
Bisphenol-A glucuronidation in human liver and breast: 
Identification of UDP-glucuronosyltransferases (UGTs) and 
influence of genetic polymorphisms

Christina M. Street, Zhaohui Zhu, Moshe Finel, and Michael H. Court
Pharmacogenomics Laboratory, Program in Individualized Medicine (PrIMe), Department of 
Veterinary Clinical Sciences, College of Veterinary Medicine, Washington State University, 
Pullman, Washington, USA (CMS, ZZ, MHC), and the Division of Pharmaceutical Chemistry and 
Technology, Faculty of Pharmacy, University of Helsinki, Finland (MF)

Abstract

1. Bisphenol-A is a ubiquitous environmental contaminant that is primarily metabolized 

by glucuronidation and associated with various human diseases including breast 

cancer. Here we identified UDP-glucuronosyltransferases (UGTs) and genetic 

polymorphisms responsible for interindividual variability in bisphenol-A 

glucuronidation in human liver and breast.

2. Hepatic UGTs showing the highest bisphenol-A glucuronidation activity included 

UGT2B15 and UGT1A9. Relative activity factor normalization indicated that 

UGT2B15 contributes >80% of activity at bisphenol-A concentrations under 5 µM, 

while UGT1A9 contributes up to 50% of activity at higher concentrations.

3. Bisphenol-A glucuronidation by liver microsomes (46 donors) ranged from 0.25 to 4.3 

nmoles/min/mg protein. Two-fold higher glucuronidation (P = 0.018) was observed in 

UGT1A9 *22/*22 livers compared with *1/*1 and *1/*22 livers. However, no 

associations were observed for UGT2B15*2 or UGT1A1*28 genotypes.

4. Bisphenol-A glucuronidation by breast microsomes (15 donors) ranged from <0.2 to 

56 fmoles/min/mg protein. Breast mRNA expression of UGTs capable of 

glucuronidating bisphenol-A was highest for UGT1A1, followed by UGT2B4, 

UGT1A9, UGT1A10, UGT2B7 and UGT2B15. Bisphenol-A glucuronidation was over 

10-fold lower in breast tissues with the UGT1A1*28 allele compared with tissues 

without this allele (P = 0.006).

5. UGT2B15 and UGT1A9 contribute to glucuronidation variability in liver, while 

UGT1A1 is important in breast.
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INTRODUCTION

Bisphenol-A (BPA) is a by-product of producing certain plastics and epoxy resins that has 

been associated with various human diseases including breast cancer, prostate cancer, 

polycystic ovary disease, cardiovascular disease, diabetes, obesity, and thyroid dysfunction 

(Rezg et al. 2014; Rochester 2013; Schug et al. 2011). Differences in the susceptibility of 

people to the adverse effects of BPA may result from differences in the amount of BPA 

consumed and variability in the ability of individuals to effectively excrete BPA. After 

ingestion, BPA is taken up by the body and must be metabolized to enable efficient 

excretion. BPA is metabolized by two pathways, glucuronidation and sulfation (Kurebayashi 

et al. 2010). The main route of metabolism of BPA in humans is glucuronidation, which 

occurs primarily in the liver (Trdan Lusin et al. 2012) and is mediated by the UDP-

glucuronosyltransferase (UGT) enzymes (Hanioka et al. 2008).

UGT2B15 has been proposed as the main catalyst of BPA glucuronidation in human liver 

since a recombinant enzyme screen showed highest activity for this isoform with a Km value 

(6 µM) that was similar to liver microsomes (9 µM) (Hanioka et al. 2008). However several 

other UGTs, including UGT1A1, UGT1A3, UGT1A9, UGT2B4, and UGT2B7, showed 

significant glucuronidation activities. On the other hand, UGT1A4, UGT1A6, and 

UGT2B17 showed no detectable BPA glucuronidation activity. A more recent study 

(Gramec Skledar et al. 2015) confirmed these results and also showed no detectable 

glucuronidation of BPA by UGT2A3 or UGT2B28. It is unknown whether the remaining 

UGTs known to be expressed in liver (UGT2B10 and UGT2B11) can glucuronidate BPA.

Significant glucuronidation of BPA could occur in extrahepatic tissues, such as intestines 

and kidney, which would limit systemic exposure after oral ingestion and enhance excretion 

(respectively). However, a recent report found only very low levels of BPA glucuronidation 

by microsomes from kidney (100 times lower) and intestines (400 times lower) compared 

with liver (Trdan Lusin et al. 2012) arguing against a significant role for human kidney and 

intestines in BPA glucuronidation. Regardless, several extrahepatic UGTs including 

UGT1A7, UGT1A8, UGT1A10, UGT2A1 and UGT2A2 have shown a capacity to 

glucuronidate BPA, although mostly with lower activity than UGT2B15 (Gramec Skledar et 

al. 2015). The exception was UGT2A1, which showed similar or higher activity than 

UGT2B15. However, the tissue expression of UGT2A1 is limited to nasal and airway 

epithelia, suggesting that this isoform may be important for inhaled BPA but not for ingested 

BPA (Gramec Skledar et al. 2015).

