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Objective: Daily adult human exposure to bisphenol A (BPA) has been estimated at < 1 µg/kg,
with virtually complete first-pass conjugation in the liver in primates but not in mice. We measured
unconjugated and conjugated BPA levels in serum from adult female rhesus monkeys and adult
female mice after oral administration of BPA and compared findings in mice and monkeys with
prior published data in women.
Methods: Eleven adult female rhesus macaques were fed 400 µg/kg deuterated BPA (dBPA) daily
for 7 days. Levels of serum dBPA were analyzed by isotope-dilution liquid chromatography–mass
spectrometry (0.2 ng/mL limit of quantitation) over 24 hr on day 1 and on day 7. The same dose
of BPA was fed to adult female CD‑1 mice; other female mice were administered 3H‑BPA at doses
ranging from 2 to 100,000 µg/kg.
Results: In monkeys, the maximum unconjugated serum dBPA concentration of 4 ng/mL was
reached 1 hr after feeding and declined to low levels by 24 hr, with no significant bioaccumulation
after seven daily doses. Mice and monkeys cleared unconjugated serum BPA at virtually identical
rates. We observed a linear (proportional) relationship between administered dose and serum BPA
in mice.
Conclusions: BPA pharmacokinetics in women, female monkeys, and mice is very similar. By
comparison with approximately 2 ng/mL unconjugated serum BPA reported in multiple human
studies, the average 24‑hr unconjugated serum BPA concentration of 0.5 ng/mL in both monkeys
and mice after a 400 µg/kg oral dose suggests that total daily human exposure is via multiple routes
and is much higher than previously assumed.
Key words: biomonitoring, bisphenol A, endocrine disruption, pharmacokinetics, xenobiotic
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In 1936, bisphenol A (BPA) was reported to
have the activity of an estrogenic drug (Dodds
and Lawson 1936). Today, BPA is used in a
large number of consumer products and is one
of the highest volume chemicals produced, on
the order of 8 billion pounds per year (Bailin
et al. 2008). A large body of evidence now
indicates that BPA is an endocrine-disrupting
chemical that can induce a variety of adverse
effects in mammals and other vertebrates and
invertebrates (Oehlmann et al. 2008; Richter
et al. 2007), but its safety continues to be disputed (Goodman et al. 2009). Much remains
to be determined about the mechanisms of
action of BPA, which varies depending upon
the dose, tissue, and life stage of exposure
(vom Saal et al. 2007), but understanding
the current levels of human exposure and the
various routes of exposure to BPA, how BPA
is metabolized, and whether animal models are relevant for modeling human exposure is critical to better understand the risk
posed to humans. The urgent need for this
information is underscored by the Centers for
Disease Control and Prevention’s conclusion
that > 90% of people in the United States
are chronically exposed to BPA (Calafat et al.
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2008) and the suggestion that this likely also
applies to people living in other countries
around the world (Vandenberg et al. 2010a).
Surprisingly, no available data directly
bear on the question regarding sources and
amounts of human exposure to BPA, and
estimates of current daily BPA exposure levels vary widely. The U.S. Food and Drug
Administration (FDA) estimated that the
daily BPA exposure level for adults in 2007
was about 0.16 µg/kg/day (FDA 2008).
However, after reviewing BPA levels reported
in all available studies of human tissues, scien
tists at a 2007 conference sponsored by the
National Institute of Environmental Health
Sciences predicted that exposure levels of
> 35 mg/day (~ 500 µg/kg/day) would be
required to account for the reported levels
of BPA in adults (Vandenberg et al. 2007;
vom Saal et al. 2007). This information was
recently updated (Vandenberg et al. 2010a),
and the models used for calculating human
exposure, as well as the assumption that virtually all BPA exposure is entirely from food
and beverage containers, were sharply criticized (Gies et al. 2009; Vandenberg et al.
2010b).
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Our understanding of current levels of
human BPA exposure is complicated by our
limited knowledge of the ways by which we
are exposed. Because BPA leaches into food
from plastic packaging and resin linings of
food and beverage containers, it has been
widely assumed that the consumption of contaminated food and beverages represents the
major route of human exposure. However,
new sources of exposure continue to be uncovered, such as thermal (carbonless) receipts
used for many daily transactions that contain
a coating of high levels of free BPA, raising the
possibility that dermal transport may also be
a significant source of exposure (Biedermann
et al. 2010; Environmental Working Group
2010). There is significant leaching of BPA
from children’s books (Sajiki et al. 2010), and
BPA is also present in cigarette filters, raising the concern that inhalation of cigarette
smoke may be another previously unrecognized source of exposure for individuals who
smoke (Jackson and Darnell 1985).
In the absence of human pharmacokinetic
data for unconjugated (bioactive) BPA, findings from studies in rodents and monkeys
have been used to extrapolate to humans. The
low BPA doses used in rodent studies lead
to serum levels of unconjugated BPA significantly below levels found in biomonitoring
studies of men and pregnant and nonpregnant
women (Vandenberg et al. 2007), yet these
low internal levels of BPA have been reported
to result in numerous developmental abnormalities (Richter et al. 2007). However, it has
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been argued that major metabolic differences
between humans and rodents preclude extrapo
lation of these data to humans (Dekant and
Völkel 2008). Specifically, although glucuronidation of BPA by uridine 5´-diphospho
(UDP)-glucuronosyltransferases (UGTs) is a
primary mode of phase II metabolism in both
rodents and primates, in adult primates BPA
is cleared from the blood by the kidney into
the urine (Figure 1), whereas in rodents the
primary excretory pathway for BPA is via the
bile into the feces (Inoue et al. 2005; Sakamoto
et al. 2002). There may be other metabolic differences between species; in the CD‑1 mouse,
glucuronidation includes the glucuronidation
of both BPA and hydroxylated BPA (Zalko
et al. 2003), but data on this are lacking for
primates. The species differences in route of
clearance have been interpreted as indicating
that the value for clearance of unconjugated
(bioactive) BPA must also be very different
between rodents and primates.
To date, only a single study has attempted
to examine BPA clearance rate from blood after
a single oral administration in adult humans
(Völkel et al. 2002). However, because the
assay used in that study was not sufficiently
sensitive to measu re unconjugated serum
BPA, only the concentration of conjugated
BPA in human serum was reported. The study
by Völkel et al. (2002) has been repeatedly
cited as evidence for rapid clearance of unconjugated serum BPA in adult humans, based
on the assumption that the inability to detect
unconjugated BPA with an insensitive assay
indicated that all unconjugated BPA had been
very rapidly metabolized. Thus, there has been
strong criticism concerning the use of this one
study as the basis for this prediction (Gies et al.
2009; Vandenberg et al. 2010a, 2010b). In
the absence of data on the level of clearance of
unconjugated BPA from human serum, it is an
attractive option to use primates as surrogates
to resolve questions about the relevance for
humans of data from rodent studies.
Given the controversies and the unanswered
questions about current levels of human
external and internal exposure and the rate of
BPA metabolism, the objective of the study
reported here was to compare the level of
clearance of unconjugated (biologically active)
BPA in an experimental model with putative
direct relevance to humans (rhesus monkeys),
and in a model used in dozens of published
reports of adverse effects due to exposure to
low doses of BPA (the CD‑1/ICR mouse). In
experiment 1, we used isotope-dilution liquid
chromatography–mass spectrometry (LC-MS)
to determine the concentration of biologically
active (unconjugated) as well as conjugated
BPA in serum over the 24 hr after one or seven
daily oral doses of 400 µg/kg/day deuterated
BPA (dBPA) to adult female rhesus monkeys.
Experiment 2, with adult female CD‑1 mice,
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consisted of three parts. In experiment 2A, we
administered a single 400 µg/kg/day oral dose
of BPA, but we used 3H-BPA to ensure that
we would be above the limit of quantitation
(LOQ) throughout the 24 hr after adminis
tration. In experiment 2B, we used 3H-BPA
to examine the linear relationship between
administered oral dose and serum concentration
of unconjugated 3H‑BPA over a 50,000‑fold
dose range (2 µg/kg to 100,000 µg/kg). In
experiment 2C, we examined the concentration
of unconjugated and conjugated serum BPA
over the 24 hr after administration of 100,000
µg/kg BPA and determined whether the results
were 250‑fold higher than those obtained using
the 400 µg/kg/day dose of 3H-BPA. Finally, in
experiment 3 we compared our data on conjugated serum BPA levels in monkeys and mice
with prior published findings in adult women
(Völkel et al. 2002). Our focus here is on
unconjugated and conjugated BPA in serum.
A more detailed analysis of BPA metabolites
has been reported in CD‑1 mice (Jaeg et al.
2004; Zalko et al. 2003) and is currently being
conducted in rhesus monkeys.

