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Abbreviations 

ALT alanine transaminase 

BPA bisphenol A 

CE capillary electrophoresis 

CHOL cholesterol  

CSA D-camphor-10-sulfonic acid 

ESI electrospray ionization 

FDR false discovery rate 

LC-MS liquid chromatography-mass spectrometry 

LOAEL accepted lowest observed adverse effect level 

MAT methionine adenosyltransferase 

MetSul methionine sulphone 

NMR nuclear magnetic resonance  

QC quality control 

RSDs relative standard deviations  

SAMe S-adenosylmethionine 

TOFMS time-of-flight mass spectrometry 
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Abstract 

Bisphenol A (BPA) is a widely used material known to cause adverse effects in 

humans and other mammals. To date, little is known about the global metabolomic 

alterations caused by BPA using urinalysis. Sprague-Dawley rats were orally 

administrated BPA at the levels of 0, 0.5 µg/kg/d and 50 mg/kg/d covering a low 

dose and a reference dose for 8 weeks. We conducted a capillary electrophoresis in 

tandem with electrospray ionization time-of-flight mass spectrometry based 

nontargeted metabolomic analysis using rat urine. To verify the metabolic alteration 

at both low and high doses, RT-PCR and western blotting were further conducted to 

analyze hepatic expression of methionine adenosyltransferase Iα (Mat1a) and 

methionine adenosyltransferase IIα (Mat2a). Hepatic S-adenosylmethionine (SAMe) 

was also analyzed. A total of 199 metabolites were profiled. Statistical analysis and 

pathway mapping indicated that the most significant metabolic perturbations induced 

by BPA were the increased biotin and riboflavin excretion, increased synthesis of 

methylated products, elevated purine nucleotide catabolism, and increased flux 

through the choline metabolism pathway. We found significantly higher mRNA and 

protein levels of Mat1a and Mat2a, and significantly higher SAMe levels in rat liver 

at both low and high doses. These two genes encode critical isoenzymes which 

catalyze the formation of SAMe, the principal biological methyl donor involved in 

the choline metabolism. In conclusion, an elevated choline metabolism is underlying 

the mechanism of highly methylated environment and related metabolic alterations 
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caused by BPA. The data of BPA-elevated accepted biomarkers of injury indicate 

that BPA induces DNA methylation damage and broad protein degradation, and the 

increased deleterious metabolites in choline pathway may also be involved in the 

toxicity of BPA.  

Key words: bisphenol A；metabolomics；choline；methionine adenosyltransferase；

methylation；toxicity 
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INTRODUCTION 

Bisphenol A (BPA) is a high-volume industrial chemical used to make polycarbonate 

plastic and epoxy resins, which are used in baby bottles, lunch boxes as food and 

beverage packaging materials as well as dental sealants (Vandenberg et al., 2010). 

Widespread and continuous human exposure to BPA is believed to be via 

inhalational, dermal and oral contact through foods and beverages as well as air, 

drinking water, dust, soil, and personal care products (Vandenberg, et al., 2010). As 

one of the world's highest production volume compounds, measurement of BPA in 

the urine of population representative samples indicates that the majority (over 90%) 

of the general population is exposed to BPA (Calafat et al., 2008). 

BPA health risk has aroused public concern recently. BPA is one of the endocrine 

disrupting compounds (Vandenberg, et al., 2010). Chronic health hazard assessments 

conducted by U.S. EPA indicate that the critical effect caused by BPA exposure is 

reduced mean body weight (U.S. Environmental Protection Agency 1993). 

Epidemiological studies indicate that exposure to BPA is related to various diseases 

including cardiovascular disease (Lang et al., 2008), reproductive abnormalities 

(Mendiola et al., 2010), liver impairment (Lang, et al., 2008) and cancer (Duan et al., 

2012). There are also reports on related adverse effects of BPA in experimental 

animals and cell cultures (Chitra et al., 2003; Hassan et al., 2012; Pant et al., 2011; 

Soto and Sonnenschein, 2010).  
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Metabolomics is a newly emerging technology which holds promise for the 

discovery of mechanisms linking disease processes and toxic effects of chemicals 

(Abaffy et al., 2010; Parman et al., 2011; Sreekumar et al., 2009; Stewart and Bolt, 

2011; Wang et al., 2011). Deciphering the molecular network which is disturbed by 

BPA exposure may lead to critical insight into BPA-induced toxic effects. 

Monitoring metabolites in urine fluid, which is the most commonly used biofluid in 

metabolomics (Zhang et al., 2012), has become an important way to study 

metabolomic disturbance caused by chemical exposure (Parman, et al., 2011). 

Although BPA-induced metabolic changes are important issues on the research 

agenda, little is known about the global metabolomic alterations induced by BPA 

using urinalysis. To date, there are few metabolomic studies regarding BPA-induced 

metabolic changes (Cabaton et al., 2013; Chen et al., 2012; Zeng et al., 2013). 