BPA glucuronidation could also occur in the breast and act to protect this hormone sensitive 

tissue from the effects of BPA circulating in the blood. Few studies have evaluated which 

UGTs are present in breast tissue. Expression of UGT2B10, UGT2B11, UGT2B15 and 

UGT2B17 (but not other UGTs) was detected in breast tissue RNA, but that study included 

tissue from only a single individual as part of a larger tissue panel (Court et al. 2012). 
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Another study that included breast tissues from a large number of individuals showed 

expression of UGT1A10 and UGT2B7, but did not evaluate other UGTs (Starlard-Davenport 

et al. 2008). A third study showed UGT2B7, UGT2B10 and UGT2B11 expression by 

microarray in breast tissues from a range of individuals, but expression of other UGTs was 

not evaluated (Haakensen et al. 2010).

Polymorphisms of genes encoding UGTs that glucuronidate BPA may explain 

interindividual variability in risk for diseases associated with BPA exposure. An in vitro 
study showed that BPA glucuronidation was significantly lower for the expressed variant 

UGT2B15 85Y allozyme (UGT2B15*2) compared with the reference UGT2B15 85D 

allozyme (UGT2B15*1) (Hanioka et al. 2011). However, there are no reports of the 

association of the UGT2B15*2 polymorphism with human liver metabolism or with BPA 

pharmacokinetics in people. A common polymorphism in the promoter of the UGT1A1 gene 

(UGT1A1*28) that decreases UGT1A1 expression has been studied using genotyped human 

liver microsomes (Trdan Lusin et al. 2012). Although they found 80% lower BPA 

glucuronidation in liver microsomes with UGT1A1 *28/*28 genotype compared with *1/*1 
and *1/*28 genotypes, the livers studied were from only one person with each genotype, and 

so the findings could have easily occurred by chance.

The purpose of this study was to use multiple approaches to identify UGTs that are 

responsible for BPA glucuronidation in the main organ metabolizing BPA (i.e. liver) and an 

important target organ for the endocrine effects of BPA (i.e. breast). In addition we evaluated 

effects of polymorphisms in the genes encoding these UGTs on BPA glucuronidation to 

provide perspective for prior and future epidemiologic studies of UGT polymorphism and 

BPA associated disease.

MATERIALS AND METHODS

Human tissues and recombinant enzymes

Liver samples from 46 European-American donors (35 men, 11 women) with no known 

liver diseases used for preparation of microsomes and extraction of DNA were obtained 

from the University of Chicago, the National Disease and Research Interchange, the 

International Institute for the Advancement of Medicine, and the University of Pittsburgh 

various sources with approval by the Investigation Review Board of Tufts University. 

Complete details regarding liver donor demographics are provided elsewhere (Court 2010). 

De-identified female breast tissue samples used to prepare microsomes, extraction of DNA 

and RNA were obtained through the Midwest Division of the Cooperative Human Tissue 

Network with approval by the Institutional Review Board of the University of Wisconsin-

Madison as reported previously (Rhoads et al. 2011). Donors consisted of 4 Caucasian 

women, 3 African American women, and one Hispanic woman with a median age of 36 

years and a range of 26–59 years. Race and age were not recorded for 7 donors.

Recombinant UGTs expressed in Sf9 insect cells were obtained from either BD Biosciences, 

Woburn, MA (UGTs 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 2B4, 2B7, 2B10, 2B15, and 

2B17), or were generated in Dr. Finel’s laboratory, Helsinki, Finland (UGTs 1A10, 2A1, 

2A2, 2A3, 2B11) using techniques previously reported (Kurkela et al. 2003; Sneitz et al. 
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2009). Membranes prepared from HEK293 cells stably transfected with plasmids encoding 

the reference UGT2B15 p.85D and variant UGT2B15 p.85Y enzymes were kindly provided 

by Dr Chantal Guillemette, Laval University, Quebec as previously described (Court et al. 

2004).