Materials and Methods
Animals. All animals used in these studies were
treated humanely and with regard for alleviation of suffering. All studies were conducted in
accordance with National Institutes of Health
guidelines (Institute of Laboratory Animal
Resources 1996).
Monkeys. Eleven adult female rhesus
macaques (Macaca mulatta) were housed at
the California National Primate Research
Center. Animals were caged individually with
a 0600‑ to 1800‑hour light cycle and at a

temperature maintained at 25–27°C. Animals
were fed a diet of Purina Monkey Chow
(Purina-Mills, St. Louis, MO, USA) and water
ad libitum. Seasonal produce, seeds, and cereal
were offered as supplements for environmental
enrichment. Cages were made of stainless
steel, and water was delivered to each cage
by rigid polyvinyl chloride pipes and a water
nipple. Only females with a history of normal
menstrual cycles were selected for this study.
Females ranged in age from 6 to 13 years, and
body weights ranged from 6.17 to 8.95 kg
(mean, 7.5 kg). Cephalic vein blood samples
were collected from unanesthetized, cagerestrained animals that were trained to present
an arm for the procedure. Animal protocols
were reviewed and approved in advance by
the Animal Care and Use Committee of the
University of California–Davis.
Mice. CD‑1 mice were purchased from
Charles River Laboratories (Wilmington, MA,
USA) and maintained as an outbred stock
(with periodic replacement) at the University
of Missouri–Columbia. Animals were housed
on corncob bedding in standard (11.5 ×
7.5 × 5 in.) polypropylene cages. Water was
purified by reverse osmosis and carbon filtration and provided in glass bottles ad libitum.
Pregnant and lactating females were fed Purina
soy-based 5008 breeder chow and otherwise
were maintained on Purina soy-based 5001
maintenance chow (Purina-Mills). Rooms
were kept at 25 ± 2°C under a 12:12‑hr
light:dark cycle. Animals were euthanized
by CO2 asphyxiation and cervical dislocation, after which blood was collected from
the carotid and vertebral vessels. Animal procedures were approved by the University of

Unconjugated BPA

BPA glucuronide

COOH
HO

O O

HO

OH
Liver enzyme
UGT

H

H

OH

OH

H

H

OH

Enterohepatic
recirculation

Rat and
mouse

Bile/gut
blood

Blood

Feces/urine

Urine

Human and
monkey

Figure 1. Schematic diagram depicting the glucuronidation of BPA in the liver and the route of elimination
of unconjugated BPA from serum in rodents and primates after initial absorption from the gut and transport to the liver. There is evidence that enterohepatic recirculation in rodents has only a modest impact on
unconjugated serum BPA (Pottenger et al. 2000).
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term to the AUC0–24. We conducted day 1
and day 7 comparisons for serum BPA concentrations in experiment 1 using Proc Mixed
analysis of variance (ANOVA) with repeated
measures followed by least-squares means in SAS
(version 6.12; SAS Institute Inc., Cary NC,
USA).
Experimental methods. Experiment 1:
unconjugated and conjugated serum dBPA
concentrations in rhesus monkeys. We used
dBPA in experiment 1 because it can be clearly
distinguished by isotope-dilution LC-MS, thus
eliminating concern about potential BPA contamination from materials used in the preparation, handling, or shipment of samples. The
monkeys were fed 400 µg/kg body weight of
dBPA, chosen based on the oral dose estimated
to be required to achieve an average dBPA
24‑hr serum concentration in the range of
1–2 ng/mL, which is the range typically found
in biomonitoring studies of adult men and
women (Vandenberg et al. 2010a). The LOQ
was 0.2 ng/mL based on analysis of dBPA in
approximately 1.5 mL serum. See Supplemental
Material, Part 1 (doi:10.1289/ehp.1002514)
for details of LC-MS analysis.
Monkeys were fed 400 μg/kg body weight
dBPA in food for 7 days. On the first and seventh days of feeding, blood was collected over
24 hr, with collection at 0 (prefeeding), 0.5, 1,
2, 4, 8, 12, and 24 hr after feeding dBPA (each
collection yielded ~ 1.5 mL serum). Blood was
Conjugated serum BPA (ng/mL)