Capillary electrophoresis (CE) in tandem with electrospray ionization (ESI) 

time-of-flight mass spectrometry (TOFMS) has been proven to be a favorable 

method for polar metabolite analysis in urine (Ramautar et al., 2011). Also, liver is 

the major organ that affects metabolism in the whole body in mammals. Examining 

activation/inhibition of hepatic expression of genes encoding critical enzymes in 

relation to changed metabolites found in a metabolomic study is suitable for 

expanding our understandings of metabolic alterations (Parman, et al., 2011). 

Here, we used a CE in tandem with ESI-TOFMS based nontargeted metabolomic 

technique, which has been proven to be able to provide a large-scale metabolite 

profiling covering primary metabolism pathways (Matsumoto et al., 2012; Ooga et 
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al., 2011), to study metabolomic alterations caused by BPA using urinalysis of a 

model of rat exposed to BPA. This unbiased metabolomic profiling allowed us to 

conduct a hypothesis-free analysis of metabolomic perturbations of endogenous 

compounds caused by BPA exposure. Furthermore, a follow-up study was performed 

using rat liver to better understand the BPA-induced metabolic alteration especially 

in the low-dose group. The expression of genes encoding critical enzymes involved 

in the major metabolic alterations was analyzed in this study to validate the 

metabolomic observations and to understand BPA-induced metabolic changes at 

both low and high doses from the metabolic enzyme perspective based on the 

examination of molecular events other than metabolite analysis. Finally, targeted 

analysis of metabolites in the liver was conducted to further support the metabolic 

alteration identified by metabolomic profiling of urine and analysis of metabolic 

enzyme gene expression in the liver. 

 

MATERIALS AND METHODS  

Animals and treatments. Sprague-Dawley rats were purchased from Slaccas 

(Slaccas Laboratory Animal, Shanghai, China). Eighteen male Sprague-Dawley rats 

(180-200 g; 6-8 weeks) were housed under controlled temperature (22±2°C) and 

humidity (40-60%) with a 12 h light/dark cycle, and the rats were randomized into 

vehicle control group, and low and high-dose group (n=6 rats/group). Animals had 

free access to food and water. The animals were acclimated to the laboratory for 1 

week prior to the start of the experiments. Then the rats in vehicle control, low-dose 
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and high-dose groups were given daily gavage administration of 0.5 ml of corn oil 

containing 0, 0.5 µg/kg/d, 50 mg/kg/d BPA for 8 weeks, respectively. BPA (purity ≥ 

99%) and corn oil were purchased from Sigma Aldrich Laboratories, Inc. (St. Louis, 

MO, USA), and BPA dosing solutions for rats were prepared in corn oil. Fresh 

solution of BPA in corn oil was made each week. The chemical structure of BPA has 

been shown in Fig. 1. The dose of 0.5 μg/kg/d was given according to the reported 

BPA exposure level in humans (UK Food Standards Agency 2001); a reference dose 

of 50 mg/kg/d was also used, which is the currently accepted lowest observed adverse 

effect level (LOAEL) (U.S. Environmental Protection Agency 1993). Using this 

gavage method, none of the rats died, and no injuries in the stomach, esophagus or 

trachea were found. Body weight of all rats was recorded weekly. After 1 week 

acclimation, at 55 days after dosing, 24-h urine was collected using a metabolic cage 

that was placed under an ice bath so as to avoid the degradation of metabolites and 

urine was immediately stored at -80°C (Patterson et al., 2009). Food and water 

consumption in the 24-h period at 55 days after dosing was recorded. At 56 days after 

dosing, rats were maintained under fasting condition for 12 h after which blood 

samples were collected. Then the livers were dissected and weighed in order to 

calculate the organ/body weight ratios for each animal. Several liver sections from 

each rat were placed into cryo-vials. After snap frozen in liquid nitrogen, they were 

preserved at −80°C. This study was carried out strictly in accordance with the 

international standards on animal welfare and the guidelines of the Institute for 

Laboratory Animal Research of Nanjing Medical University. 
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Metabolomic profiling. The metabolomic measurement and data processing were 

performed with a well validated metabolomic method as previously described 

(Matsumoto, et al., 2012; Ooga, et al., 2011). Briefly, 20 μL of rat urine was mixed 

with 80 μL of 125 μM each of methionine sulphone (MetSul) and 

D-camphor-10-sulfonic acid (CSA). MetSul and CSA were used as internal standards 

for cationic and anionic metabolites, respectively. The mixtures were then filtrated 

with a 5-kDa cut-off filter (Millipore, Ultra-free MC PLHCC Human Metabolome 

Technologies) to remove proteins and macromolecules prior to CE-TOFMS analysis. 

CE-TOFMS was carried out using an Agilent CE (capillary: fused silica capillary i.d. 