BPA glucuronidation assays

An assay was developed to measure BPA glucuronidation activities based on previously 

published methods (Court et al. 2002; Court et al. 2004). Unless otherwise indicated most 

incubation reagents were obtained from Sigma-Aldrich (St. Louis, MO). Briefly, reaction 

mixtures contained 1 to 1000 µM BPA, 5 mM UDP-glucuronic acid, 5 mM magnesium 

chloride, 5 µg alamethicin, and microsomes or recombinant UGTs (0.01 to 0.5 mg / mL), to 

a final volume of 100 µL with 50 mM phosphate buffer (pH 7.4). Incubations were 

conducted in a water bath at 37° C for 10 min. After adding 300 µL acetonitrile and 100 µL 

of 1 µM BPA sulfate in methanol as the internal standard the tubes were centrifuged at 

15000g for 10 min, the supernatant was dried down in a centrifugal vacuum at 40° C. Once 

dry, 100 µL of potassium phosphate buffer (pH 7.4) was added and then transferred to vials 

for analysis by HPLC.

The HPLC apparatus (Agilent 1100) was run at a flow rate of 1 mL/min, an autoinjector, a 

250 × 4.6 reverse phase C18 column (Phenomenex Synergi 4µM Hyro-RP 80A LC), and a 

UV absorbance detector set at 280 nm wavelength. The mobile phase was run at 1 mL/min 

and consisted of 20 mM potassium phosphate buffer (pH 4.5) mixed with varying 

proportions of acetonitrile (20 to 80% gradient over 14 minutes). Glucuronide peaks were 

quantified through use of standard curves of known quantities of BPA-glucuronide (Toronto 

Research Chemicals) and fixed amounts of internal standard (BPA-sulfate). Glucuronide 

formation rate was linear for up to 20 min incubation and 0.5 mg / mL protein concentration. 

Incubations lacking added BPA also showed no BPA-glucuronide formation, thereby 

indicating that there was no BPA contamination of the assay components. Initial studies also 

showed no significant effect of adding bovine serum albumin or saccharolactone 

(glucuronidase inhibitor) on glucuronidation activity and so this was not included in 

subsequent incubations. Data were expressed as nanomoles of glucuronide formed per 

minute per milligram microsomal protein.

BPA-glucuronide concentrations in breast microsomes incubations were much lower than 

for the liver incubations and so a more sensitive HPLC-mass spectrometry method was 

developed using an API 4000 mass spectrometer (Applied Biosystems, Framingham, MA). 

The mobile phase of 56% acetonitrile with 44% 20 mM ammonium formate (pH 4.75) was 

pumped at 0.35 mL per minute through a Synergi Hydro-RP 150 × 2-mm column 

(Phenomenex, Torrance, CA). Negative ion transitions monitored were m/z 403.3 → 227.1 

for BPA-glucuronide, 307.2 → 227.1 for BPA-sulfate, and 227.1 → 133 for BPA.

Hepatic UGT probe activities for correlation and relative activity factor determination

Hepatic UGT selective activities including bilirubin, trifluoperazine, serotonin, propofol, 

zidovudine, and S-oxazepam glucuronidation were used for correlation analysis for 

UGT1A1, UGT1A4, UGT1A6, UGT1A9, UGT2B7, and UGT2B15 (respectively) as 
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reported previously (Court 2005; Court 2010). Bilirubin, propofol, zidovudine, and S-

oxazepam glucuronidation activities were also measured using recombinant UGT1A1, 

UGT1A9, UGT2B7, and UGT2B15 to calculate the relative contribution of these UGTs to 

hepatic BPA glucuronidation using a relative activity factor (RAF) approach as previously 

reported (Gibson et al. 2013). UGT1A4 and UGT1A6 RAF values were not determined 

since these isoforms did not glucuronidate BPA to any appreciable extent. RAF values (UGT 

probe activity divided by HLMs probe activity) were 0.93, 0.31, 1.79, and 0.19 for 

UGT1A1, UGT1A9, UGT2B7, and UGT2B15, respectively. RAF-adjusted recombinant 

enzyme BPA glucuronidation activities were then calculated by dividing by the unadjusted 

activity by the RAF value. The percent contribution of each UGT to total BPA 

glucuronidation was then calculated by dividing the RAF-adjusted UGT activity by the sum 

of all RAF-adjusted BPA glucuronidation activities and multiplying by 100.

UGT genotyping

DNA extracted from liver and breast tissues were genotyped for selected polymorphisms 

including UGT1A1*28 (rs34815109; n=40), UGT1A9*22 (rs45625337; n=40), and 

UGT2B15*2 (rs1902023; n=46). Methods included direct sequencing for UGT1A1*28 
(Girard et al. 2005) and UGT1A9*22 (Girard et al. 2004) or Taqman allele discrimination 

assay for UGT2B15*2 (Assay C_27028164, Applied Biosystems, Foster City, CA).

mRNA concentrations

UGT1A, 2A and 2B subfamily and GAPDH mRNA concentrations in breast tissue total 

RNA were measured using a real-time polymerase chain reaction (PCR) assay on a Biorad 

CFX96 instrument as previously described in detail (Court et al. 2012). The lower limit of 

quantitation was defined as a threshold cycle number greater than 40 cycles. Data were 

normalized to GAPDH mRNA concentrations.

