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Long-term study of urinary bisphenol A in elementary school children
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Abstract
Objectives
Due to its industrial application and frequent use as a coating material for food containers, bisphenol A (4,4′-isopropylidenediphenol, BPA) is present in abundance in our environment. Data on intake levels of BPA are limited in preadolescent children in Japan. This study was designed to help us better understand the current state of BPA exposure in children in Japan.

Methods
We followed first graders (n = 104) attending school in a Tokyo suburb from 1998 until the sixth grade (2003), during which time we collected a total of three morning urine samples. Urinary BPA was analyzed using high-performance liquid chromatography isotope-dilution tandem mass spectrometry.

Results
Ninety-four children were followed for 5 years. Median urinary BPA level was 2.66 ng/mg creatinine (CRE) (range 0.9–38.9) at first grade (1998), 1.52 ng/mg CRE (0.4–11.8) at third grade (2000), and 0.66 ng/mg CRE (0.2–8.5) at sixth grade (2003), showing a significant decrease in urinary BPA levels over a 5-year follow-up study (p < 0.001). No significant difference was seen between boys and girls at each grade.

Conclusions
Urinary levels of BPA were relatively low throughout the study period; however, as the study progressed, we observed a significant decline in levels, the reason behind which is not yet clear.
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Introduction
Bisphenol A (4,4′-isopropylidenediphenol, BPA) is widely used as an ingredient of polycarbonate (PC) and epoxy resins and is often used for polyethylene terephthalate (PET) bottles, cans, and instant-noodle and box-lunch containers. In Japan, dishes made of PC are widely used for serving elementary school lunches. Concern has therefore been expressed that elution of BPA from school lunch dishes is a source of exposure in children through food [1, 2]. Nevertheless, production of these items has recently increased, from approximately 440,000 tons in 2001 to approximately 530,000 tons in 2005  [3].
The estrogenic actions of BPA have been primarily observed in an MCF-7 human breast cancer cell proliferation study [4] and many in vitro assays [5–7]. Moreover, its in vivo effects on the endocrine system at the microgran level have been reported in F344 and Sprague-Dawley (SD) rats and mice and include cell proliferation and c-fos expression in the uterus and vagina [8], increased prostate weight [9], increased size of the preputial glands, decreased size of the epididymis, and lower sperm production [10]. As fetuses and newborns, whose organs are in the developmental stage, are particularly susceptible to the effects of endocrine disrupters [11–14], a human epidemiological survey that focused on the association between endocrine disrupters and congenital anomalies was carried out [15, 16]. To ascertain the level of exposure to BPA, BPA levels were measured in the blood of children with hypospadia and on umbilical cord blood of mothers or pregnant women of children with other congenital anomalies [13, 16–18], and the association with BPA was estimated based on those data. To our knowledge, however, no study has investigated BPA levels in biological samples from healthy children, and the state of BPA exposure among Japanese children is unknown.
Here, to better understand BPA exposure in Japanese children, we measured urinary BPA levels in school children using high-performance liquid chromatography isotope-dilution tandem mass spectrometry (LC-MS/MS) and investigated changes in exposure over time.

Methods
Subjects and sample collection
First graders (n = 105) attending a school in a suburb of Tokyo whose guardians provided written consent were followed from 1998 to 2003. Spot urine was sampled three times in the same children, once each in February during the first, third, and sixth grade. At the same time, a simple life-style survey was performed using a questionnaire, and physical measurements were taken. Participation in the survey was obtained from 104 of 105 first graders in the first year of the survey, so 104 children were followed up thereafter. The study was approved by the ethics review committee of Showa University School of Medicine.