50 μm × 80 cm)-TOFMS system (Agilent Technologies, Inc.). Run buffers (Solution 

ID H3301-1001 for the cation mode and H3302-1021 for the anion mode) were used 

(Human Metabolome Technologies Inc., Tsuruoka, Japan), and rinse buffers (Solution 

ID H3301-1001 for the cation mode and H3302-1022 for the anion mode) were used 

(Human Metabolome Technologies Inc., Tsuruoka, Japan). Sample was injected with 

a pressure injection of 50 mbar for 10 seconds for cation mode, and was injected with 

a pressure injection of 50 mbar for 25 seconds for anion mode. The CE voltage was 

set at positive, 27 kV for cation mode and positive, 30 kV for anion mode. Compound 

was ionized in ESI positive or ESI negative mode. MS capillary voltage was 4000 V 

at cation mode and 3500 V at anion mode. MS scan range was set to 50-1000 m/z. 

Sheath liquid (H3301-1020, Human Metabolome Technologies Inc., Tsuruoka, Japan) 

was used. All samples were analyzed in a randomized fashion to avoid complications 

related to the injection order. The alignment of detected peaks was performed 
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according to migration time on CE and m/z value determined by TOFMS. Annotation 

tables of compounds profiled were produced from CE-TOFMS measurement of 

standard compounds and were aligned with the datasets according to similar m/z value 

and migration time. Quality control (QC) sample was prepared by mixing equal 

volumes (100 μl) from each original sample according to a previous metabolomic 

study (Gika et al., 2008), and was analyzed with every 6 urine samples. We found that 

the relative standard deviations % (RSDs) of relative level in most compounds 

profiled (>70%) were at the ≤30% level among QC samples, indicating this 

metabolomic analysis could provide reproducible and reliable data (Gika, et al., 

2008). 

Real-time PCR analysis. Total RNA was homogenized and extracted from 

snap-frozen liver fragments by use of Trizol (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer's instructions. Reverse transcription was performed 

using PrimeScript RT Reagent Kit (Takara, Dalian, China) in accordance with the 

manufacturer's recommendations. All real-time PCR reactions were carried out on 

ABI7900 HT Fast Real-Time System (Applied Bio systems, Foster City, CA, USA) 

using SYBR Green PCR Master Mix reagent kits (Takara, Dalian, China) according to 

the manufacturer's instructions for quantification of gene expression. Rat-specific 

primers and reaction conditions for the genes of interest are listed in Table 1. All of 

the PCRs were performed in triplicate, and the specificity of the PCR products was 

confirmed using melting curve analyses. The 2-ΔΔCt method was used to calculate the 

relative expression (Ferreira ID, et al., 2006). The housekeeping gene Gapdh was 
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used as an internal control. The levels of the methionine adenosyltransferase Iα 

(Mat1a) and methionine adenosyltransferase IIα (Mat2a) gene were normalized 

relative to the expression levels of the gene Gapdh. 

Western blot analysis. Livers were homogenized in RIPA buffer, and 80 μg of 

protein was separated by SDS-PAGE and transferred to a polyvinylidene difluoride 

(PVDF) membrane (Bio-Rad, Hercules, CA). The membranes were incubated in 

blocking buffer for 2 h at room temperature, followed by overnight incubation at 4°C 

with rabbit polyclonal antibodies for MAT1A (Proteintech Group Inc, Chicago, IL, 

USA, 1:2000 dilution) and MAT2A (Beijing Biosynthesis Biotechnology CO., Ltd, 

Beijing, China, 1:500 dilution), and mouse polyclonal antibodies for GAPDH 

(Beyotime, China, 1:1000 dilution). The membranes were washed 

with TBST three times (10 mins each) and incubated for 1 h at room temperature with 

goat anti-rabbit secondary antibody conjugated with horseradish peroxidase 

(Beyotime, China, 1:2000 dilution) or goat anti-mouse secondary antibody conjugated 

with horseradish peroxidase (Beyotime, China, 1:1000 dilution). Detection was 

performed using the ECL Western blot detection kit (Millipore) according to the 

manufacturer's instructions. Densitometry was performed using Image J software 

(National Institutes of Health). All values were normalized to GAPDH content and 

are expressed as fold increase over the control group. 

ELISA analysis. Liver tissue was homogenized in 9 volumes of cold 

phosphate-buffered saline (PBS; 0.01M, pH=7.4) with a homogenizer on ice. To 

further break the cells, the homogenate was sonicated with an ultrasonic cell disruptor. 
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The homogenate was then centrifuged at 5000 g for 5 minutes to get the supernatant. 

The levels of S-adenosylmethionine (SAMe) in the liver homogenate supernatants 

were assayed using commercially available ELISA kit (Cat. No. E-EL-0043, 

Elabscience Biotechnoogy, Wuhan, China) according to the manufacturer’s protocol. 

The data are presented as fold change compared with the mean value of the control 

group according to the previous report (Shyh-Chang N, et al., 2013). 

Serum alanine transaminase and cholesterol analysis. Fresh blood was transferred 

to non-anticoagulant-treated tubes and kept standing for 3 h at 4ºC. After 15 min 

centrifugation at 3000 rpm, the serum was separated from the blood sample. Serum 

(150 μl) was drawn into a new sample tube, and serum biochemical parameters 

including serum alanine transaminase (ALT) and cholesterol (CHOL) were analyzed 

using an automatic biochemical analyzer (Hitachi, Tokyo, Japan). 