Enzyme kinetic and statistical analysis

Sigmaplot (version 12.0) was used to estimate Vmax and Km values by nonlinear regression 

curve fitting analysis. Enzyme kinetic models that were evaluated included simple 

Michaelis-Menten, sigmoidal, two enzymes, and substrate inhibition. The model that best fit 

the data was chosen based on evaluation of plots showing deviation of fitted from actual 

enzyme activities. Sigmaplot (version 12.0) was also used to evaluate differences in liver 

BPA glucuronidation activity related to genotype, gender, and alcohol use by one-way 

Kruskal-Wallis ANOVA on rank transformed data and Dunn’s multiple comparison method. 

The effect of donor gender and histories of alcohol use (>14 drinks per week) and smoking 

on each phenotype parameter was assessed using the Mann-Whitney rank sum test. A P 
value less than 0.05 was considered to be statistically significant.

RESULTS

Recombinant enzyme screen and hepatic relative activity factor normalization

Recombinant UGTs were screened to identify those with the highest BPA glucuronidation 

activity at two BPA concentrations, 5 and 50 µM (Fig. 1A). These BPA concentrations were 

chosen to span the estimated Km value (~25 µM) for pooled HLMs determined in 
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preliminary experiments (final estimates are given below). UGT2A1 showed highest activity 

out of all the UGTs screened at both 5 and 50 µM substrate concentrations. Other 

extrahepatic UGTs showing significant activity included UGT2A2, UGT1A8, and 

UGT1A10. Of those expressed in liver tissue, UGT2B15 and UGT1A9 showed the highest 

activity at both 5 and 50 µM BPA concentrations. Other hepatic UGTs including UGT1A1, 

UGT1A3, UGT2B4, UGT2B7 and UGT2B17 showed much lower activity, while UGTs 

1A4, 1A6, 1A7, 2B10, and 2B11 showed no detectable BPA glucuronidation activity (LLOQ 

20 pmoles/min/mg protein using HPLC with UV detection) at both of the substrate 

concentrations tested.

Since the enzyme activities of recombinant UGTs can under- or overestimate the activities of 

the native UGTs present measured in human tissues (when normalized to microsomal 

protein content), we used an RAF approach to adjust for these differences and thereby obtain 

an estimate of the relative contribution of different UGTs to hepatic BPA glucuronidation. 

We focused on the most active hepatic UGTs (UGT2B15 and UGT1A9), as well as UGTs 

with available isoform-selective probe activities that also showed significant capacity to 

glucuronidate BPA (UGT1A1 and UGT2B7). As shown in Fig. 1B, at 5 µM BPA 

concentration, the majority (84%) of BPA glucuronidation could be attributed to UGT2B15, 

with a smaller although substantial contribution (14%) from UGT1A9, but essentially no 

role of UGT1A1 or UGT2B7 (less than 2%). However at 50 µM BPA concentration, 

UGT2B15 (49%) and UGT1A9 (45%) contributed about equally to BPA glucuronidation, 

while again both UGT1A1 (4%) and UGT2B7 (1%) played only a minor role.

Enzyme kinetics of BPA glucuronidation by UGTs and HLMs

UGT2B15 and UGT1A9 were further studied to evaluate in more detail the effects of 

differing BPA substrate concentrations on activity in comparison with pooled HLMs. As 

shown in Figs. 2A and 2D, BPA glucuronidation activities for UGT2B15 was well described 

by a single enzyme Michaelis-Menten kinetic model over the substrate concentrations 

evaluated. On the other hand, both pooled HLMs (Figs. 2B and 2E) and recombinant 

UGT1A9 (Figs. 2C and 2F) showed significant substrate inhibition at BPA concentrations 

over 50 µM, and these data were better described using the uncompetitive substrate 

inhibition model. The Km values (mean +/− standard error of estimate) for pooled HLMs 

(23 +/− 8 µM) and UGT1A9 (25 +/− 5 µM) were quite similar and nearly 10 times higher 

than the Km for UGT2B15 (3.3 +/− 0.45 µM). The Vmax of UGT1A9 (1.0 +/− 0.1 nmoles / 

min / mg protein) was similar to UGT2B15 (0.97 +/− 0.03 nmoles / min / mg protein) but 

nearly 4 times lower than for pooled HLMs (4.5 +/− 1.0 nmoles / min / mg protein). The 

substrate inhibition constant (Ks) value for pooled HLMs (63 +/− 23 µM) was about 2 times 

higher than for UGT1A9 (30 +/− 65 µM).