Unconjugated serum BPA (ng/mL)

Missouri–Columbia Animal Care and Use
Committee.
Statistical methods for calculation of
pharmacokinetic parameters. The following
parameters were measured in monkeys and
mice from the serum concentrations of BPA
after oral administration. The Cmax is the maxi
mum concentration in serum. Our decision
to use 0.5 hr as the first time of collection
was based on the fact that in most prior studies this was reported as the time at which the
maximum concentration was reached (Tmax).
Our initial rate constant (Kinitial) was calculated from the slope of the natural log of the
concentration versus the sample collection
time. Kinitial was taken as the steepest rate of
decay from the initial collection time points.
The terminal phase elimination rate constant
(Kterminal) was taken from the last three time
points (between 4 and 24 hr for mice, between
8 and 24 hr for monkeys, and between 12 and
24 hr for humans). Half-lives (t½) were calculated as the natural log of 0.5 divided by the
rate constant. The area under the curve (AUC)
for the first 24 hr after dosing (AUC0–24) was
calculated using the linear trapezoidal rule and
the assumption that BPA in serum at the time
just before administration (time 0) was zero.
The AUC extrapolated to infinity (AUC0→∞)
was calculated by dividing the concentration at 24 hr (the last time point measured)
by the terminal rate constant and adding this
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Figure 2. Concentrations (mean ± SE) of unconjugated (A) and conjugated (B) dBPA in serum from adult female
rhesus monkeys during the 24 hr after oral administration of 400 µg/kg body weight. Data represent the time
course on day 1 (after one dose) and day 7 (after seven daily doses); n = 8–11 monkeys per time point.
*p < 0.005 for day 1 compared with day 7.

Table 1. Kinetic parameters for unconjugated and conjugated serum dBPA in adult female rhesus monkeys
during the 24 hr after one (day 1) or seven (day 7) oral doses of dBPA (400 µg/kg).
Parameter
Cmax (ng/mL)
Tmax (hr)
Kinitial (/hr)
Initial t½ (hr)
Kterminal (/hr)
Terminal t½ (hr)
AUC0–24 (ng-hr/mL)a
AUC0→∞ (ng-hr/mL)
Average AUC0–24 (ng/mL)
aConjugated:unconjugated
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Unconjugated
Day 1
Day 7
3.95
4.40
1
1
–0.70
–0.86
0.99
0.81
–0.08
–0.10
8.88
7.20
12.36
11.47
13.44
11.87
0.52
0.48

Conjugated
Day 1
Day 7
149.47
226.96
2
1
–0.26
–0.41
2.64
1.69
–0.07
–0.04
10.08
17.92
1068.67
1326.76
1222.02
1893.75
44.53
55.28

AUC0–24 ratios: day 1, 86.47; day 7, 115.70.
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allowed to stand at room temperature for about
15 min to clot (preliminary studies showed that
no deconjugation of conjugated BPA occurred
during this short time). Blood was then centrifuged at 1,800 × g for 10 min at 4°C. Serum
was stored at –80°C and shipped overnight
on dry ice from the University of California–
Davis to the University of Missouri–Columbia.
The assays were conducted at the University of
Missouri Veterinary Diagnostic Laboratory.
Experiment 2A: unconjugated serum
3H-BPA concentrations in mice (400 µg/kg
dose). Serum concentrations of unconjugated
3H-BPA were examined in adult (~ 3 months
of age) female CD‑1 mice throughout the
24 hr after administration of a 400 µg/kg oral
dose dissolved in tocopherol-stripped corn oil.
The volume delivered into the animal’s mouth
via a micropipetter (~ 30 µL) was adjusted to
achieve a constant BPA dose per kilogram of
body weight. Preliminary tests were performed
to determine the volume of oil remaining in
the pipette tip after dosing, and the total volume per mouse was adjusted to allow for this
remaining amount. Mice were fed a 400 µg/kg
dose of 3H-BPA instead of dBPA because of the
limited amount of serum obtained from mice,
which required a method with high sensitivity
(Taylor et al. 2008). 3H-BPA (7.3 Ci/mmol,
3.0 µCi/dose; Moravek Biochemicals, Brea, CA,
USA) was mixed with unlabeled BPA (> 99%
pure; Sigma-Aldrich, St. Louis, MO, USA) to
achieve a final estimated concentration of 12 µg
BPA/30 µL. The actual concentration adminis
tered (12.1 µg/30 µL) and the specific activity
(0.048 Ci/mmol) were determined from samples of the dosing solution. Blood was collected
at 0.5, 1, 2, 3, 4, 6, and 24 hr after 3H-BPA
administration, with five or six adult females
at each time point. Serum was separated by
centrifugation at 4°C and then stored at –20°C.
Unconjugated 3H‑BPA was measured in serum
as described in the Supplemental Material,
Part 1 (doi:10.1289/ehp.1002514).
Experiment 2B: relationship between BPA
dose and unconjugated serum BPA concentration in mice. Adult (~ 3 months of age) female
CD‑1 mice were administered a single oral dose
of 3H-BPA mixed with different amounts of
unlabeled BPA in tocopherol-stripped corn oil
to achieve administered oral doses of 2, 20, 400,
or 100,000 µg/kg body weight in approximately
30 µL oil. Specifically, 3H-BPA was mixed with
unlabeled BPA (> 99% pure; Sigma-Aldrich)
to achieve the final concentrations. Samples of
each solution were kept to measure the actual
radioactivity used in each dose; the final specific
activities for each dose were calculated from
these aliquots rather than from the theoretical radioactivity per dose. The measured specific activities of the 2, 20, 400, and 100,000
µg/kg solutions were 7.30, 0.87, 0.04, and
0.0002 Ci/mmol, respectively, and the actual
doses administered were 2.3, 20.1, 396.9, and
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98,447 µg/kg, respectively. Because BPA was
not soluble in oil at the highest concentration
(120 mg/mL), it was instead administered as a
suspension; radioactivity in this suspension was
comparable to that in the highest soluble concentration, as anticipated. Blood was collected
24 hr after treatment, and serum was separated
by centrifugation at 4°C and then stored at
–20°C until analysis for unconjugated 3H-BPA.
Experiment 2C: unconjugated and conjugated serum BPA concentrations in mice
(100,000 µg/kg dose). Adult (~ 3 months
of age) female CD‑1 mice (four per group)
were given a single oral dose of BPA (> 99%
pure; Sigma-Aldrich) via a micropipetter. The
volume administered (~ 30 µL) was adjusted
to achieve a constant 100,000 µg BPA dose
per kilogram of body weight. Blood was collected at 0, 0.5, 1, 2, 3, 4, 6, or 24 hr after
administration, and serum was separated by
centrifugation at 4°C. Serum from the four
mice in each group at each time point was
pooled, and samples were stored at –20°C
until analysis for unconjugated and conjugated
BPA by high-performance liquid chromatography (HPLC) with CoulArray detection
(CoulArray 5600 detector; ESA, Chelmsford,
MA, USA). See Supplemental Material, Part 1
(doi:10.1289/ehp.1002514) for assay details.
Experiment 3: comparison of results from
adult female monkeys and mice with data
from women. We compared results from
experiments 1 and 2C with data from a study
by Völkel et al. (2002), which involved a single
oral administration of dBPA (average adminis
tered dose, 69.3 µg/kg) to adult men and
women. The authors reported data for conjugated serum dBPA during the 24 hr after the
single oral administration. We scaled the dose
administered to monkeys to the dose adminis
tered to humans [based on accepted linearity of
BPA pharmacokinetics with dose (Doerge et al.
2010a; Vandenberg et al. 2007)] by multi
plying the monkey serum-conjugated dBPA
values at each time point by a factor of 0.173
5.0