Statistical analysis. Statistical analysis of the data was performed using Stata 

statistical package (Version 9.2, Stata Corp, LP), SPSS version 15.0 (SPSS, Inc., 

Chicago, IL) and ‘‘R’’ (http://cran.r-project.org/), which is a freely available open 

source software package. Statistical comparisons between vehicle control group and 

low-dose and high-dose BPA treatment groups were performed by ANOVA following 

by Dunnet’s test. Mat1a and Mat2a mRNA levels were log transformed before further 

parametric analysis was done. According to previous metabolomics-based reports 

(Matsumoto, et al., 2012; Parman, et al., 2011), in order to compare compound levels 

between experimental groups, Satterthwaite t tests were performed. Moreover, in 

order to improve statistical robustness, multiple comparisons were made with the false 
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discovery rate (FDR) method, and each FDR was estimated using q values. A p-value 

of < 0.05 was considered statistically significant. 

 

RESULTS 

Body weight is decreased after BPA exposure. As shown in Fig. 2, when compared 

with vehicle control group, the body weight of rats was significantly decreased in the 

high-dose group (p<0.05). There was no significant difference in body weight 

between the low-dose group and the control group (p=0.66). Liver weight was also 

significantly decreased in the high-dose group (p<0.05), but liver organ coefficients 

were not significantly altered after BPA exposure (Supplementary Table 1). Serum 

ALT and CHOL levels were not significantly different between control and 

treatment groups (Supplementary Table 1). Food and water consumption was similar 

in BPA treated and control groups (Supplementary Table 1). 

Metabolomic profiles. By using the CE-TOFMS platform, 199 metabolites were 

profiled in rat urine (120 metabolites from cation mode and 79 metabolites from 

anion mode, respectively). The prevalence of metabolite alterations in rat urine after 

daily administration of BPA has been summarized in Table 2. There were 11 

metabolites with altered levels after exposure to 0.5 µg/kg/d of BPA (p<0.05), while 

there were 32 metabolites with altered levels after exposure to 50 mg/kg/d of BPA 

(p<0.05). To test the statistical robustness, multiple comparisons for this data set 

were made with the FDR method, and each FDR was estimated using q values. 

When a cut-off value of q<0.2 for the FDR was applied according to previous 
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metabolomic studies (Fiehn et al., 2010; Putluri et al., 2011; Wei et al., 2013), we 

found that 50 out of 51 (98%) statistically significant (p<0.05) or suggestive 

differences (0.05≤ p<0.10) between high-dose group and vehicle control group had q 

values less than the cut-point value 0.2 after the correction for multiple testing with 

FDR, suggesting that alterations observed between high-dose group and vehicle 

control group are statistically robust. However, when the strict FDR correction was 

applied, metabolite alteration between low-dose group and vehicle control group 

does not appear to be statistically robust (differential metabolites (p<0.05) with FDR 

q value>0.2), suggesting that additional information other than urine metabolite 

profiling is needed to support and verify metabolic changes in the low-dose group. 

Also, a previous metabolomics-based report suggested that differential metabolites 

with high FDR q value might be still significant if additional information was 

supportive (Sreekumar, et al., 2009). Thus, our focus was directed towards 

understanding the metabolites which showed robust alterations (p<0.05 and FDR q 

value<0.2, vehicle control group v high-dose group), and the whole metabolomic 

data were put into biological network to improve the reliability of data interpretation. 

Also, according to biological and statistical significance, we considered differences 

between the low-dose and vehicle control group noteworthy when the relative levels 

of these metabolites were different between high-dose group and vehicle control 

group. Furthermore, we verified key metabolic events caused by exposure to 

low-dose of BPA with additional independent experiments by the targeted analysis 

of critical metabolic enzyme gene expression and key metabolite in rat liver. 
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Individual known metabolites and the fold change with p value and FDR q-value are 

presented in Supplementary Table 2. After classifying the chemicals and mapping the 

metabolites into general biochemical pathways as illustrated in the Kyoto 

Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/), it became clear 

that metabolomic disturbances caused by BPA exposure involve biotin and riboflavin 

excretion, metabolism of methylated products, purine nucleotide catabolism as well 

as choline metabolism. 

BPA alters urinary biotin and riboflavin excretion. Increases of urinary biotin and 

riboflavin were among the most dramatic changes induced by BPA treatment at 

doses of the 0.5 µg/kg/d and the 50 mg/kg/d (Fig. 3). Riboflavin and biotin output 

was elevated significantly at the 50 mg/kg/d dose (p<0.05 and FDR q value<0.2). 

Additionally, given the biological significance, the statistically significant 

differences of output of biotin (p<0.05) between low-dose and control group were 

noteworthy. Also, alterations of output of riboflavin (p<0.10) between low-dose and 

control group should also be taken into consideration. 

