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Abstract

:

Metal(loid) contamination of food crops and soils resulting from mining activities has been a major concern due to the potential risk to humans. In this study, a total of 36 rice (home-grown and market rice), 38 vegetable, 10 drinking water, 4 river water, 18 soils and 30 urine samples were collected from an abandoned mining area or the local residents in China. Results showed that metal(loid) levels in some of the soil and drinking water samples exceeded the Chinese standard. Rice Cd concentration, rice Pb levels, and vegetable Pb levels exceeded the maximum permissible concentrations in 49%, 68%, and 42% of the samples, respectively. In gastric phases, the average Cd, Pb and As bioaccessibilities in rice were 72%, 70%, and 82%. In gastrointestinal phases, the average Cd, Pb and As bioaccessibilities in rice were 49%, 39%, and 94%. Vegetables (pak choi was selected) showed lower metal(loid) bioaccessibility than rice. The median concentrations of Cd, Pb and As in urine were 3.99, 4.82 and 64.8 µg L−1, respectivley. Rice had the highest contribution rates of Cd and Pb for daily intake, accounting for 114% and 210%, respectively. Vegetables contributed less, and very little contribution came from drinking water. Based on the bioaccessibility data, metal(loid) contamination around the mining area poses a great exposure risk to the local residents through consumption of food crops.






Keywords:


bioaccessibility; cadmium; arsenic; lead; exposure risk; rice












1. Introduction


With rapid industrialization and urbanization, soil contamination with metal(loid)s has become a great concern in China. A national survey in 2014 showed that 19.4% of arable land soils was contaminated, with metal(loid)s as the major pollutants [1]. Specifically, metal(loid) contamination in agricultural soils close to both active and abandoned mining sites is recognized as a serious problem [2]. Chronic exposure to metal(loid)s can have adverse effects on humans [3]. Studies show that Cd, Pb, and As are non-essential elements, likely causing mutagenic, teratogenic and carcinogenic effects at low exposure levels [4,5]. For example, in the Van region of Turkey, the high prevalence of upper gastrointestinal cancer rates is associated with high concentrations of toxic metals in the soils and vegetables [6]. In general, there are multiple exposure pathways throughout the world to harm human health, including direct oral ingestion of soils [7], water [8], rice [2], vegetables [9], and even dust [10] from mining areas.



In South China, due to the elevated inputs of metal(loid)s caused by mining activities, exceedance of the metal(loid) limits in food crops is widespread and serious [1]. A recent market basket survey in 2014 by Yuan et al. [11] showed that most of the food samples collected from 31 provinces of China have high Cd levels, and Zhu et al. [12] reported that Cd concentration in 65% of rice samples collected from rural areas of South China exceeded the maximum permissible value. Zhuang et al. [2] demonstrated that elevated Pb and Cd concentrations in leafy vegetables and rice samples from rural areas around mining sites exceeded the maximum permissible levels. It has been recognized that dietary intake is the main pathway of metal(loid)s exposure for most populations [13]. Thus, particular attention should be focused on the potential environmental hazards around mining-impacted areas.



Monitoring biological exposure, metal(loid)s or U-metal(loid)s, have been frequently used both in occupational investigation, as well as in human health [14]. Urinary metal(loid)s excretion is a biomarker of dietary metal(loid)s exposure and a significant increase in urinary metal(loid)s levels has been reported for adults, pregnant women, and children after food crops consumption [15]. It has been documented that nonrenal effects, such as increased risk of hypertension, cancer and cardiovascular diseases, poor neurodevelopment, and osteoporosis, were related to elevated urinary Cd [16]. In addition to measurement of urinary metal(loid)s, estimation of dietary metal(loid) intake provides information to reflect metal(loid)s body burden and potential human effects. Dietary metal(loid) intake is generally evaluated using total metal(loid) concentrations in foods and the corresponding consumption rate without taking account of metal(loid)s’ bioavailability or bioaccessibility (i.e., the fraction of metal(loid)s in food released from the food matrix or absorption in the systemic circulation) [17]. Currently, there is a lack of information on the bioaccessibility of metal(loid)s in the food matrix from mining areas based on in vitro digestion [18,19].



The main aims of the present study are: (1) to measure the concentrations of Cd, Pb and As in different environmental and urine samples, including rice, vegetable, drinking water, river water, soil samples collected from local farmers, etc.; (2) to study the Cd, Pb and As bioaccessibility in rice and vegetables grown in the contaminated sites; and (3) to determine human exposure risks based on the bioaccessible metal(loid)s of food crops and water via the ingestion pathway.