Monkey
Mouse

4.5
4.0
3.5

Results
Experiment 1: unconjugated and conjugated
serum dBPA concentrations in rhesus monkeys.
In this experiment, we determined the concentrations of unconjugated and conjugated
dBPA in 11 adult female rhesus monkeys over
a 24‑hr period after a single oral 400 µg/kg
dose of dBPA and compared the data after
one administration with data from the same
animals after seven daily oral administrations.
The results for unconjugated and conjugated
dBPA on days 1 and 7 (Figure 2) reveal that
the serum levels of unconjugated dBPA were
very similar after a single oral dose and after
seven doses, indicating that bioaccumulation
of parent dBPA did not occur in response to
a single oral exposure each day (the AUC0–24
was virtually identical for days 1 and 7;
Table 1). Our findings show that the maxi
mum attained value (Cmax) for unconjugated
dBPA in serum at 1 hr after feeding was
3.95 ng/mL on day 1 and was 4.40 ng/mL
on day 7 (Table 1). By 24 hr after administration, unconjugated dBPA remained above our
LOQ (0.2 ng/mL; ppb) for 5 of the 11 females
on day 1 and for 4 of 11 females on day 7. The
AUC0–24 for unconjugated serum dBPA on
day 1 was 12.36 ng-hr/mL and on day 7 was
11.47 ng-hr/mL. The Kterminal for conjugated
dBPA on day 7 (–0.04/hr) was somewhat
slower than on day 1 (–0.07/hr). Only at 1 hr
after oral administration was the concentration
of conjugated serum dBPA significantly higher
on day 7 than on day 1 (p < 0.005; Figure 2).
Over all time points, however, we observed no
significant difference between day 1 and day 7
in serum-conjugated dBPA. The AUC0–24

ratio for conjugated/unconjugated serum
dBPA was 116 on day 7 and 87 on day 1.
Experiment 2A: unconjugated serum
3H-BPA concentrations in mice (400 µg/kg
dose). In this experiment we determined the
serum concentration of unconjugated 3H-BPA
in adult female CD‑1 mice over the 24 hr after
oral administration of the same 400 µg/kg dose
used in experiment 1 with adult female rhesus
monkeys. The serum concentration of unconjugated 3H-BPA in the mice is shown in Figure 3
in relation to the data from experiment 1 for
unconjugated dBPA in female rhesus monkeys
over the 24‑hr time period after treatment. The
calculated parameters for the mice are shown
in Table 2. For unconjugated serum 3H-BPA
in mice, the Cmax was 3.28 ng/mL at 1 hr
(Tmax). AUC0–24 for unconjugated 3H-BPA
was 16.72 ng-hr/mL, a low value that was
similar to the value obtained for the monkeys
administered the same dose and time period
(12.36 ng-hr/mL). Because we did not have an
authentic standard for either BPA glucuronide
or BPA sulfate, the two expected BPA conjugates, we did not attempt to quantify conjugated serum 3H-BPA in this experiment.
Experiment 2B: relationship between
3 H-BPA dose and unconjugated serum
3H-BPA concentration in mice. The objective of experiment 2B was to determine the
relationship between administered oral dose
and serum concentration of 3H-BPA in adult
female CD‑1 mice measured 24 hr after BPA
dosing. In more detail, the results shown in
Figure 4 reveal that oral administration of a
single dose of 3H-BPA at 2–100,000 µg/kg
resulted in a linear relationship (R2 = 0.9807)
between the administered dose and the serum
concentration of unconjugated 3H-BPA 24 hr
after administration (based on a log–log plot).
Thus, these results provide evidence for a linear
relationship between doses and unconjugated
serum BPA concentrations in mice.
Experiment 2C: unconjugated and conjugated serum BPA concentrations in mice fed a
single dose of 100,000 µg/kg. In experiment 2B
we observed a linear relationship between the
administered dose of BPA and unconjugated
serum BPA over a 50,000-fold dose range

Table 2. Kinetic parameters for serum BPA in adult female CD‑1 mice during the 24 hr after a single oral
dose of 400 µg/kg or 100,000 µg/kg 3H‑BPA.