Methylated products are increased after BPA exposure. As shown in Fig. 4 and 

Supplementary Table 2, notable increases in a wide range of methylated products 

were observed in rat urine after BPA treatment. The relative levels of 

N-methylalanine, N-methylglutamic acid and 3-methylhistidine were positively 

correlated with BPA doses by Spearman's correlation test in the three groups (r= 

0.9258, p= 0.0080, for N-methylalanine; r= 0.8000, p= 0.0001, for 

N-methylglutamic acid; r= 0.6164, p= 0.0064, for 3-methylhistidine), indicating a 
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dose-related alteration of these methylated products. Significant increases of 

methylguanidine were also found at low dose (p<0.05). Increases of methylated 

purines, including 3-methylguanine (p<0.05 and FDR q value<0.2) and 

3-methyladenine (p<0.10 and FDR q value<0.2), were also observed in the 

high-dose group when compared with vehicle control group. 

BPA elevates purine degradation products. Uric acid is the breakdown product of 

catabolism of nucleic acid. Uric acid is further oxidized to allantoin which is also 

excreted in urine in rodents (Yang et al., 2006). In this study, significant changes in 

the purine nucleotide catabolism pathway by BPA treatment were observed (Fig. 5). 

When compared with vehicle control group, uric acid level was elevated 

significantly following BPA dosing at 50 mg/kg/d (p<0.05 and FDR q value<0.2), 

while allantoin was also increased at 50 mg/kg/d (p<0.10 and FDR q value<0.2). In 

addition, in the upper part of purine nucleotide catabolism pathway, the average 

relative levels of adenine and guanine in the high-dose group were also higher than 

vehicle control group. 

Choline metabolism is increased after BPA treatment. As shown in Fig. 6, choline 

is partly derived from the degradation of membrane phosphatidylcholine via 

glycerophosphocholine in rats (Zeisel, 1985). The catabolism of choline occurs 

through a series of demethylation steps to form betaine, N,N-dimethylglycine and 

sarcosine (Park, et al., 1999; Sreekumar, et al., 2009; Wang, et al., 2011). The 

reaction of betaine converted into N,N-dimethylglycine donors methyl group for the 

formation of SAMe (Park, et al., 1999), which is the precursor of numerous 
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methylated biochemical compounds including 3-methylhistidine in rats (Munro and 

Young, 1978; Yang et al., 2004). In this study, increases of glycerophosphocholine 

(p<0.05 and FDR q value<0.2), betaine (p<0.05 and FDR q value<0.2), 

N,N-dimethylglycine (p<0.10 and FDR q value<0.2), trimethylamine N-oxide 

(p<0.05 and FDR q value<0.2) (a product that requires gut flora to be produced and 

is also derived from the choline) (Wang, et al., 2011) were observed when compared 

with vehicle control group. Also, the average relative levels of choline and sarcosine 

in the high-dose group were higher than vehicle control group. 

BPA activates hepatic Mat1a and Mat2a gene expression and increases hepatic 

SAMe. SAMe is the principal biological methyl donor, and is mainly synthesized 

and consumed in the liver where it serves as a methyl donor in numerous metabolic 

reactions (Yang et al., 2004). As a highly methylated environment was observed 

after BPA exposure in metabolomic analysis of urine, the expression of the 2 genes 

(Mat1a, Mat2a) encoding MAT, a critical enzyme that catalyzes the formation of 

SAMe in liver, was further analyzed in this study (Ko et al., 2008). The mRNA 

levels of hepatic Mat1a were both significantly increased at low and high doses of 

BPA (p<0.05). When compared with vehicle control group, the mRNA levels of 

Mat2a were elevated significantly at 50 mg/kg/d (p<0.05), and significant increases 

were also found in the low-dose group (p<0.05) (Fig. 7A). The protein levels of both 

MAT1A and MAT2A in rat liver were significantly increased at both low and high 

doses of BPA (p<0.05) (Fig. 7B). Furthermore, we found that hepatic SAMe was 

significantly increased at both low and high doses (p<0.05) (Fig. 7C). 
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DISCUSSION 

In this study, by conducting a hypothesis-free metabolomic profiling of rat urine 

after BPA exposure, we identified various BPA-induced metabolomic perturbations 

and further found expression levels of genes encoding MAT and SAMe involved in 

BPA-disrupted metabolism were altered in the liver. Additionally, in this rat model, 

we found that the body weight of rats was decreased in the 50 mg/kg/day BPA dose 

group (Fig. 2), and no significant change in food and water consumption was 

observed (Supplementary Table 1). These results are consistent with the document of 

Integrated Risk Information System of U.S. EPA describing that rats orally exposed 

to BPA at LOAEL showed evident decreased body weight with no alteration in food 

consumption (U.S. Environmental Protection Agency 1993).  

In this study, we identified increased excretion of riboflavin and biotin at doses of 

0.5 µg/kg/d and the 50 mg/kg/d, indicating that the metabolism of these vitamins is 

very sensitive to BPA exposure and may be used as potential biomarkers for BPA 

exposure (Fig. 3). Previous report indicated that elevated urinary riboflavin excretion 

is a biomarker of tissue flavoproteins catabolism (Windmueller et al., 1964). 