2. Materials and Methods


2.1. Study Area


The study area is located in the vicinity of an abandoned mining area (28°11′58″ N, 113°47′12″ E) in Liuyang City, Hunan, South China (Figure 1). The metal mine was privately exploited about 70 years ago. This area has a humid subtropical climate with an annual average temperature of 15 °C and annual rain fall of 1400 mm. Due to mining activities, the local farmland was polluted by the irrigation of discharged wastewater and the accumulation of wastes. Liuyang City is considered a livestock and poultry pollution area, where irrigation water contains high levels of contaminants from domestic animals’ feces. Local farmers live and grow rice and vegetables in farmlands surrounded by the abandoned mines. The home-grown rice and vegetables are predominantly consumed by local residents. Thus, there is a high potential of both elevated metal(loid)s concentration in food crops, as well as exposure risk to the farmers.



A questionnaire was distributed in 2016 to randomly selected participants (n = 30) living in three villages of the area around the abandoned mine to collect information on the amount of daily rice and vegetable consumption, type of the rice and vegetables grown at farm, and demographics, including gender, body weight, age (26–80 years old), and disease. Based on the investigation and interviews, it was found that the villages had a high incidence rate (23%) of liver cancer, esophageal cancers, lung cancer, and other cancers in residents. The mean body weight of the participants was 59.8 kg, though they ranged from 46 to 69 kg (Table S1). All the participants were local farmers and provided written consent.




2.2. Sampling, Pre-Treatment and Analysis


All participants provided some of samples of home-grown rice, and vegetables. Taking into account regional consumption practices, the food crops included 20 home-grown rice for major grains and 38 vegetables. Vegetables such as Hon Tsai Tai broccoli (Brassica compestris L. var. purpurea Bailey), Chinese cabbage peduncle (Brassica campestris L.), asparagus lettuce (Lactvca saiva L.), scallion (Allium fistulosum L.), edible amaranth (Amaranthus mangostanus L.), Chinese cabbage (Brassica Pekinensis L.), lettuce (Lactuca sativa var ramosa), pak choi (Brassica Chinensis L.), spinach beet (Beta vulgari L.), spinach (Spinacia oleracea L.), carrot (Daucus carota L.), and crown daisy (Chrysanthemum soronarium L.) were provided or collected from randomly selected homes in three villages. At each sampling site, three to five of the same vegetable sub-samples were combined into a composite sample. Moreover, 16 market rices, purchased from the local farmer’s market, were used as a control group. In addition to food crops, 18 farmland soils, 4 river water, and 10 drinking water were collected from three villages around the impacted mine. Surface soils (depths of 0–20 cm) were sampled from farmlands. River water samples were collected from the Liuyang River. Drinking water was sampled from the well in randomly-selected homes and the shared wells in the village.



Edible parts of vegetables were washed thoroughly with Mili-Q water, and the fresh weights (fw) of the samples were recorded. All samples were dried, weighed again and recorded, then pulverized and stored in polythene zip-bags. The soil samples were air-dried at room temperature, then ground and sieved through a 1 mm stainless-steel mesh. The morning urine samples were collected from 30 participants and stored in 20 mL polyethylene bottles under low temperature during transport to the laboratory. In the laboratory, each urine sample was added to 2 mL concentrated HNO3. The urine samples were stored in a refrigerator with a monitored temperature of −20 °C until analysis.



Samples were microwave-digested (Anton-Paar PE Multiwave 3000) in a solution of 5 mL of HNO3 (69.5%, Merck, Kenilworth, NJ, USA) and 1 mL of H2O2 (30% v/v, Merck). After digestion, the solution was filtered with a 0.45-μm Teflon filter, and completed to 50 ml by ultra-pure distilled water. Inductively coupled plasma–mass spectrometry (ICP–MS, Agilent 7700x, Agilent Scientific Technology Ltd., Santa Clara, CA, USA) was used for analysis. The internal standards calibration was performed (72Ge and 115In). The limits of quantification (LOQ) of the proposed method were 0.03 (Cd) μg L−1, 0.16 (Pb) μg L−1 and 2.3 (As) μg L−1. For statistical analysis, if the concentration was below the LOQ it was set to 50% of the detection limit.




