimates were calculated using highest and lowest PEF values, respectively, from the scientiﬁc literature.4,19−27 Excess lifetime cancer risk is expressed as the number of expected cases in excess of 1 in a million (i.e., 10−6). Bioassay-Based Approach. The bioassay-based approach, which we described previously,13 employs the experimentally determined mutagenic potencies of each of the soil fractions, as well as the mutagenic potency of BaP to derive risk estimates according to eq 2. Mutagenic potencies are deﬁned as the slope of the linear portion of the concentration−response functions for the induction of lacZ transgene mutations in FE1 cells, and they are reported in the companion paper.1 Rather than using the concentrations of targeted PAHs, and the associated PEFs, this method determines the equivalent concentration of BaP required to elicit the observed response for a selected fraction of a given soil sample and uses this concentration of BaP equivalents and the soil ingestion rate to determine the daily dose of BaP equivalents. Because the method employs a bioassay response for the complex soil fractions to provide a BaP equivalent dose, PEFs and an assumption of additivity are not required.
 
 MATERIALS AND METHODS Soils. Ten soil samples obtained from PAH-contaminated sites in Sweden were analyzed (Table 1). These sites include three wood preservation sites (Holmsund, Forsmo and Hässleholm), one manufactured gas plant site (Husarviken), and one coke oven site (Luleå). Detailed site information and the results of chemical analyses can be found in Lemieux et al. (2008).13 Organic pollutants were extracted from each of the 10 contaminated soils using accelerated solvent extraction on an ASE200 (Dionex, Sunnyvale, CA), and the extracts were fractionated into nonpolar neutral and semipolar aromatic soil fractions on open silica gel as described in the companion paper1 and in Lemieux et al. (2008).13 Prior validation of the fractionation protocol conﬁrmed that homocyclic, unsubstituted PAHs (including the U.S. EPA priority PAHs), alkyl-PAHs, and O- and S-heterocyclic compounds are contained in the nonpolar neutral soil fraction, whereas the semipolar aromatic soil fraction contains oxygenated PAHs, nitroarenes, and aromatic amines, including N-heterocyclic compounds.16 Chemical analyses of selected PAHs and PACs were carried out by gas chromatography−mass spectrometry as previously described.13,16 Cancer Risk Assessment. The ELCR for an adult exposed to each of 10 PAH-contaminated soils was evaluated using two methods: (1) the targeted, chemical-speciﬁc approach currently advocated by regulatory agencies such as Health Canada and the U.S. EPA5,6,10 and, (2) a bioassay-based approach, originally described in Lemieux et al. (2008).13 Note that in our previous publication this approach is referred to as the mutagenic potency ratio (MPR) approach. Targeted, Chemical-Speciﬁc Approach. The targeted, chemical-speciﬁc approach (i.e., B2 additive) employs the soil concentrations of a targeted group of known PAHs, a soil ingestion rate, exposure factors, body weight, an oral slope factor for BaP, and PEFs to calculate risk according to eq 1. The targeted PAHs included are those currently identiﬁed by the U.S. EPA as probable human carcinogens (i.e., B2 carcinogens BaP, dibenz[a,h]anthracene, benz[a]anthracene, chrysene, benzo[b]ﬂuoranthene, benzo[k]ﬂuoranthene, benzo[ghi]perylene, indeno[1,2,3-c,d]pyrene).8 This B2 Additive approach assumes dose additivity to determine the total ELCR for a given soil. This method only allows for risk estimations that relate to selected components of the nonpolar neutral fractions of organic soil extracts (i.e., compounds for which PEFs have been assigned). Contributions related to components of the semipolar aromatic soil fractions are rarely incorporated into risk estimation because the chemical composition of the fraction remains largely unknown, and, with few exceptions, PEFs for PACs have not been determined.11,12,17
 