Similarly, given the fact that biotin occurs mainly bound to proteins or polypeptides 

and is abundant in liver, kidney and pancreas (Duval et al., 1994), it is plausible that 

the elevation of biotin output is also related to protein degradation. Interestingly, a 

notable finding of BPA-induced metabolic perturbation was that increased 

methylated amino acids were excreted into urine following oral BPA exposures. It is 
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reported that amino acid methylation is irreversible, and methylation of proteins may 

increase protein degradation rates (Teerlink, 2005). Therefore, elevated amino acid 

methylation caused by BPA exposure may result in increased protein degradation 

which induces the observed elevated riboflavin and biotin excretion. Indeed, urinary 

excretion of 3-methylhistidine, which is formed by the methylation of peptide-bound 

histidine by SAMe, was also found to be highly indicative of protein catabolism 

(Munro and Young, 1978). Furthermore, methylguanidine, which is also derived 

from protein catabolism (Marzocco et al., 2004), was significantly increased at low 

dose, which is well consistent with the increased excretion of riboflavin and biotin at 

low dose. These data suggest the effect of BPA on methylation environment even at 

low dose. Since protein degradation is related to body weight loss (Khan et al., 

2003), BPA-induced protein degradation was also supported by the observed body 

weight loss.  

Notably, BPA-induced highly methylated environment also included increased 

methylation of purines. 3-methyladenine and 3-methylguanine are potentially lethal 

methylation products (Branch et al., 1995). Alkylation of DNA may lead to possible 

miscoding, and is the critical molecular event in the induction of tumors (Margison 

et al., 1976). Urinary 3-methyladenine has been used as a biomarker for genetic 

damage by alkylation (Braybrooke et al., 2000). The finding of elevated methylated 

purines output is consistent with those previous reports in which exposure of rats to 

BPA increased urinary hydroxymethyl-2’-deoxyuridine and 

8-hydroxy-2’-deoxyguanosine which are highly related to DNA methylation damage 
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(Cho et al., 2009; Woo et al., 2009). DNA methylation damage observed in this 

study also agrees with previous reports that BPA could cause genotoxic effects and 

cancer (Duan, et al., 2012; Soto and Sonnenschein, 2010).  

As reported previously, the increments in methylated purine output are related to 

elevated uric acid excretion (George and Chandrakasan, 2000). In order to validate 

the increased methylated purine output and further explore the changes in nucleotide 

metabolism after BPA exposure, we examined the metabolomic data with the focus 

on the metabolites in purine nucleotide catabolism pathway in which uric acid is the 

product (George and Chandrakasan, 2000; Yang, et al., 2006). We found uric acid 

and its metabolite, allantoin, were increased after BPA exposure (Yang, et al., 2006) 

(Fig. 5), which is supported by a related study on effects of BPA on the metabolome 

at low doses (Zeng et al., 2013). Hyperactivation of purine degradation pathway 

resulted from BPA exposure was also supported by the increased excretion of 

average relative levels of uric acid precursors, including adenine and guanine. These 

data indicate an overall rise in purine compound degradation induced by BPA 

exposure. It is also noteworthy that the conversion of hypoxanthine to xanthine 

followed by xanthine to uric acid which is involved in purine catabolism pathway 

increases the oxidative stress burden of superoxide radical in vivo (Li et al., 2011). 

Oxidative stress caused by BPA exposure has been widely reported in rats at 50 

mg/kg/d and low dose level similar to exposure level in humans (Chitra, et al., 2003; 

Hassan, et al., 2012). Asides from DNA methylation damage, oxidative stress is also 

an accepted cause of DNA impairment and it has been found to be involved in 
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BPA-induced hepatotoxicity and reproductive toxicity (Hassan, et al., 2012; Wu et 

al., 2013). Oxidative stress was also observed in testes in a metabolomic study 

regarding BPA reproductive toxicity (Chen, et al., 2012).  

The fact that the methylated products were simultaneously increased by BPA 

suggested that they shared a common linkage. It is worth noting that these 

compounds share choline as a precursor (Park, et al., 1999; Lyles and McDougall, 

1989). Choline metabolism also is found to be closely interrelated to methyl group 

metabolism (Wang, et al., 2011). Therefore, the indication of the widely elevated 

methylated product output by BPA is centered on the hyper-activation of choline 

metabolism pathway. To validate this hypothesis, we focused on the metabolomic 

data regarding choline and related metabolites (Fig. 6). We found that 

glycerophosphocholine (the precursor of choline) (Zeisel, 1985), betaine as well as 

trimethylamine N-oxide (two products of choline metabolism) were significantly 

increased after BPA exposure (Wang, et al., 2011), while the increase of 

N,N-dimethylglycine (another product of choline metabolism) was also suggestive 

(Park, et al., 1999). Besides, we also found that the average relative levels of choline 

and sarcosine (a precursor of methylamine) (Horner and Mackenzie, 1950) were 

increased in BPA-exposed group. These results indicate that the metabolic 

disturbance caused by BPA exposure is characterized by the dramatically increased 

flux through the choline metabolism pathway, which provides the precursors of a 

wide range of methylated products. Increased cholines in whole body and serum 

after low-dose BPA exposure were also found in a related study (Cabaton, et al., 
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2013). 