3.0
2.5
2.0
1.5
1.0
0.5
0

(69.3/400 µg/kg). We scaled the dose adminis
tered to mice (a single 100,000 µg/kg dose
of BPA) to the dose administered to humans
by multiplying the mouse serum–conjugated
BPA values at each time point by a factor of
0.000693 (69.3/100,000 µg/kg). We used
GraphClick (version 3.0; Arizona Software
2008) to capture data and calculate the AUC
for women by integration of the curve fit equation presented by Völkel et al. (2002) in their
Figure 7.
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Figure 3. Concentrations (mean ± SE) of unconjugated serum BPA during the 24 hr after oral
administration of 400 µg/kg 3H-BPA to adult female
CD‑1 mice (n = 5–7 per time point) and 400 µg/kg
dBPA to adult female rhesus monkeys (n = 10–11
per time point).
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Parameter
Cmax (ng/mL)
tmax (hr)
Kinitial (/hr)
Initial t½ (hr)
Kterminal (/hr)
Terminal t½ (hr)
AUC0–24 (ng-hr/mL)a
AUC0–∞ (ng-hr/mL)
Average AUC0–24 (ng/mL)
Scaled average AUC0–24 (ng/mL)b

400 µg/kg dose
(unconjugated)
3.28
1
–0.71
0.97
–0.02
33.64
16.72
38.72
0.70

100,000 µg/kg dose
Unconjugated
Conjugated
949.14
114151.86
1
1
–0.77
–0.66
0.90
1.05
–0.14
–0.17
4.90
4.07
2936.37
367887.45
2990.87
371418.70
122.35
15328.64
0.49
61.32

aConjugated/unconjugated AUC
b
0–24 ratio = 125.29 ng-hr/mL. AUC 100,000 µg/kg was scaled to 400 µg/kg by dividing by 250.
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Figure 4. Concentration of unconjugated serum
3H-BPA in adult female CD‑1 mice in relation to the
administered oral dose of BPA over a 50,000-fold
dose range (nominal dose: 2, 20, 400, and 100,000
µg/kg). Blood was collected 24 hr after administra
tion of BPA. y = 0.0017x 0.9798; R 2 = 0.9807.
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Figure 5. Unconjugated and conjugated serum BPA
concentrations in adult female CD‑1 mice (n = 4 per
time point) during the 24 hr after a single oral dose
of BPA (100,000 µg/kg).
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for rhesus monkeys and mice, including the
results for time points before 4 hr, although
data from collections before 4 hr were not used
in the analyses shown in Table 3.
The SE for serum-conjugated dBPA for
women and female monkeys overlapped at
every time point examined (Figure 7). The
absence of a difference in these data among
women, monkeys, and mice was reflected in
the similarity in values for the AUC between
4 and 24 hr after feeding (AUC4–24; Table 3).
Importantly, the data for mice were similar to
those for women and monkeys between 4 and
24 hr after a single feeding (Figure 7, Table 3).

Discussion
In this study in rhesus monkeys, an experimental model with direct relevance to humans, we
assessed the serum concentrations of unconjugated (biologically active) and conjugated
dBPA over the 24-hr period after oral exposure to 400 µg/kg dBPA predicted on the
basis of biomonitoring studies to be relevant
to human exposure levels (Vandenberg et al.
2007, 2010b; vom Saal et al. 2007). We then
evaluated the relevance of a rodent model for
primates by comparing the level of clearance of
unconjugated BPA from serum in the mouse
compared with the rhesus monkey. Because
marked differences between rodents and primates have been predicted (Goodman et al.
2009), these experiments directly address
two central issues that have been controversial: a) the rate at which unconjugated BPA
is cleared from serum in rhesus monkeys and
mice, and b) the oral dose of BPA necessary in
rhesus monkeys and mice to achieve serum levels of unconjugated BPA found in numerous
biomonitoring studies in humans.
Metabolism of oral BPA in monkeys and
mice. An often-stated assumption is that
humans rapidly conjugate all ingested BPA,
primarily via the action of UGT (Figure 1)
during the first pass of BPA through the liver.
(BPA is rapidly absorbed from the intestines
Unconjugated serum BPA (ng/mL)

10

1,000

Conjugated serum BPA (ng/mL)

Unconjugated serum
3H-BPA (ng/mL)

100

2002). Because we observed a linear relationship between administ ered BPA dose and
serum levels of BPA in adult female mice in
experiments 2B and 2C using two different
approaches, and because dose proportionality
for total serum BPA has also been reported
in rats (Doerge et al. 2010b), we compared
the data by Völkel et al. (2002) for serumconjugated dBPA in women with our data for
rhesus monkeys and CD‑1 mice. The BPA
dose administered to monkeys was scaled to
the human dose by multiplying the monkey serum-conjugated dBPA values at each
time point by 0.173 (69.3/400 µg/kg). The
BPA dose administered to mice, from experiment 2C in which mice were fed a single
100,000 µg/kg dose of BPA, was scaled to the
human dose multiplying the mouse serumconjugated BPA values at each time point by a
factor of 0.000693 (69.3/100,000 µg/kg).
We used only the data for women reported
by Völkel et al. (2002) (these are the only available data for women) because rodent data suggest that sex differences related to background
levels of testosterone may alter the metabolism
of BPA (Shibata et al. 2002; Takeuchi et al.
2006) and because there are differences in total
BPA in urine btween men and women (Calafat
et al. 2008). In addition, the data of Völkel
et al. (2002) differed for men and women at
24 hr (see their Figure 7).
The data comparing women, adult female
monkeys, and adult female mice, presented
in Figure 7 and Table 3, reveal that for the
women examined by Völkel et al. (2002) and
the adult female rhesus monkeys and mice that
we examined, the kinetics were very similar
for conjugated BPA in serum. In calculating
the AUC data in Table 3, we used only data
between 4 and 24 hr for women, monkeys,
and mice because Völkel et al. (2002) did not
report results for women before 4 hr. Therefore,
we were also able to compare directly only
the Kterminal values and not the Kinitial values.
However, in Figure 7 we show all of our data
Unconjugated serum BPA (ng/mL)