Analytical methods
We stored obtained urine samples at −80°C until completion of the survey, at which time all samples were analyzed simultaneously. We partially modified the method of Itoh et al. [19] to measure urinary BPA. Using 200-μl urine samples, we deconjugated by treatment with beta-glucuronidase/sulfatase, followed by solid-phase extraction and analysis using isotope-dilution LC-MS/MS. This method allowed the lower limit of detection (LOD) of 0.5 ng/ml with good reproducibility. We used BPA-d16 as a surrogate. In addition, we measured creatinine levels using an autoanalyzer (550EXPRESS, Chiron Corporation) to correct urinary levels. Urinary BPA concentration (ng/ml) was divided by corresponding individual urinary creatinine concentration to correct for variability in urine dilution.

Statistical analysis
Data for the 94 children able to be followed for 5 years were analyzed. For measurement values below the LOD, we assigned a value equal to the LOD divided by the square root of 2 (0.35 ng/ml) [20]. Moreover, we used creatinine (CRE)-corrected values for all numerical values used in the analysis. Urinary BPA levels were log-transformed to improve normality of the distribution. Differences in urinary BPA levels and anthropometric factors between boys and girls in each grade were tested using Student’s t test. The linear mixed model was used to compare urinary BPA levels between the first, third, and sixth grade while adjusting for body mass index (BMI). All p values reported are two-sided, and significance level was set at p < 0.01. All statistical analyses were performed with the SAS software version 9.1 (SAS Institute Inc., Cary, NC, USA).


Results
This was a follow-up study of 104 first graders, but the number of subjects decreased to 103 (99.0%) in third grade and 94 (90.4%) in sixth grade, leaving 94 children (90.4%) able to be followed for the full 5 years: 53 boys and 41 girls. Among the ten students who could not be followed, five transferred to other schools and five did not provide consent. Subject characteristics are shown in →→ 1. No significant difference in anthropometric factors was seen between boys and girls.Table 1Characteristics of elementary school children


	Characteristic
	First
	Third
	Sixth

	Gender (n)
	Boys (53)
	 	Girls (41)
	Boys (53)
	 	Girls (41)
	Boys (53)
	 	Girls (41)

	Age (years)
	 	6.9
	 	 	8.9
	 	 	11.9
	 
	Height (cm)
	119.8 ± 4.4
	 	118.5 ± 4.0
	132.8 ± 4.6
	 	132.2 ± 4.4
	152.1 ± 6.8
	 	152.8 ± 5.1

	Weight (kg)
	23.5 ± 4.2
	 	21.6 ± 2.5
	31.3 ± 5.8
	 	29.1 ± 4.3
	45.1 ± 8.5
	 	43.5 ± 6.5

	Body mass index (kg/m2)
	16.3 ± 2.3
	 	15.4 ± 1.4
	17.7 ± 2.8
	 	16.6 ± 1.9
	19.4 ± 3.0
	 	18.6 ± 2.4




                     
BPA (0.5 ng/ml) was detected in 94/94 (100%) children during first grade, 91/94 (97%) in third grade, and 81/94 (86%) in sixth grade. As shown in Fig. 1, median urinary BPA levels were 2.66 ng/mg CRE (range 0.9–38.9) in first grade (1998), 1.52 ng/mg CRE (range 0.4–11.8) in third grade (2000), and 0.66 ng/mg CRE (range 0.2–8.5) in sixth grade (2003), showing a significant decrease in BPA levels with increasing grade (p < 0.001). No significant difference in BPA level was seen between boys and girls at any grade.[image: A12199_2008_49_Fig1_HTML.gif]
Fig. 1Box plot of bisphenol A concentrations in the urine samples collected in 1998, 2000, and 2003. For each box, the middle line represent the median, the box encompasses the 75th through 25th percentiles, and the arrows are at the 90th and 10th percentiles, respectively




                     
In addition, this data was a comparable result regardless of the presence of the CRE correction.