BPA glucuronidation variability and correlation with UGT probe activities in HLMs

We then evaluated interindividual differences in hepatic BPA glucuronidation activities 

measured in a bank of HLMs (n=46) at a substrate concentration of 5 µM. Activities ranged 

from 0.25 nmoles/min/mg protein to 4.3 nmoles/min/mg (over 17-fold) with a mean 

(standard deviation, SD) activity of 1.1 (0.76) nmoles/min/mg, a median activity of 0.96 

nmoles/min/mg protein, and a 90% confidence interval of 0.44 to 2.4 nmoles/min/mg 
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protein. Correlation analysis was then performed to identify hepatic UGT isoforms that 

might account for this variability. Table 1 gives Spearman correlation coefficients comparing 

BPA glucuronidation with the 6 hepatic UGT probe activities evaluated. As shown in Fig. 3, 

the best correlation (Spearman correlation coefficient, Rs = 0.77; p<0.001) was seen with S-

oxazepam glucuronidation activities, which is a probe for UGT2B15. Weaker correlations 

(Rs = 0.38 to 0.43; p<0.05) were observed with bilirubin (UGT1A1), propofol (UGT1A9), 

and zidovudine glucuronidation (UGT2B7), while there were no significant correlations 

with trifluoperazine (UGT1A4) or serotonin (UGT1A6) glucuronidation activities.

Glucuronidation of BPA by UGT2B15-p.85D and UGT2B15-p.85Y variants

BPA glucuronidation activities were measured in HEK 293 cells stably transfected with 

plasmids encoding UGT2B15-p.85D and UGT2B15-p.85Y which correspond to the 

UGT2B15*1 and UGT2B15*2 alleles, respectively. At 5 µM substrate concentration, BPA 

glucuronide formation for UGT2B15-p.85D was 149 pmoles/min/mg protein, while at 50 

µM substrate concentration, BPA glucuronide formation was 166 pmoles/min/mg protein. 

Under the same conditions, there was no detectable formation of BPA glucuronide by 

UGT2B15-p.85Y (LLOQ 20 pmoles/min/mg protein using HPLC with UV detection).

Correlation of BPA glucuronidation with liver donor demographics and UGT genotypes

Table 2 shows mean (and SD) BPA glucuronidation activities measured using 5 µM BPA 

concentration in the human liver bank samples grouped by gender, alcohol consumption, 

smoking, and selected UGT genotypes, including UGT1A1*28, UGT1A9*22, and 

UGT2B15*2. Only UGT1A9*22 showed a significant association with BPA glucuronidation 

activity (P = 0.012; Kruskal-Wallis one way analysis of variance on ranks). As shown in Fig. 

4, livers with the UGT1A9 *22/*22 genotype had significantly higher median (interquartile 

range; 25 – 75%) glucuronidation activity of 4.4 (3.2 – 4.8) nmoles/min/mg protein 

compared with 2.4 (1.2 – 3.5) nmoles/min/mg protein for livers with the *1/*1 genotype 

(P<0.05; Dunn’s test) and 1.7 (1.0 – 2.8) nmoles/min/mg protein for livers with the *1/*22 
genotype (P<0.05; Dunn’s test). None of the other factors evaluated were associated with 

BPA glucuronidation. Multivariate analysis by multiple linear regression also failed to 

identify any factors (other than UGT1A9*22 genotype) that contributed to BPA 

glucuronidation variability (data not shown).

UGT mRNA expression in pooled breast RNA

Quantitative PCR of pooled (n = 15) breast RNA samples was used to determine whether 

breast tissue express mRNA encoding UGT enzymes capable of glucuronidating BPA. As 

shown in Fig. 5 relatively high expression was observed for UGT1A4, UGT1A5, and 

UGT1A6. Intermediate levels of expression were observed for UGT1A3, UGT1A1, 

UGT2B4, UGT1A10, and UGT1A9, while relatively low levels of expression were observed 

for most other UGT isoforms including UGT2B15. UGT1A8, UGT2A1, UGT2A2, and 

UGT2B28 were not detected. Of those UGTs that were found capable of glucuronidating 

BPA at 5 µM substrate concentration, the rank order of mRNA expression was UGT1A1 > 

UGT2B4 > UGT1A9 = UGT1A10 > UGT2B7 = UGT2B15.
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BPA glucuronidation by breast microsomes and correlation with UGT genotype

Enzyme kinetic analysis of pooled breast microsomes (Fig. 6) showed a hyperbolic profile 

with a Km value (27 µM) that was similar to pooled HLMs and a Vmax value (17 

fmoles/min/mg protein) that was much lower than pooled HLMs. BPA glucuronidation 

activities (using 50 µM BPA concentration to enhance sensitivity) and UGT1A1*28, 

UGT1A9*22 and UGT2B15*2 polymorphism genotypes for individual breast samples are 

given in Table 3. Glucuronidation activities ranged from 56 fmoles/min/mg protein to 0.2 

fmoles/min/mg protein for 13 of the 15 samples evaluated. Two of the samples (donors 17 

and 29) showed no detectable BPA glucuronidation activity (LLOQ 0.2 fmoles/min/mg 

protein using HPLC with mass spectrometry detection). Correlation of these activities with 

UGT genotypes (data given in Table 4) showed significantly lower (by over 10 times) 

activities in breast samples with the UGT1A1 *1/*28 genotype compared with samples with 

the *1/*1 genotype (P = 0.006; rank sum test). No breast samples had the UGT1A1 *28/*28 
genotype. None of the other genotypes evaluated were independently associated with BPA 

glucuronidation activity (P > 0.05; Kruskal-Wallis one way analysis of variance on ranks). 