2.3. Evaluation of Bioaccessibility


Metal(loid) bioaccessibility assessment was performed using the physiologically based extraction test (PBET) method described by Intawongse and Dean [20]. Briefly, it mimics human digestion, including two simulated digestive processes in the stomach and small intestines. It was carried out using 0.5 g of rice or vegetable (pak choi) samples in a 100 mL screw-cap Sarstedt tube in which 50 mL of freshly prepared gastric solution was added. Rice and pak choi samples included three individual replications. Firstly, the gastric solution contained 1.25 g L−1 pepsin, 0.50 g L−1 maleic acid, 0.50 g L−1 citric acid, 420 μl L−1 DL-lactic acid and 500 μl L−1 acetic acid dissolved in water, and the pH was adjusted to 1.5 with HCl. Secondly, in the gastrointestinal stage, the amounts of 15 mg pancreatin and 52.5 mg bile salts were added in the sample tube and the pH of the mixture was adjusted to pH 7 with saturated NaHCO3. All of the samples were incubated at 37 °C with orbital-horizontal shaking and centrifuged to obtain supernatant before analysis.




2.4. Quality Assurance and Control


Glassware was properly cleaned, and the reagents were of analytical grade. Reagents blank determinations were carried out for each set of analysis to correct the instrument readings. Standard reference materials (SRM) obtained from the National Research Center for Certified Reference Materials (CRMs) of Beijing, China, including soil (GBW08303), spinach leaves (GBW10015), and rice powder (GBW10045) were used. Blank and drift standards were run after twenty determinations to calibrate the instrument. The recoveries related to the certified concentrations of the SRM for Cd, Pb, and As were 91.2%, 103%, and 98.4%, respectively.




2.5. Data Analysis


The bioaccessibility (%) of Cd, Pb and As were determined using the following equation [21]:


   Bioaccessibility    ( % )  =   Bioaccesible   metal  (  loid  )    concentration   Total   metal  (  loid  )    concentration   × 100   











In order to evaluate a short- or long-term potential hazardous exposure to Cd, Pb and As through consumption of food crops and water by consumers, the established daily intake (EDI) values for Cd, Pb and As based on the bioaccessibility data were evaluated using the following formula [2]:


  EDI =   daily   consumption   ×   bioaccessible   concentrations   of   metal  (  loid  )  s   Body   weight    








where rice and vegetable consumption results of 372 g day−1 and 274 g day−1, respectively, for local adults were obtained based on the survey.



All statistical analyses were performed using SPSS (Release 19.0, IBM, Chicago, IL, USA). All data were reported as the mean values, medians, or mean with standard deviation (SD) from several tested samples. Differences in metal(loid)s concentration between home-grown and market rice were determined using variance analysis based on Tukey’s multiple comparison using SPSS (20.0 package).





3. Result and Discussion


3.1. Metal(loid) Concentrations in Environmental Samples and Food Crops


The characteristics and concentrations of Cd, Pb and As in 18 soils, ten drinking water, and four river water samples collected from the cohort study area are presented in Figure 2. The concentrations of Cd, Pb and As in river water (n = 4) were 0.001–0.14, 0.50–0.64 and 0.61–0.74 µg L−1, respectively, which were all below the Chinese threshold limit of irrigation water. For drinking water, the average concentrations of Cd, Pb and As were 0.05, 5.3 and 13 µg L−1, respectively. From the present results, the Cd and Pb concentrations in drinking water were below the safety limits. However, the As level in drinking water here exceeded the Chinese threshold limit (10 ug L−1) for drinking water. The highest levels of metal(loid)s in drinking water were generally collected from the farm homes near the mine. The Cd, Pb and As concentrations in farmland soils were 0.24–3.83, 35.1–173.7 and 23.7–148.7 mg kg−1, respectively (Figure 2). The average soil Cd concentration (0.72 mg kg-1) here exceeded the standard values (0.3 mg kg−1) for farmland of edible agricultural products of China [22]. The Pb concentrations for 11% of the soil samples were higher than the Chinese standard (80 mg kg−1) for farmland soils [22]. The average concentration of As (32.6 mg kg−1) also exceeded the Chinese limit (30 mg kg−1). The present results here indicated that soil Cd, Pb and As contamination due to the mining operation have become potential health threats in this area.