(2–100,000 µg/kg). Here we sought to determine whether adult female CD‑1 mice fed a
100,000 µg/kg dose showed the serum concentrations of unconjugated BPA predicted by
linear extrapolation when adjusted to a dose
of 400 µg/kg by dividing all serum concentrations by a scaling factor of 250. Because of the
high dose administered, instead of 3H-BPA we
used a chemical analysis method (HPLC with
CoulArray detection) to determine the unconjugated and conjugated concentrations of BPA.
This approach allowed comparison of the use
of 3H-BPA and authentic BPA on determination of serum concentrations of BPA over the
24 hr after oral administration.
The average values for unconjugated and
conjugated BPA over the 24 hr after a single
oral dose of 100,000 µg/kg are shown in
Figure 5 and Table 2. When we extrapolated
(scaled) the 100,000 µg/kg dose to 400 µg/kg
(by dividing each serum BPA value by 250) for
comparison with the data from adult female
mice administered 400 µg/kg 3H-BPA, unconjugated serum values of BPA and 3H-BPA
over the 24 hr after a single feeding were not
significantly different (Figure 6). This finding
reveals that the data for 3H-BPA determined
by HPLC separation and scintillation counting
were virtually identical to what would be predicted based on analysis of BPA by HPLC with
CoulArray detection. This finding also provides additional evidence for linearity between
administered dose and unconjugated serum
BPA in adult female mice throughout the
entire 24‑hr period after oral administration.
Experiment 3: serum concentrations of
conjugated BPA in monkeys and mice compared with data from women. The study by
Völkel et al. (2002) involved a single oral dose
of dBPA (average, 69.3 µg/kg) to adult men
and women. The assay the authors used lacked
the sensitivity required to measure unconjugated dBPA; thus, they reported only data for
conjugated serum dBPA during the 24 hr after
the single oral administration (Völkel et al.

5.0

Extrapolation from
100,000 µg/kg BPA

4.5
4.0
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Figure 6. Concentration of unconjugated serum
BPA in adult female CD‑1 mice during the 24 hr
after a single dose of 400 µg/kg 3H-BPA or 100,000
µg/kg BPA. The data for the 100,000-µg/kg dose are
extrapolated (scaled) to the 400 µg/kg data based
on the demonstrated linear relationship between
serum BPA and dose administered (Figure 4).
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claim report substantial laboratory BPA contamination in the range of ≥ 2 ng/mL (Doerge
et al. 2010a; Völkel et al. 2002), most of the
studies being rejected included explicit and
appropriate controls for contamination and
measured and reported low to undetectable
background BPA, and thus a low LOQ, which
is also the case for our studies (reviewed by
Vandenberg et al. 2010b). Several of the studies also detailed the steps taken to achieve a
low to undetectable background contamination. Thus, other reasons, such as selectivity
of the analytical technique, would be required
to support the hypothesis of overestimation of
human plasma BPA levels.
Our findings thus provide experimental
support for the prediction made in the National
Institutes of Health–sponsored Chapel Hill
Consensus Statement (Vandenberg et al. 2007;
vom Saal et al. 2007) that, to account for the
published concentrations of unconjugated
serum BPA in adult men and women, daily
oral doses of BPA would have to be at least
Monkey (scaled)
Human
Mouse (scaled)

1,000

228

22.8

100

10

2.28

1

0.23

0.1
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0.01
0
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20

Conjugated serum dBPA or BPA (ng/mL)

compared with predicted human BPA oral
exposure of < 1 µg/kg/day to achieve serum
concentrations similar to those reported in
biomonitoring studies. However, our dBPA
dose resulted in a relatively low 24-hr average
serum concentration of bioactive (unconjugated) dBPA (0.52 ng/mL) and a maximum
value of 3.95 ng/mL 1 hr after administration. These findings should be considered in
relation to numerous biomonitoring studies reporting median levels of 0.3–4 ng/mL
unconjugated BPA in serum from men and
women (Vandenberg et al. 2010a).
Only a few authors have rejected data from
human biomonitoring studies (Dekant and
Völkel 2008; Doerge et al. 2010b; Goodman
et al. 2009). This rejection is based on the
assumption that data demonstrating BPA
levels inconsistent with exposure models that
presume that humans ingest < 1 µg/kg/day
BPA must have involved the use of contaminated equipment that was the source of the
measured BPA. Although those making this

Conjugated serum dBPA or BPA (nM)

and transported to the liver via the portal vessels leading directly from the gut to the liver.)
Of great importance, our findings demonstrate that the first-pass metabolism of parent BPA after oral administration in rhesus
monkeys is not rapid or complete. In addition, our results show that the mean unconjugated serum dBPA concentrations at both
8 hr (0.35 ng/mL) and 12 hr (0.15 ng/mL)
after one oral administration of 400 µg/kg
dBPA were both well within the biologically
active range of BPA in human tissues and cells
(Hugo et al. 2008; Wetherill et al. 2002).
These data directly contradict statements made in reviews funded by the
Polycarbonate/BPA Global Group (Dekant
and Völkel 2008; Goodman et al. 2009). For
example, Goodman et al. (2009) stated that
“orally administered BPA is subject to extensive (≥ 99%) first-pass detoxifying metabolism.” These authors cited Völkel et al. (2002)
as the basis for the conclusion that there was
little concern for human health due to exposure to BPA. The prediction of rapid and complete first-pass elimination of parent BPA in
adult humans is based on a single study of
BPA metabolism in humans after one oral dose
(Völkel et al. 2002). In that study using three
women and six men, the LOQ was > 10 times
higher than in other published studies using
the same techniques (reviewed by Vandenberg
et al. 2010a). Because the assay used by Völkel
et al. (2002) was unable to detect unconjugated BPA in serum, the authors made predictions regarding the kinetics of unconjugated
BPA in the absence of data. We also note that
if the data presented in Figure 7 of Volkel
et al. (2002) are reanalyzed with the inclusion
of the 24‑hr time point for men (a value that
was excluded without explanation) and using
conjugated rather than total BPA values for
all time points, the terminal half-life increases
from the reported value of 3.4 hr to 6.0 hr.
Our results thus provide compelling evidence
that assumptions about the rate of BPA metabolism in humans based on the study by Völkel
et al. (2002) are inaccurate; this is consistent
with similar conclusions reached by others
(Gies et al. 2009; Vandenberg et al. 2010b).
Oral doses of BPA required to achieve
measured human serum levels. The second
major issue of contention concerns estimates
regarding the amount, as well as the route
of exposure, required to account for BPA
levels between 0.3 and 4 ng/mL detected
in human serum and urine in biomonitoring studies. The prediction that intermittent
oral exposure accounts for virtually all exposure to BPA by adults is clearly not consistent with these findings or a large number
of other published studies (Vandenberg et al.
2010a). Specifically, in our study with rhesus
monkeys, we were required to administer a
relatively high (400 µg/kg) dBPA oral dose