Discussion
Many reports have described a variety of adverse health effects of BPA in children. Further, in animal reproduction studies, effects on F1 and F2 generations have also been seen, such as reproductive system effects and behavioral abnormalities in animal experiments using mice and rats [8, 9, 11, 21, 22].
Moreover, human epidemiological studies have suggested the possibility of an association with a variety of disorders, including effects on the reproductive system, such as hypospadia, undescended testes, and endometriosis [15, 19, 23, 24]; neural development and behavior [12, 25]; sex hormones [12, 24]; and allergic conditions [26]. In terms of the risk of BPA to infants and children, an expert panel at the Center for the Evaluation of Risks to Human Reproduction of the National Toxicology Program in the United States recently expressed “some concern that exposure to Bisphenol A causes neural and behavioral effects” and “minimal concern that exposure to Bisphenol A potentially causes accelerations in puberty” [27]. In Japan, however, a paucity of epidemiological survey data remains [28], and no reports on exposure in children have appeared.
Clearance of BPA from the body is relatively fast, and its terminal half-life is 3–6 h [29]. Because the major metabolites glucuronide conjugates of BPA are rapidly excreted into urine within 24 h [30, 31], it has been suggested that urinary BPA levels represent a good indicator of daily exposure [17]. On this basis, we investigated the exposure of children in Japan using urinary BPA levels in a group of school children.
Determination of urinary BPA levels was done using LC-MS/MS [19] on account of its highly reliable identification. Various techniques are used to analyze BPA levels in biological samples, including instrumental analysis [32–35] and enzyme-linked immunosorbent assay (ELISA) [36]. However, these assays are hindered by a variety of problems, including complexity (e.g., sample cleanup and derivatization) and low sensitivity. For example, ELISA is easy to use but is hampered by yielding BPA levels that are somewhat high. Further, the possibility of cross-reaction with BPA-related substances has been noted [27, 37]. Here, therefore, we decided to measure BPA levels using LC-MS/MS [19], a highly sensitive technique with high reproducibility.
The frequency rate of urinary BPA in this group was high, at 100% in the first grade, 97% in the third grade, and 86% in the sixth grade. The range after CRE correction was 0.2–38.9 ng/mg CRE (median 1.5). Conversion based on daily BPA intake (daily representative value for CRE excretion in children: 23.3 mg/kg per day [38]) gave 0.005–0.9 μg/kg per day (median 0.035). These values are roughly consistent with those reported previously in Japanese university students, namely, 0.02 μg/kg per day [39] and 0.1–11.9 ng/mg CRE [2], as well as the 3.0 μg/g CRE (0.3–54.3) [40], 4.3 μg/g CRE (3.6–5.1) [41] reported in children in the United States, and 1.2 μg/kg per day intake from canned foods by children aged 4–6 years estimated by the Scientific Committee on Food (SCF) in Europe [42]. However, the present values were much lower than the BPA tolerable daily intake (TDI) of 0.01 mg/kg body weight/day proposed by the SCF [42]. Nevertheless, given reports of adverse effects [11, 43, 44] at doses even approximately 1/1,000 those at which adverse effects are reported to occur in conventional animal studies, we consider the present results to be meaningful.
In terms of changes in BPA levels over time, a significant (p < 0.001) decrease was observed in the ranking of first grade (1998) > third grade (2000) > sixth grade (2003) (Fig. 1). This study was a follow-up of 104 children, but an additional 21 children entered the school when the subjects were third graders and a further 23 in the sixth grade, for whom consent was also obtained and measurements were performed. Additional analysis incorporating this extra data gave a median level of 1.58 ng/mg CRE (range 0.4–21.0) in the third and 0.66 ng/mg CRE (range 0.05–8.5) in the sixth grade, again showing a tendency toward a significant decrease in CRE levels year by year (Kruskal–Wallis rank test, p < 0.001). This consistent decrease may be explained as follows:
First, food-container-related regulations might be involved. In Japan, 1998, growing public concern over problems caused by endocrine-disrupting chemicals prompted major concerned companies to make efforts to confront potential problems by substituting the PC coating of beverage and food cans with a polyethylene terephtalate (PET) film patch or painting with a resin low in BPA elution. This process was almost finished by 2001. Further, the ratio of canned food intake to total food intake gradually decreased after 1995 [45]. Matsumoto et al. [33] measured urinary BPA levels in university students in 1992 and 1999 and reported that 1992 levels were about 2.2 times higher than the 1999 levels. One possible reason they gave for this decrease was a decrease in the use of beverage cans coated with PC. Using dishes made of PC in elementary school lunches was acknowledged as a problem, and thus replacing them with polypropylene dishes, which do not contain BPA, was promoted. In 1998, 40.1% of schools were using PC dishes, decreasing to as little as 10.2% in 2003 [45], and thus prompting a nationwide substitution of PC resin for polypropylene dishes. The school in our study shifted to polypropylene dishes in March 2002, when the subjects were in fifth grade, and items containing BPA have not been used at the school since. BPA was detected in 64 of 200 (32%) school lunch dishes subjected to elution testing of dishes used up to the fourth grade (unpublished data), with BPA levels under elution conditions stipulated in the Food Sanitation Law, namely, elution-solvent water, 4% acetic acid, 20% ethanol, and N-heptan, of 1.0–67.0 ppb (unpublished data). BPA was not detected in dishes used after the change. Given that the amount of BPA in dishes made of PC should not be more than 550 ppm (material standard) and not more than 2.5 ppm (elution standard) [46], elution from dishes actually used was below the reference values. Nevertheless, we consider that the subjects in this study were orally exposed to BPA from school lunch dishes almost every day up to the fourth grade and that exposure via school lunch dishes was subsequently eliminated.
It has been hypothesized that children aged 1–6 years may be exposed to greater levels of BPA than older or younger generations, as they eat a relatively larger amount of food per unit of body weight than others, and dishes of PC resin that might elute BPA are commonly used at mealtime. This result is based on an estimation of exposure made using the Monte Carlo technique, which integrates data from all conceivable exposure sources, including air, drinking water, meals (dishes and food), and soil [45]. Calafat et al. [41] measured urinary BPA in 2003–2004 and reported that the levels measured highest in 6- to 11-year-olds, and the second highest in 12- to 19-year-olds, followed by subjects aged 20 years or older. Higher concentrations of BPA in younger children may be explained by their higher level of food consumption and air inhalation. The subjects in our study were aged 6–12 years and seemed to ingest the average amount of food for their age bracket considering their nutritional requirements (1,379.4 ± 377.4 g/day, 7–14 years old [47]). Furthermore, our study was a follow-up study conducted on the same subjects as had previously been observed, and thus extreme changes in food preference were negligible.
In addition, Wolff et al. [39] measured urinary BPA levels in girls aged 6–8 years old and reported that urinary BPA levels were significantly lower in girls with a BMI at or above the 85th reference percentile compared with girls with a lower BMI. According to our data, however, no significant relationship was found between urinary BPA level or BMI, height, or body weight of children in the same grade, so we consider that any effect of physical size was negligible.
It is not fully understood how BPA affects the metabolisms of elementary school children of varying ages. Maximum glomerular filtration volume in the kidneys is attained 1 year after birth, and renal tubular function related to toxic substance excretion is said to reach the adult level at about age 2 [48]. From this information, there seems to be no difference in the levels of BPA excretion during the elementary school years (6–12 years old). However, as we did not simultaneously investigate urinary BPA levels among children of different grades or ages, no definite conclusion could be reached. Regardless of the subject’s age, similar exposure levels of BPA were expected to result in similar excretion levels in the urine.
In our 5-year follow-up study (1998–2003) of the same group of elementary school children, urinary BPA levels were 0.2–38.9 ng/mg CRE and were by no means high, even while school lunch dishes made of PC were being used. We also found that subject’s urinary BPA levels decreased significantly with increasing school grade. Although a cause cannot be identified, contributing candidates may include the social climate, including changes in school lunch dishes and regulations concerning the use of PC containers for food and beverages and coating agents.
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