However, as shown in Fig. 7, two-way analysis of variance (P = 0.034 for UGT1A1*28; P = 

0.11 for UGT2B15*2; P = 0.044 for interaction) indicated that the UGT2B15 *2/*2 
genotype identified a subgroup of breast samples (donors 159, 169 and 172) within samples 

with the UGT1A1 *1/*1 genotype that had much lower median (interquartile range) BPA 

glucuronidation activities of 4.5 (2.5 – 5.4) fmoles/min/mg protein compared with breast 

samples with UGT1A1 *1/*1 genotype and either UGT2B15 *1/*1 or *1/*2 genotypes with 

28 (4.8 – 51) fmoles/min/mg protein (P = 0.007; Dunn’s test).

DISCUSSION

The results of our study confirm the importance of UGT2B15 in the glucuronidation of BPA 

in human liver, but also indicate a role for UGT1A9 particularly at higher BPA 

concentrations. Out of eleven hepatic UGTs screened, recombinant UGT2B15 and UGT1A9 

showed the highest and second highest BPA glucuronidation activities, respectively. 

Adjustment for hepatic UGT abundance using a relative activity factor approach indicated 

that >80% of activity results from UGT2B15 at low substrate concentrations but nearly 50% 

of activity may result from UGT1A9 at higher concentrations. Comparative enzyme kinetic 

analysis showed similar Km values for HLMs and recombinant UGT1A9, although higher 

than for UGT2B15. Furthermore, both HLMs and UGT1A9 demonstrated significant 

inhibition of activity at BPA concentrations over 50 µM, while this was not observed for 

UGT2B15. Although we found the highest correlation between S-oxazepam glucuronidation 

(UGT2B15 marker activity) and BPA glucuronidation in HLMs, the strength of the 

correlation was only moderate (Rs = 0.77) and we did observe statistically significant 

although weaker (Rs = 0.4) correlation with propofol glucuronidation (UGT1A9 marker). 

On the other hand, we did not find lower BPA glucuronidation activity in HLMs with the 

UGT2B15 *2/*2 genotype as we have reported for several other UGT2B15 substrates 

including oxazepam and lorazepam (Court 2005; Court et al. 2004). This was despite 

showing a marked reduction in BPA glucuronidation by the recombinant UGT2B15*2 

variant allozyme compared with the UGT2B15*1 reference allozyme. However, we did 

observe significantly higher BPA-glucuronidation in HLMs with the UGT1A9 *22/*22 
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genotype, which is consistent with previous reports describing the effect of this 

polymorphism on UGT1A9 gene expression (Yamanaka et al. 2004). Taken together, these 

findings indicate that UGT1A9 as well as UGT2B15 are responsible for BPA 

glucuronidation in human liver.

In support of our work, the results of a recent study (Fay et al. 2015) using a novel mouse 

gene knockout model suggest that the Ugt1a subfamily enzymes may also be important for 

BPA metabolism and clearance in other (non-human) species. Specifically it was shown that 

complete deletion of the murine Ugt2 gene locus (including all genes encoding the Ugt2a 

and Ugt2b subfamily enzymes) had no effect on BPA glucuronidation activities in liver 

microsomes or on the rate of excretion of BPA glucuronide into bile when compared with 

wild-type mice. However, as yet it is unknown which murine Ugt1a enzyme is capable of 

glucuronidating BPA.

Another major novel finding of our study is that human breast tissue is clearly capable of 

glucuronidating BPA, although with glucuronidation activities that are much lower (by more 

than 100,000-fold) compared with liver, the main metabolic organ. The low activity is 

probably a reflection of the heterogenous but focused distribution of the UGTs within breast 

tissue. In support of this it has been shown by immunohistochemistry that several UGTs, 

including UGT2B7 (Gestl et al. 2002) and UGT1A9 (Thibaudeau et al. 2006) are highly 

expressed in the ductal cells but not in other cell types in breast tissue. It was speculated that 

this focused distribution has physiological (and pathophysiological) relevance since the 

enzymes are concentrated within the hormone-sensitive cell types (Thibaudeau et al. 2006). 