24 0.002

Time after administration (hr)

Figure 7. Concentration of conjugated dBPA or BPA in serum from adult female rhesus monkeys, CD‑1
mice, and humans during the 24 hr after one oral dose. Women were administered an average dose
of 69.3 µg/kg dBPA (Völkel et al. 2002). Rhesus monkeys were administered 400 µg/kg dBPA and mice
were administered 100,000 µg/kg BPA; results for monkeys and mice were scaled to 69.3 µg/kg, based
on evidence for linear kinetics and because in mice the administered dose was linear with serum BPA
between 2 and 100,000 µg/kg (Figure 4). Both nanomolar and nanograms per milliliter data are presented
for comparison with the human data of Völkel et al. (2002).
Table 3. Kinetic parameters for conjugated dBPA in serum during the 24 hr after administration of 69.3 µg/kg
dBPA to adult women (Völkel et al. 2002), compared with data from rhesus monkeys and CD‑1 mice in the
present study.
Kinetic parameter, day 1
Concentration at 4 hr [ng/mL (SE)]
Kterminal (/hr)
Terminal t½ (hr)
AUC4–24 [ng-hr-mL (SE)]
Average AUC4–24 (ng/mL)

Women
24.05 (9.52)
–0.18
3.76
148.51 (25.42)
7.43

Monkeys
19.82 (7.52)
–0.07
10.08
96.91 (18.91)
4.85

Mice
10.17
–0.17
4.07
134.1
6.7

The terminal t½ in women (n = 3) is based on data from Völkel et al. (2002; see their Figure 7) and is expressed
in hours instead of minutes. The K terminal was from 16 to 24 hr for women, 12 to 24 hr for monkeys, and from 6
to 24 hr for mice. Data presented here are for between 4 and 24 hr because Völkel et al. (2002) did not report
data for women before 4 hr. Monkey and mouse data were scaled to 69.3 µg/kg from the single dose of 400 µg/kg
dBPA fed to monkeys and 100,000 µg/kg BPA fed to mice. No variance estimates (SEs) are available from the mouse
study (experiment 2C) because serum samples were pooled for each time point.
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500 µg/kg (Vandenberg et al. 2007, 2010b).
The high end of the range of median values
reported for unconjugated BPA in human
serum corresponds to the highest levels we
saw only briefly in rhesus females after the
oral administration of 400 µg/kg/day, a dBPA
dose 8 times higher than the current U.S.
Environmental Protection Agency’s “safe” daily
intake dose of 50 µg/kg/day (U.S. EPA 1988).
Thus, if serum BPA concentrations in humans
are actually between 0.3 and 4 ng/mL, our data
raise grave concern that regulatory agencies have
grossly underestimated current human exposure
levels because they have relied on the prediction of Völkel et al. (2002) that nearly total
first-pass metabolism will ensure that bioactive
BPA is not present in human sera, when in fact
multiple human biomonitoring studies have
established this to be false.
On the basis of our findings, we propose
that the higher-than-predicted serum levels of
unconjugated BPA in men and women reflect
significant nonoral BPA exposure in addition to oral exposure. This is consistent with
other evidence suggesting that the consumption of BPA-contaminated food and beverages
alone is insufficient to account for the BPA
levels reported in human biomonitoring studies (Vandenberg et al. 2010b); this includes
data from the National Health and Nutrition
Examination Survey (NHANES) conducted by
the Centers for Disease Control and Prevention
(Stahlhut et al. 2009). A significant data gap is
the absence of a comprehensive list of products
containing BPA. Of particular concern is information about sources of nonoral exposures that
would lead to higher serum BPA concentrations
relative to oral exposures (no hepatic first-pass
effect), because unconjugated serum BPA levels
are higher in adults after nonoral exposure than
after oral exposure (Vandenberg et al. 2007).
One example of a recently identified source
of human exposure to BPA is thermal paper
receipts that could potentially result in trans
dermal exposure (Biedermann et al. 2010).
Kinetics of metabolism in monkeys and
mice, and comparison with prior data from
women. After an oral BPA dose of 400 µg/kg,
the serum concentrations of BPA in adult
female CD‑1 mice and rhesus monkeys were
very similar. However, the average concentration of unconjugated BPA in serum over
the 24 hr after administration to both mice
and rhesus monkeys (based on the average
AUC0–24) was about 0.5 ng/mL, which is at
the low end of the median concentrations of
unconjugated serum BPA (range, 0.3–4.4
ng/mL, or 1–19.4 nM) in men and women
(Vandenberg et al. 2010a). These findings thus
contradict an important assumption made
by U.S. and European regulatory agencies,
namely, that rodents and primates are predicted to show markedly different clearance
levels of BPA from serum. Importantly, this
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assumption has been central to the argument
that rodent studies are not relevant to primates
(including humans) for assessing the safety of
BPA (reviewed by Gies et al. 2009). Our data
(Figure 7) demonstrate the similarity in the
rate of phase II BPA metabolism (based on
conjugated BPA in serum) for humans, rhesus
monkeys, and mice.
Some authors have emphasized the importance of enterohepatic recirculation in rodents
as a critical factor that results in higher serum
levels of unconjugated BPA relative to primates after a similar oral dose (Teeguarden
et al. 2005). In fact, the data presented here
(Figures 3 and 5) show a very slight increase in
unconjugated serum BPA in adult female mice
(but not rhesus monkeys; Figure 2) between
4 and 6 hr after oral administration of BPA
at 400 µg/kg and 100,000 µg/kg. A similar
small but not statistically significant increase in
unconjugated serum BPA between 4 and 6 hr
after oral administration of BPA in rats has been
reported by others (Pottenger et al. 2000).
Taken together, the data do not support
the contention that enterohepatic recirculation of BPA is a major factor that justifies
disregarding findings from rodent studies in
assessing the potential risks to humans posed
by doses of BPA thousands of times lower
than the assumed lowest observed adverse
effect level of 50 mg/kg/day, the level that
was used to calculate the reference dose of
50 µg/kg/day (U.S. EPA 1988). In addition, the recognized difference in route of
clearance of BPA between rodents (primarily via the feces) and primates (primarily via
the urine) has also been incorrectly interpreted as supporting the prediction of a different level of clearance of BPA. Our data
clearly demonstrate that, in rhesus monkeys
and mice, the rate of clearance of unconjugated BPA from serum during the 24 hr after
oral BPA administration is virtually identical. These findings are consistent with those
of Tominaga et al. (2006), who reported
pharmacokinetic differences between cynomolgus monkeys and rats during the first 4 hr
after BPA administration but no difference in
the 24-hr average BPA serum concentration
(based on the average AUC0–24).
Relationship between administered and
internal dose of BPA, and age-related changes
in BPA pharmacokinetics. Our studies also
provide data on the relationship between
administered dose of BPA and unconjugated
serum BPA. In adult female mice, we found
this relationship to be linear over a wide range
of administered oral doses (particularly between
2 and 400 µg/kg). This finding was predicted
based on numerous studies in rats (Vandenberg
et al. 2007). A practical reason for examining this relationship is that researchers need
to know whether it is necessary to determine
the internal concentration of BPA for every
volume