The metal(loid) concentration in home-grown and market rices are presented in Figure 3A. Significantly higher concentrations of Cd (p < 0.05) were observed in home-grown rice (0.11–0.43 mg kg−1) compared to market rice (0.01–0.13 mg kg−1). Among local-grown rice (n = 20), 68% exceeded the Chinese Cd maximum permittable value of 0.20 mg kg−1, whereas all market rice was below the limit. Elevated Pb concentrations were also observed in local rice (0.14–2.51 mg kg−1), with 49% of the market-purchased rice samples exceeding the Chinese Pb threshold value of 0.20 mg kg−1. The results of this study suggested that local-grown rice could accumulate high concentrations of Pb. Although the total Pb concentration was relatively low in the soil, the Pb concentrations in some vegetables exceeded the food safety limits. Similarly, high concentrations of Cd (0.02–0.61 mg kg−1) and Pb (0.03–2.11 mg kg−1) have been found in rice produced from some sites impacted by mining and smelting activities in China [2,20]. The concentrations of As in local rice (0.13–0.24 mg kg−1 dw) and market purchased rice (0.07–0.18 mg kg−1 dw) were analyzed, averaging 0.21 and 0.15 mg kg−1 dw, respectively, which were lower than the Chinese As threshold value (0.50 mg kg−1, dw).



For vegetables, Cd concentrations (0.008–0.19 mg kg−1 fw) were analyzed, with an average of 0.08 mg kg−1 fw (Figure 3B), which were below the Chinese threshold value (0.2 mg kg−1, fw) for leafy vegetables. Among different species, spinach (0.19 mg kg−1, n = 2) and pakchoi (0.14 mg kg−1, n = 4) contained high Cd concentrations. These values are similar to those reported by Zhuang et al. [9] that leafy vegetables may contain elevated Cd compared to other vegetables. The concentrations of Pb in vegetable (0.001–0.88 mg kg−1 fw) were analyzed, with an average of 0.36 ± 0.15 mg kg−1 fw (Figure 3C). The highest value was found in crown daisy and the lowest in spinach. The present values in 42% vegetable samples were more than three times higher than the Chinese Pb limit of 0.3 mg kg−1 fw for leafy vegetables. In this study, the As concentrations in vegetables varied from 0.035–0.22 mg kg−1 fw (Figure 3D), which were all below the Chinese As limit of 0.50 mg kg−1 fw.




3.2. Metal(loid)s Bioaccessibility in Rice and Vegetables


Human exposure to metal(loid)s is influenced by both metal(loid) bioaccessibility or bioavailability and total concentration in the foods [23,24]. The oral bioaccessibility of Cd, Pb and As measured in the gastric and gastrointestinal fractions for rice and vegetables defined by PBET methods are presented in Figure 4.



In rice, the average Cd, Pb and As bioaccessibilities in the gastric phase were 72%, 70% and 82%, respectively. In the gastrointestinal phase, the average Cd, Pb and As bioaccessibilities were 49%, 39% and 94%, respectively. These values are similar to our previous reports by Zhuang et al. [23]. With respect to pak choi, the average bioaccessibility values for Cd, Pb and As were 71%, 48% and 37% in the gastric fraction, whereas the bioaccessibility values for the gastrointestinal fraction were 29%, 30.5% and 52.5%, respectively. These present results were higher or similar to metal(loid) bioaccessibility from vegetables reported by Hu et al. [25] and Fu and Cui [26]. Compared with the values in several types of raw vegetables by Zhuang et al. [17], the average bioaccessibility for the gastric and gastrointestinal fractions were similar, in which Pb bioaccessibility varied from 10 to 60% in the gastric phase and from 13 to 39% in the gastrointestinal phase. So, high contamination level in rice or other food crops could explain a large proportion of variation in the predicted bioaccessibility levels in our previous study [23]. In contrast to Cd and Pb, As bioaccessibility in the gastrointestinal fraction was higher than those during the gastric fraction. It is likely that in the simulated intestinal juices, some enzymes from the pancreas and bile are involved in the breakdown of poly-saccharides into monosaccharide, and free amino acids and small peptides with a chain length of two to six amino acid residues resulting from the cleavage of denaturalized proteins [27]. The As percentage in the gastrointestinal phase is remarkably higher than bioaccessibility of both Cd and Pb. These results further suggested that the gastrointestinal fraction of As played an important role in the solubilization during the digestion process.