Liver is the major organ that affects metabolism in the whole body. SAMe is the 

principal biological methyl donor (e.g. methyl donor for 3-methylhistidine) (Munro 

and Young, 1978), and is mainly produced and consumed in the liver (Yang et al., 

2004). MAT which catalyzes the formation of SAMe is a critical methyl-donor 

related enzyme involved in choline metabolism pathway. Mat1a is expressed mostly 

in the liver while Mat2a is widely distributed. In mammals, these two genes encode 

two homologous MAT catalytic subunits (Ko, et al., 2008). As highly methylated 

environment is the focus of the various BPA-induced metabolic alterations, we 

further examined expression of Mat1a and Mat2a and SAMe in rat liver. The fact 

that Mat1a and Mat2a mRNA and protein levels and SAMe levels were significantly 

increased at both low and high doses supports our metabolomic findings in urine 

(Fig. 7), and indicates BPA-induced metabolic disturbance regarding methylation at 

low dose. Collectively, the obvious perturbations in choline metabolism pathway not 

only add to the evidence that methylated products were broadly increased after BPA 

exposure, but also provide us an insight into the underlying mechanism of the highly 

methylated environment caused by BPA treatment.  

Choline metabolism is considered to be essential in mammals (Wang, et al., 2011). 

However, recent metabolomic studies have revealed that elevated metabolites in 

choline metabolism are extremely harmful to health (Abaffy, et al., 2010; Sreekumar, 

et al., 2009; Wang, et al., 2011). Highly methylated environment which was related 

to elevated choline metabolism was found in melanoma (Abaffy, et al., 2010). 
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Moreover, trimethylamine N-oxide and sarcosine have been proven to be the key 

factors in the pathogenesis of cardiovascular disease and prostate cancer, 

respectively (Sreekumar, et al., 2009; Wang, et al., 2011). Therefore, the changes in 

choline metabolism may not only cause DNA methylation damage and protein 

degradation, but also may play an important role in escalating BPA-induced 

toxicological consequences including cardiovascular disease and prostate cancer 

through deleterious metabolites (Lang, et al., 2008; Pant, et al., 2011; Soto and 

Sonnenschein, 2010). 

In this study, by the integrated analyses of various metabolites such as riboflavin, 

biotin and methylguanidine in urine and expression of Mat1a and Mat2a as well as 

SAMe in the liver, we revealed consistent metabolic alterations caused by BPA even 

at dose as low as 0.5 µg/kg/d. Because of the long-term exposure and possible 

accumulation of BPA in humans (Chitra, et al., 2003), the metabolic changes 

observed in our rat model with time-limited exposure should arouse attention and 

may be relevant to clinical conditions of public health. These biomarkers for 

impairment and/or disease identified in this study are well consistent with diseases in 

relation to BPA exposure in humans (Braybrooke, et al., 2000; Sreekumar, et al., 

2009; Wang, et al., 2011), and may provide novel mechanistic insights into 

BPA-induced diseases in humans (Lang, et al., 2008; Mendiola, et al., 2010; Soto 

and Sonnenschein, 2010). Therefore, the biomarkers identified in this study need 

further investigation in humans. 

In conclusion, our study explored BPA-induced metabolic changes using 
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urinalysis with nontargeted metabolomic profiling and following targeted analysis of 

metabolic enzyme gene expression as well as key metabolite in the liver. Consistent 

results indicate that notable changes of choline metabolism is an underlying 

mechanism of highly methylated environment and related metabolic changes caused 

by BPA exposure. Our study identifies BPA-elevated accepted biomarkers of injury 

in relation to BPA toxic effect, and reveals that BPA induces DNA methylation 

damage and broad protein degradation, and the increased deleterious metabolites in 

choline pathway may also be involved in the toxicity of BPA. Our study represents a 

significant mechanistic advance in understanding the potential toxicological effects 

of BPA, and underscores the integration of metabolomics and analysis of metabolic 

enzyme gene expression as a promising tool in providing mechanistic understanding 

of chemical toxicity. 
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Fig. 1 The chemical structure of BPA. 

 

Fig. 2 Effect of oral BPA exposure on body weight of rats. Rats were either untreated 

(vehicle control, n = 6 rats) or treated with 0.5 µg/kg/d (n = 6 rats), or 50 mg/kg/d (n = 6 rats) 

BPA. Values are mean ± SEM. * attached to high-dose group represents significant 

difference comparing with vehicle control group (p<0.05). 

 

Fig. 3  The metabolomic data for biotin and riboflavin in rat urine are presented as 

interquartile range box plots. The name of each metabolite is indicated on the top of the plot. 