 Total Excess Lifetime Cancer Risk ⎡⎛ Activity ⎤ ⎞ soil = ⎢⎜⎜ × IR × EF⎟⎟ × BW −1⎥ × SF ⎢⎣⎝ ActivityBaP ⎥⎦ ⎠
 
 where Activitysoil is the mutagenic potency of the nonpolar neutral (i.e., PAH-containing) or semipolar aromatic soil fractions measured using the in vitro transgenic mutation assay in FE1 cells (mutant frequency ×10−5/mg dry soil eq./ml), and ActivityBaP is the mutagenic potency of BaP as measured using the same assay (mutant frequency × 10−5/mg BaP/ml). IR refers to the soil ingestion rate (mg soil/day). Adults were assumed to consume 20 mg soil per day during the exposure period.10 The exposure factor (EF) was calculated according to Health Canada recommendations10 (i.e., 5 days/week, 48 weeks/year, 35 years of exposure, life expectancy of 75 years), and a body weight (BW) of 70.7 kg was assumed.18 For the bioassay-based risk calculations, the aforementioned Health Canada cancer slope factor for BaP was used (i.e., 2.3 per mg BaP/kg BW/day).18 The 95% conﬁdence intervals of bioassay-derived risk estimates were determined using propagated error values calculated from the standard errors of the mutagenic potencies for BaP and the soil fractions examined, and the appropriate critical values of the t distribution (two-sided, p = 0.05).28
 
 ■
 
 RESULTS Total measured PAH levels (i.e., ΣPAH24) ranged from 72− 9256 μg PAH/g dry soil, with priority PAH levels (i.e., ΣPAH16) from 60 to 8823 μg/g. The levels of carcinogenic (i.e., B2) PAHs ranged from 29 to 1707 μg PAH/g dry soil, which accounted for 18−60% and 19−67% of the total and priority PAHs, respectively. Detailed chemical characterization of PAHs and PACs in the soils evaluated in this study can be found in Lemieux et al. (2008)13 and the companion paper.1 As noted, the targeted, chemical-speciﬁc approach for risk assessment employs the concentrations of targeted PAHs, PEF values, and a BaP cancer slope factor to calculate estimates of cancer risk according to eq 1. Using this method, the calculated risk (per million) ranged from
 
 Total Excess Lifetime Cancer Risk ⎞ ⎛ n ⎛ C × IR × EF × 1000 ⎞ ⎟ × PEF ⎟ × SF = ⎜⎜∑ ⎜ i i⎟ ⎝ ⎠ BW ⎠ ⎝ i=1 for PAHs 1 through n
 
 (2)
 
 (1)
 
 where Ci refers to the soil concentration of each targeted PAH (μg PAH/g soil) (available in companion work1), and IR refers to the soil ingestion rate (mg soil/day). Adults were assumed to consume 20 mg soil per day during the exposure period.10 The exposure factor (EF) was calculated according to Health Canada recommendations10 (i.e., 5 days/week, 48 weeks/year, 35 years of exposure, life expectancy of 75 years), and a body weight (BW) 1799
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 Figure 1. Excess lifetime cancer risk associated with nondietary ingestion of PAH-contaminated soils by a typical adult. Risk was calculated using the targeted, chemical-speciﬁc approach (i.e., B2 additive method), as well as the bioassay-based approach described in the text (nonpolar neutral fraction only). Error bars associated with B2 additive values represent minimums and maximums calculated using the lowest and highest PEF values for B2 PAHs, respectively, from the scientiﬁc literature.4,19−27 The error bars for the bioassay-based values represent the composite standard error calculated from the standard errors of the mutagenic potencies for BaP and the nonpolar neutral soil fractions. All risk calculations employed the slope factor for BaP recommended by Health Canada.16 Hsund = Holmsund, Hviken = Husarviken, Hholm = Häsleholm.
 
 only ﬁve soils (i.e., Holmsund-1, Holmsund-2, Luleå, Häsleholm1, Häsleholm-2). Moreover, for 4 of these 5 soils (i.e., Holmsund1, Luleå, Häsleholm-1, Häsleholm-2), even the lower limit of the calculated chemical-speciﬁc ELCR values (i.e., determined using the lowest published PEF values) exceeds the upper 95% conﬁdence limit for the bioassay-derived value. In contrast, only 2 of the 10 soils investigated (i.e., Forsmo-1, Husarviken-1) yielded bioassay-based ELCR values that were greater than their corresponding chemical-speciﬁc values; moreover, the increases are only 1.5 and 5.4%, respectively. Thus, the chemical-speciﬁc ELCR estimates are generally greater than their corresponding bioassay-derived values, and often signiﬁcantly greater; whereas, for the few instances where the bioassay-derived value is greater, the diﬀerences are small (i.e.,
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