3.3. Concentration of Cd, Pb and As in the Urine Samples


The median concentration of Cd in urine was 3.99 µg L−1 (ranging from 0.3 to 10.3 µg L−1) (Figure 5). The data we reported here were higher than those reported in the United States (median: 0.32–0.40 µg L−1 in adults) [28], in China (median: 0.2–0.64 µg L−1 in adults) [14] and in South Korea (median: 0.66 µg L−1 for male, 0.73 µg L−1 for female) [29]. Urinary Pb concentrations of the participants ranged from 1.59 to 18.9 µg L−1 (except for an extreme value: 95.77 µg L−1), which were similar to or slight higher than those from other cities of China (2.75–7.52 µg L−1) [30]. The concentration of total As in urine ranged from 18.3 to 211.3 µg L−1 (Figure 5), lower than the values 78 to 459 µg L−1 in Northern Chile reported by Diaz et al. [31]. These comparisons indicated that the local residents in our study were under significantly higher environmental Cd exposure. Zhao et al. [24] also suggested that incorporating Cd bioavailability in foods to evaluate dietary intake of Cd is a valuable tool to accurately assess Cd exposure and associated human health risk. Comparing the metal(loid)s in urine samples from each individual, we found that urine metal(loid)s levels was not associated with age of the local residents. This was different from the results by Sun et al. [14]. It is likely that there were not enough urine samples involved in the present study. Moreover, lack of information about U-creatinine was a limitation of this study. Thus, further research is needed to integrate U-creatinine analysis with sufficient urine samples collected from the contaminated sites.




3.4. Contribution of Food Samples to Metal(loid)s Exposure in Humans


Since dietary intake is considered as one of the main pathways of metal(loid) exposure to humans, the influence of food sources to aggregate metal(loid) exposure, food metal(loid) intake was calculated based on average total concentration, average metal(loid)s bioaccessibility, and consumption of rice, vegetables and drinking water (Table 1). Based on the field survey and the consolidated bioaccessibility data, when considering several main dietary routes, overall Cd exposure was 1.14 μg kg−1 bw day−1, higher than the JECFA (Joint FAO/WHO Expert Committee on Food Additives) threshold of 0.83 μg kg−1 bw day−1. The EDI value of Pb exposure from rice, vegetables and drinking water was 3.96 μg kg−1 day−1, exceeding the EFSA (European Food Safety Authority) threshold (1.5 μg kg−1 bw day−1) by 2.6 times. The overall As exposure was 1.88 μg kg−1 bw day−1, below the JECFA provisional tolerable daily intakes (3 μg kg−1 bw day−1). Due to the high total concentration, rice represented the largest source of Pb exposure, accounting for 210%, followed by vegetable (40.6%), with little contribution rate from drinking water (13%). Similarly, large contribution rates of Cd intake from homegrown rice and vegetables were 114% and 22.2%, respectively. These values were lower than the exposure contribution of Cd (212%) by rice purchased from local markets around a mining area in our previous study [23]. Based on the above statistical data, If the intake of metal(loid)s through locally produced rice and vegetables is taken into account, the great potential health threat cannoned be overstated: The effect of this type of consumption should not be overlooked.



In China, metal(loid) contaminated rice and vegetables produced in the polluted soils around mining-impacted areas are sold at the markets all over the country, resulting in great human health risk for the consumers, which are not restricted to the polluted area [2,26]. Given the situation of contaminated rice and vegetables, the health risk of Pb and Cd poisoning is the greatest for people who eat rice and vegetables several times a day, however eating less rice or vegetables is not an option in many parts of the world, where it is an irreplaceable part of culture, diet and lifestyle. In the future studies, a strategy should be developed to modulate dietary metal(loid) exposure via decreasing bioaccessibility or bioavailability in food crops.





4. Conclusions


The present study showed that rice Cd and Pb, vegetable Pb and soil Cd levels exceeded the maximum permissible values. Arsenic levels in several types of environmental samples and urine samples were below the permissible limit. Cadmium, Pb and As bioaccessibilities in rice were 72%, 70%, and 82% in gastric phases, respectively. Cadmium, Pb and As bioaccessibilities in rice were 49%, 39%, 94% in gastrointestinal phases, respectively. Vegetable samples showed relatively lower metal(loid) bioaccessibility than those in rice. The median concentration of Cd in urine was ten times higher than that reported in the literature. Based on the bioaccessibility data, rice represented the largest source of Cd and Pb exposure, followed by vegetables. It suggested that the local residents were under significantly high environmental Cd or Pb exposure and its health risk cannot be overlooked.








Supplementary Materials


The following are available online at http://www.mdpi.com/1660-4601/15/8/1573/s1, Table S1: The results from the field survey.





Author Contributions


P.Z. and Z.L. conceived and designed the experiments; P.Z., S.S. and Y.L. (Yingwen Li) performed the experiments; Y.L. (Yongxing Li), B.Z. F.L. and H.M. contributed reagents/materials/analysis tools; P.Z. analyzed the data and contributed to writing the manuscript.