The top and bottom of each box represents the 75th and 25th percentile, respectively. Also 

shown are the median (––) separating the inner quartiles, the mean (+), ‘‘whiskers’’ from the 

maximum to the minimum. The y-axis indicates the relative level of the indicated metabolite. 
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V = vehicle control group, L= low-dose group (0.5 µg/kg/day), H = high-dose group (50 

mg/kg/day). The p values and FDR q-values for all comparisons are referenced in 

Supplementary Table 2; **, p<0.05 and FDR q-value<0.2; ##, p<0.05 and FDR q-value>0.2; 

#, 0.05≤p<0.1 and FDR q-value>0.2. 

 

Fig. 4  The metabolomic data for methylated products in rat urine are presented as 

interquartile range box plots. The explanation for the box plots can be found in the legend of 

Fig. 3. The p and FDR-q values for all comparisons are referenced in Supplementary Table 2; 

**, p<0.05 and FDR q-value<0.2; *, 0.05≤p<0.1 and FDR q-value<0.2. 

 

Fig. 5 Purine nucleotide catabolism pathway and the interquartile range box plots of related 

metabolites in rat urine. The explanation for the box plots can be found in the legend of Fig. 
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3. The p and FDR-q values for all comparisons are referenced in Supplementary Table 2; **, 

p<0.05 and FDR q-value<0.2; *, 0.05≤p<0.1 and FDR q-value<0.2. Bold up arrow in the 

pathway indicates statistically significant increases (p<0.05 and FDR q-value<0.2); hollow 

arrow indicates statistically suggestive changes (0.05≤p<0.10 and FDR q-value<0.2); dotted 

arrow indicates a non-statistically significant trend with a fold change (high-dose versus 

vehicle-control) greater than 1.2. 

 

Fig. 6 Choline metabolism pathway and the interquartile range box plots of related 

metabolites in rat urine. MAT, methionine adenosyltransferase. The explanation for the box 

plots can be found in the legend of Fig. 3. The p and FDR q-values for all comparisons are 

referenced in Supplementary Table 2; **, p<0.05 and FDR q-value<0.2; *, 0.05≤p<0.1 and 

FDR q-value<0.2. Bold up arrow in the pathway indicates statistically significant increases 

(p<0.05 and FDR q-value<0.2); hollow arrow indicates statistically suggestive changes 

(0.05≤p<0.10 and FDR q-value<0.2); dotted arrow indicates a non-statistically significant 
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trend with a fold change (high-dose versus vehicle-control) greater than 1.2. 

 

Fig. 7 Effects of BPA on expression of Mat1a and Mat2a genes and SAMe in the liver. A 

Effects of BPA on mRNA levels of Mat1a and Mat2a genes in rat liver. Each bar represents 

the mean ± SEM, n = 6 for each group. The data shown are representative of the results of 

three independent RT-PCR analysis. Each value was normalized to the mRNA expression of 

Gapdh, and summary of results was expressed as % of control mRNA levels. V = vehicle 

control group, L= low-dose group (0.5 µg/kg/day), H = high-dose group (50 mg/kg/day). 

 at N
ew

 Y
ork U

niversity on February 2, 2014
http://toxsci.oxfordjournals.org/

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/
http://toxsci.oxfordjournals.org/


Contribute to Toxicological Sciences 

Significance level: **, p<0.05 compared with controls. B Effects of BPA on the expression 

of hepatic proteins of MAT1A and MAT2A. Representative western blots show expression 

of MAT1A (left) and MAT2A (right) and corresponding GAPDH. The lower trace of each 

panel shows the bar graph summarizing the immunoblot data. Densitometric results are 

expressed as mean ± SEM (n = 6 for each group). Each value was normalized to GAPDH, 

and the relative expression levels were generated compared with the control value. 

Significance level: **, p<0.05 compared with controls. C Effects of BPA on hepatic SAMe 

levels. Results are expressed as mean ± SEM (n = 6 for each group), and % of control 

SAMe levels. Significance level: **, p<0.05 compared with controls. 
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Table 1 Primers for Real-time PCR 

Target gene GenBank accession no. Product length (bp) Primer sequences Tm (◦C)

Mat1a NM_012860.2 155 
Sense: 5'-AGGAGCAGACACCTTGCATC-3' 

Anti-sense: 5'-CCTGACCCCATGGAAAGACC-3' 
60 

Mat2a NM_134351.1 125 
Sense: 5'-GAGTCGCCTTCTCTCATCGC-3' 

Anti-sense: 5'-ATCTTATCTGGATGACCTTCCCC-3'
60 

Gapdh NM_017008.4 252 
Sense: 5'-ACAGCAACAGGGTGGTGGAC-3' 

Anti-sense: 5'-TTTGAGGGTGCAGCGAACTT-3' 
60 
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Table 2 Summary of Named Metabolite Changes by BPA Administration 

Changes 
0.5 µg/kg/day versus 

vehicle 
 

50 mg/kg/day versus 

vehicle 

Increased metabolites with p<0.05 4  23a 

Increased metabolites with 0.05≤p<0.10 2  17(16a) 

Decreased metabolites with p<0.05 7  9a 

Decreased metabolites with 0.05≤p<0.10 4  2a 

a FDR q value<0.2. 
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