Although the cellular distribution of other UGTs has not been reported (to our knowledge), 

our quantitative mRNA data indicate that both UGT1A1 and UGT2B15 are expressed in 

breast tissue (in addition to UGT1A9), and that UGT1A1 is the most highly expressed out of 

all of the isoforms capable of glucuronidating BPA we have identified. Consequently we 

proceeded to evaluate the association of breast microsome BPA glucuronidation activities 

with UGT1A1*28, UGT1A9*22, and UGT2B15*2 genotypes.

Our results suggest that lower BPA glucuronidation activity in breast tissue is associated 

with UGT1A1*28 genotype and possibly UGT2B15*2 genotype (at least after controlling 

for UGT1A1*28 effects). However, it should be pointed out that the number of samples we 

studied was relatively small (n=15 donors) and so this result will need to be confirmed 

through study of a larger sample size. Regardless, our data suggest that UGT1A1 and 

UGT2B15 could contribute to BPA metabolism in breast, and that individuals with low 

activity alleles for these enzymes could have low BPA glucuronidation activity, resulting in 

increased exposure of breast tissue to BPA, and an increased risk of developing breast 

cancer.

Nine different studies have evaluated the association of UGT1A1*28 with breast cancer. 

Four studies have shown an elevated risk for breast cancer with the UGT1A1*28 allele in 

African American (Guillemette et al. 2000), Chinese (Adegoke et al. 2004), Russian 

(Shatalova et al. 2006) and German (Marie-Genica 2010) women. However, four other 

studies have shown no association of UGT1A1*28 with breast cancer risk in Taiwanese 

(Cheng et al. 2005), Greek (Tsezou et al. 2007), or European American (Guillemette et al. 
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2001) women, or in a mixed population of American and Swedish women (Clendenen et al. 

2013). Furthermore, one study showed a decreased risk of UGT1A1*28 for breast cancer in 

Nigerian women (Huo et al. 2008). A meta-analysis study published in 2010 (Yao et al. 

2010), which aggregated 5,746 cases and 8,365 controls from most of these studies, 

concluded that there was evidence for enhanced risk for breast cancer in Caucasian women 

with the UGT1A1*28 allele. Consequently our finding of lower BPA glucuronidation in 

breast tissue with the UGT1A1*28 may explain in part these observations of enhanced 

breast cancer risk. However, it should also be noted that UGT1A1 also glucuronidates 

estrogens, carcinogenic catechol estrogens, and other carcinogens that may also contribute to 

breast cancer risk (Cheng et al. 1998; Girard et al. 2005).

Only one study could be identified that has reported on the association of UGT2B15*2 with 

breast cancer risk (Sun et al. 2012). They did not find any association with the UGT2B15*2 
allele in women of African ancestry from the United States, Barbados, and Nigeria. However 

the results of our study suggest that the influence of the UGT2B15*2 allele may only be 

evident in individuals lacking the UGT1A1*28 allele.

There are some limitations to this study that need to be addressed. Serum concentrations of 

unconjugated BPA reported in people with exposure by environmental contamination ranges 

from 0.001 µM to 0.10 µM, which is somewhat lower than the BPA substrate concentration 

range we evaluated in this study (Vandenberg et al. 2007). However, the enzyme kinetic 

values we have determined for BPA glucuronidation should allow for extrapolation of 

activities to lower substrate concentrations. Although we did not measure the free (unbound) 

substrate concentration in this study, published work indicates that the unbound fraction of 

BPA for liver microsomes is quite high (0.94; (Kuester and Sipes 2007)). Consequently, 

significant binding of substrate to microsomes is unlikely to have affected the accuracy of 

our Km estimates. Finally, while glucuronidation is the primary metabolic pathway of BPA 

in humans, 10–20% of BPA metabolism can also occur via sulfation and so this pathway 

should also be studied in future work to assess variation in BPA metabolism and effects 

(Kurebayashi et al. 2010).

CONCLUSIONS

Our results indicate that both UGT2B15 and UGT1A9 are important determinants of 

variable BPA glucuronidation in human liver. However, UGT1A1 (and possibly UGT2B15) 

may determine interindividual variability in BPA glucuronidation in breast tissue.
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Figure 1. 
(A) BPA glucuronidation activities of recombinant human UGTs. Each bar represents the 

average of duplicate determinations measured using either 5 µM (black bars) or 50 µM (gray 

bars) BPA concentration. (B) Predicted percent contribution of UGT2B15 (black bar), 

UGT2B7 (white bar), UGT1A9 (dark gray bar), and UGT1A1 (light gray bar) to BPA 

glucuronidation in liver at either 5 µM (left stacked bar) or 50 µM (right stacked bar) BPA 

concentration using a relative activity factor approach.
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Figure 2. 
Enzyme kinetic plots of BPA glucuronidation by UGT2B15 (A), pooled HLMs (B), and 