Acknowledgments


This research work was financially supported by Key project of Science and Technology Program of Guangzhou (No. 201803030035), the National Natural Science Foundation of China (Nos. 41301571 and 31670513), the R&D program of Guangdong Provincial Department of Science and Technology (No. 2016A020221023), the Key project of Bureau of Science and Information Technology of Guangzhou Municipality (No. 1565000109), and the National Key Technologies R&D Program of China (2015BAD05B05). We are grateful to Chaosheng Zhang of the National University of Ireland (Galway) for checking language of the manuscript.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Zhao, F.J.; Ma, Y.; Zhu, Y.G.; Tang, Z.; McGrath, S.P. Soil contamination in China: Current status and mitigation strategies. Environ. Sci. Technol. 2015, 49, 750–759. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, P.; McBride, M.B.; Xia, H.; Li, N.; Li, Z. Health risk from heavy metals via consumption of food crops in the vicinity of Dabaoshan mine, South China. Sci. Total Environ. 2009, 407, 1551–1561. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed Abdul, K.S.; Jayasinghe, S.S.; Chandana, E.P.S.; Jayasumana, C.; De Silva, P.M.C.S. Arsenic and human health effects: A review. Environ. Toxicol. Pharmacol. 2015, 40, 828–846. [Google Scholar] [CrossRef] [PubMed]

	



Degraeve, N. Carcinogenic, teratogenic and mutagenic effects of cadmium. Mutat. Res. 1981, 6, 115–135. [Google Scholar] [CrossRef]

	



Järup, L. Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167–182. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Türkdoğan, M.K.; Kilicel, F.; Kara, K.; Tuncer, I.; Uygan, I. Heavy metals in soil, vegetables and fruits in the endemic upper gastrointestinal cancer region of Turkey. Environ. Toxicol. Pharmacol. 2003, 13, 175–179. [Google Scholar] [CrossRef]

	



Kapusta, P.; Szarek-ŁUkaszewska, G.; Stefanowicz, A.M. Direct and indirect effects of metal contamination on soil biota in a Zn-Pb post-mining and smelting area (S Poland). Environ. Pollut. 2011, 159, 1516–1522. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.H.; Choi, K.K. Risk assessment of soil, water and crops in abandoned Geumryeong mine in South Korea. J. Geochem. Explor. 2013, 128, 117–123. [Google Scholar] [CrossRef]

	



Zhuang, P.; Zou, B.; Li, N.Y.; Li, Z.A. Heavy metal contamination in soils and food crops around Dabaoshan mine in Guangdong, China: Implication for human health. Environ. Geochem. Health 2009, 31, 707–715. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.; Man, Y.B.; Cheung, K.C.; Wong, M.H. Risk Assessment of Human Exposure to Bioaccessible Phthalate Esters via Indoor Dust around the Pearl River Delta. Environ. Sci. Technol. 2012, 46, 8422–8430. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Wang, J.; Shang, Y.; Sun, B. Health risk assessment of cadmium via dietary intake by adults in China. J. Sci. Food Agric. 2014, 94, 373–380. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, P.; Liang, X.; Wang, P.; Wang, J.; Gao, Y.; Hu, S.; Huang, Q.; Huang, R.; Jiang, Q.; Wu, S.; et al. Assessment of dietary cadmium exposure: A cross-sectional study in rural areas of south China. Food Control 2016, 62, 284–290. [Google Scholar] [CrossRef]

	



Zhuang, P.; Lu, H.; Li, Z.; Zou, B.; McBride, M.B. Multiple exposure and effects assessment of heavy metals in the population near mining area in South China. PLoS ONE 2014, 9, e94484. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Wang, D.; Zhou, Z.; Ding, Z.; Chen, X.; Xu, Y.; Huang, L.; Tang, D. Association of cadmium in urine and blood with age in a general population with low environmental exposure. Chemosphere 2016, 156, 392–397. [Google Scholar] [CrossRef] [PubMed]

	



Nordberg, G.F. Biomarkers of exposure, effects and susceptibility in humans and their application in studies of interactions among metals in China. Toxicol. Lett. 2010, 192, 45–49. [Google Scholar] [CrossRef] [PubMed]

	