UGT1A9 (C). Estimated enzyme kinetic parameters including Km and Vmax as well as the 

fitted curves using a one enzyme Michaelis-Menten model are shown on each plot. Eadie-

Hofstee plots of the same data are shown in panels D, E, and F respectively.
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Figure 3. 
Correlation of BPA glucuronidation (measured at 5 µM BPA concentration) with S-

oxazepam glucuronidation (a selective marker of UGT2B15 activity) measured in the same 

sample of 46 HLMs. Spearman correlation analysis indicated a moderately strong 

correlation of 0.77 (p<0.001).
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Figure 4. 
Association of UGT1A9*22 genotype with BPA glucuronidation measured at 5 µM BPA 

concentration in 40 human liver microsomes samples. Shown are the glucuronidation 

activities determined for individual livers with UGT1A9 genotype *1/*1 (n=16), *1/*22 
(n=18), and *2/*2 (n=6). Also shown are the median values (a horizontal bar) for each 

genotype group. Analysis of variance on ranks indicated a significant difference among 

groups (P = 0.012), and Dunn’s multiple comparison test showed that activities for livers 
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with the UGT1A9 *2/*2 genotype were significantly higher than livers with either the *1/*1 
or *1/*22 genotypes (*P < 0.05 for both comparisons).
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Figure 5. 
Expression of UGT mRNA in pooled human breast RNA samples measured by real-time 

quantitative PCR normalized to GAPDH mRNA content (mean and standard deviation of 

quadruplicate measurements).
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Figure 6. 
Enzyme kinetic plots (Michael-Menten plot, panel A; and Eadie-Hofstee plot of the same 

data, panel B) of BPA glucuronidation by pooled breast microsomes (n=15). Also shown are 

the estimated enzyme kinetic parameters (Km and Vmax) as well as the fitted curves using a 

one enzyme Michaelis-Menten model.
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Figure 7. 
Association of UGT1A1*28 and UGT2B15*2 genotype with BPA glucuronidation 

measured at 50 µM BPA concentration in 15 human breast microsomes samples. Shown are 

the glucuronidation activities determined for individual breast samples grouped by 

UGT1A1*28 genotype (*1/*1 versus *1/*28) and by UGT2B15*2 genotype (*1/*1 or *1/*2 

versus *2/*2). Also shown are the median values (a horizontal bar) for each genotype group. 

Two-way ANOVA showed significantly lower activities in UGT1A1 *1/*28 versus *1/*1 
breast samples (*P = 0.034), as well as an interaction (P = 0.04) between genotypes such 

that lower activities were observed for UGT2B15 *2/*2 samples compared with *1/*1 or 
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*1/*2 samples (*P = 0.007, Dunn’s test) only in those samples that also had the 

UGT1A1*1/*1 genotype.
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Table 1

Correlation of BPA glucuronidation activities measured at 5 µM BPA concentration with UGT isoform 

selective glucuronidation activities measured in a bank of HLMs prepared from 46 different liver donors.

Selective probe
substrate UGT

Spearman
correlation

coefficient (Rs)
P value

Bilirubin 1A1 0.43 0.0034

Trifluoperazine 1A4 0.25 0.094

Serotonin 1A6 0.25 0.10

Propofol 1A9 0.40 0.012

Zidovudine 2B7 0.38 0.010

S-Oxazepam 2B15 0.77 0.0000002
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Table 3

BPA glucuronidation activities and UGT genotypes and determined for 15 breast tissue samples. Samples are 

ordered in the table from highest to lowest BPA glucuronidation activity.

BPA glucuronidation rate Polymorphism genotype

Sample ID (fmoles/min/mg protein) UGT1A1*28 UGT1A9*22 UGT2B15*2

165 56 *1/*1 *1/*22 *1/*2

47 36 *1/*1 *1/*22 *1/*2

160 23 *1/*1 *22/*22 *1/*1

171 22 *1/*1 *22/*22 *1/*1

156 21 *1/*1 *1/*22 *1/*2

168 21 *1/*1 *1/*22 *1/*1

164 16 *1/*1 ? *1/*1

172 5.4 *1/*1 *1/*22 *2/*2

159 4.5 *1/*1 *1/*22 *2/*2

167 3.3 *1/*28 *1/*1 *2/*2

20 3.3 *1/*28 *1/*22 *2/*2

169 2.5 *1/*1 *1/*1 *2/*2

158 0.2 *1/*28 *22/*22 *1/*2

29 0a *1/*28 *1/*1 *1/*2

17 0a *1/*28 *1/*22 *1/*1

a
Less than the lower limit of quantitation (LLOQ, 0.2 fmoles/min/mg protein)

?
unable to determine genotype
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