Menke, A.; Muntner, P.; Silbergeld, E.K.; Platz, E.A.; Guallar, E. Cadmium levels in urine and mortality among U.S. adults. Environ. Health Perspect. 2009, 117, 190–196. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, P.; Li, Y.; Zou, B.; Su, F.; Zhang, C.; Mo, H.; Li, Z. Oral bioaccessibility and human exposure assessment of cadmium and lead in market vegetables in the Pearl River Delta, South China. Environ. Sci. Pollut. Res. 2016, 23, 24402–24410. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, F.Y.; Chen, L.H.; Li, S.X.; Qiu, Y.Q. Effect of edible plants combination on mineral bioaccessibility and bioavailability, using in vitro digestion and liposome-affinity extraction. Food Res. Int. 2013, 53, 174–179. [Google Scholar] [CrossRef]

	



Wei, Y.; Zheng, X.; Shohag, J.; Gu, M. Bioaccessibility and human exposure assessment of cadmium and arsenic in pakchoi genotypes grown in co-contaminated soils. Int. J. Environ. Res. Public Health 2017, 14, 977. [Google Scholar] [CrossRef] [PubMed]

	



Intawongse, M.; Dean, J.R. Use of the physiologically-based extraction test to assess the oral bioaccessibility of metals in vegetable plants grown in contaminated soil. Environ. Pollut. 2008, 152, 60–72. [Google Scholar] [CrossRef] [PubMed]

	



Oomen, A.G.; Hack, A. Comparison of five in vitro digestion models to study the bioaccessibility of soil contaminants. Environ. Sci. Technol. 2002, 36, 3326–3334. [Google Scholar] [CrossRef] [PubMed]

	



Ministry of Environmental Protection of the People’s Republic of China (MEPPRC). Farmland Environmental Quality Evaluation Standards for Edible Argricultural Products; HJ/T 332-2006; Ministry of Environmental Protection of the People’s Republic of China: Beijing, China, 2006.

	



Zhuang, P.; Zhang, C.; Li, Y.; Zou, B.; Mo, H.; Wu, K.; Wu, J.; Li, Z. Assessment of influences of cooking on cadmium and arsenic bioaccessibility in rice, using an in vitro physiologically-based extraction test. Food Chem. 2016, 213, 206–214. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, D.; Liu, R.Y.; Xiang, P.; Juhasz, A.L.; Huang, L.; Luo, J.; Li, H.B.; Ma, L.Q. Applying Cadmium Relative Bioavailability to Assess Dietary Intake from Rice to Predict Cadmium Urinary Excretion in Nonsmokers. Environ. Sci. Technol. 2017, 51, 6756–6764. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Wu, F.; Wu, S.; Cao, Z.; Lin, X.; Wong, M.H. Bioaccessibility, dietary exposure and human risk assessment of heavy metals from market vegetables in Hong Kong revealed with an in vitro gastrointestinal model. Chemosphere 2013, 91, 455–461. [Google Scholar] [CrossRef] [PubMed]

	



Fu, J.; Cui, Y. In vitro digestion/Caco-2 cell model to estimate cadmium and lead bioaccessibility/bioavailability in two vegetables: The influence of cooking and additives. Food Chem. Toxicol. 2013, 59, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



Sun, G.X.; Van De Wiele, T.; Alava, P.; Tack, F.; Du Laing, G. Arsenic in cooked rice: Effect of chemical, enzymatic and microbial processes on bioaccessibility and speciation in the human gastrointestinal tract. Environ. Pollut. 2012, 162, 241–246. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control and Prevention (CDC). Fourth National Report on Human Exposure to Environmental Chemicals: Executive Summary; CDC: Atlanta, GA, USA, 2009.

	



Lee, J.W.; Lee, C.K.; Moon, C.S.; Choi, I.J.; Lee, K.J.; Yi, S.M.; Jang, B.K.; Yoon, B.J.; Kim, D.S.; Peak, D.; et al. Korea National Survey for Environmental Pollutants in the Human Body 2008: Heavy metals in the blood or urine of the Korean population. Int. J. Hyg. Environ. Health 2012, 215, 449–457. [Google Scholar] [CrossRef] [PubMed]

	



Higashikawa, K.; Zhang, Z.W.; Shimbo, S.; Moon, C.S.; Watanabe, T.; Nakatsuka, H.; Matsuda-Inoguchi, N.; Ikeda, M. Correlation between concentration in urine and in blood of cadmium and lead among women in Asia. Sci. Total Environ. 2000, 246, 97–107. [Google Scholar] [CrossRef]

	



Diaz, O.P.; Arcos, R.; Tapia, Y.; Pastene, R.; Velez, D.; Devesa, V.; Montoro, R.; Aguilera, V.; Becerra, M. Estimation of arsenic intake from drinking water and food (Raw and cooked) in a rural village of Northern Chile. urine as a biomarker of recent exposure. Int. J. Environ. Res. Public Health 2015, 12, 5614–5633. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 15 01573 g001 550] 





Figure 1. Locations of the study site. 
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Figure 2. Cd, Pb and As concentrations in drinking water (A), river water (B) and soil samples (C). 
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Figure 3. Cadmium, Pb and As concentrations in homegrown rice (H, n = 20) and market rice (M, n = 16) samples collected from study site (A), Cd, Pb and As concentrations in vegetable samples (B–D), respectivelyl. The vegetables included 1. Hon Tsai Tai (n = 4); 2. Chinese cabbage peduncle (n = 3); 3. Asparagus lettuce (n = 4); 4. Scallion (n = 3); 5. Edible amaranth (n = 3); 6. Chinese cabbage (n = 3); 7. Lettuce (n = 3); 8. Pak choi (n = 4); 9. Spinach beet (n = 3); 10. Spinach (n = 2); 11. Carrot (n = 3); 12. Crown Daisy (n = 3). Boxes represent the 25–75th percentiles. The error bars indicate the standard deviation. Different letters on boxes in (A) indicate significant differences (p < 0.05) between means of home-grown and market-purchased rice. 
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Figure 4. The metal(loid)s bioaccessibility (%, n = 3, means ± SD) in rice and pak choi established by the physiologically based extraction test (PBET) method (G is for gastric phase and I is for gastrointestinal phase). 






Figure 4. The metal(loid)s bioaccessibility (%, n = 3, means ± SD) in rice and pak choi established by the physiologically based extraction test (PBET) method (G is for gastric phase and I is for gastrointestinal phase).



[image: Ijerph 15 01573 g004]







[image: Ijerph 15 01573 g005 550] 





Figure 5. Metal(loid) concentrations in urine samples collected from the local residents (n = 30). 
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Table 1. Calculated values of established diary intake (EDI) and contribution rate (%) for Cd, Pb and As based on the gastrointestinal metal(loid)s bioaccessibility data via consumption of rice, vegetables, drinking water for an adult with body weight of 60 kg.
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Metal(loid)

	
Parameter

	
Rice

	
Vegetables

	
Water

	
Over Exposure






	
Cd

	
Total (mg kg−1)

	
0.254

	
0.081 (fw)

	
0.0003 mg L−1

	




	
Bioaccessibility (%) a

	
60.5

	
50

	
100

	




	
Intake rate (day−1) b

	
372 g

	
274 g

	
2 L

	




	
EDI (µg kg−1 bw day−1)

	
0.95

	
0.18

	
0.01

	
1.14




	
Contribution rate (%) c

	
114

	
22.2

	
1.2

	




	
Pb

	
Total (mg kg−1)

	
0.93

	
0.34 (fw)

	
0.0059

	




	
Bioaccessibility (%)

	
54.5

	
39

	
100

	




	
Intake rate (day−1)

	
372 g

	
274 g

	
2 L

	




	
EDI (µg kg−1 bw day−1)

	
3.15

	
0.61

	
0.20

	
3.96




	
Contribution rate (%) d

	
210

	
40.6

	
13.1

	




	
As

	
Total (mg kg−1)

	
0.204

	
0.164 (fw)

	
0.0129

	




	
Bioaccessibility (%)

	
88

	
44.8

	
100

	




	
Intake rate (day−1)

	
372 g

	
274 g

	
2 L

	




	
EDI (µg kg−1 bw day−1)

	
1.11

	
0.34

	
0.43

	
1.88




	
Contribution rate (%) e

	
37.1

	
11.1

	
14.3

	








a The average bioaccessibility of gastric and gastrointestinal phase for the rice and pakchoi and the reports from Zhuang et al. [17]. b Daily intakes for rice and vegetable are based on the survey from this cohort study. c For Cd, the provisional tolerable monthly intake (PTMI) 0.025 mg kg−1 bw on a monthly basis according to JECFA; d For Pb, the provisional tolerable intake (PTDI) of 1.5 µg kg−1 bw day−1 according to European Food Safety Authority (EFSA); e The provisional tolerable weekly intake (PTWI) of 21 µg kg−1 bw (equivalent to 3 µg kg−1 bw day−1) for As according to JECFA. When calculating metal(loid)s intake via water ingestion, the average metal(loid)s bioaccessibility in drinking water was assumed at 100%.
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