dose administered or if they are potentially
able to extrapolate from data obtained with a
high dose to predict internal dose in response
to low administered doses of BPA; it is difficult to measure very low concentrations of
BPA in the limited amount of serum obtained
from mice or any young rodent. Our previous
study (Taylor et al. 2008), in which we compared unconjugated serum 3H-BPA after oral
administration and subcutaneous injection in
newborn mice (where it is difficult to measure
very low concentrations of BPA in the limited
amount of serum obtained), also revealed linearity of serum BPA with administered dose
regardless of route of administration.
A final important issue concerns the com
paris on of BPA metabolism in infant and
adult rodents and rhesus monkeys. We previously reported that the AUC0–24 for 3‑dayold CD‑1 female mice fed 395 µg/kg/day
3H-BPA in oil was 66.7 ng-hr/mL, with a
Cmax of 14.8 ng/mL (Taylor et al. 2008). Our
data here show a 4‑fold decrease in the AUC
and a 4.5‑fold decrease in Cmax in adult female
CD‑1 mice administ ered an oral dose of
400 µg/kg BPA (Table 2), reflecting the more
rapid metabolism of BPA in adults relative to
newborn mice. Consistent with these findings,
UGT activity toward BPA between postnatal
days 3 and 21, when adult levels of metabolism are reached, was shown to increase 4‑fold
in Wistar rats, which would result in adults
conjugating BPA 4 times faster than infants
(Matsumoto et al. 2002).
In contrast to our findings with CD‑1
mice, Doerge et al. (2010a) reported a markedly different change in the rate of unconjugated BPA clearance between birth and
adulthood in the FDA National Center for
Toxicological Research’s (NCTR) CD‑SD
rat, with a 20.5‑fold decrease in AUC and a
74.4‑fold decrease in Cmax for unconjugated
BPA between postnatal day 3 and adulthood.
In a companion study with rhesus monkeys,
Doerge et al. (2010b) also provided evidence
for an age-related decrease in AUC (3.8‑fold)
and Cmax (2.7‑fold) for unconjugated BPA
between 5‑day-old rhesus monkeys and
adults, changes similar in magnitude to those
in CD‑1 mice based on data in the present
study and our previous study (Taylor et al.
2008). However, the rhesus monkey study by
Doerge et al. (2010b) involved a small number
of animals, and the age-related differences were
reported to not reach statistical significance.
Thus, although Doerge et al. (2010b) found
evidence for approximately a 4‑fold change in
the rate of metabolism of unconjugated BPA
between infants and adults after oral exposure in rhesus monkeys, they concluded that
“there was no evidence for diminished Phase II
metabolism” in infants.
In the present study and in our prior study
in neonatal mice (Taylor et al. 2008), we used
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CD‑1/ICR mice, the model animal used by the
National Toxicology Program and in > 20 published studies from different laboratories reporting adverse effects of BPA (reviewed by Myers
et al. 2009; Richter et al. 2007). The conclusion by Doerge et al. (2010b) that “pharmacological effects observed in early postnatal rats
could overpredict those possible in primates
of the same age” may thus be accurate only
for the NCTR CD-SD strain of rat, a strain
derived from the CD-SD rat (Latendresse et al.
2009) that, in contrast to the CD‑1 mouse, has
not shown low-dose effects of BPA in many
toxicological studies (reviewed by vom Saal and
Hughes 2005). Our present findings clearly
demonstrate that adult CD‑1 mice and rhesus monkeys show virtually identical clearance
of unconjugated BPA from serum over the
24 hr after a single oral administration, and
that both the mouse and the monkey are very
similar to humans in serum-conjugated BPA
over the 24 hr after administration of the same
dose (Figure 7). Our findings support the consensus report on BPA from a meeting held
by the German Federal Environment Agency
(Umweltbundesamt) (Gies et al. 2009) that
rodents are appropriate models for predicting
serum levels of bioactive BPA in primates.
Many claims have been made concerning
the lack of relevance of rodents for predicting the consequences of BPA exposure for
primates, including humans. A large number
of low-dose studies reporting adverse effects
of BPA in mice have involved administered
doses that our findings here and elsewhere
(Taylor et al. 2008) show result in internal
doses of unconjugated BPA that are already
far exceeded by those found in multiple
biomonitoring studies in humans (reviewed
by Richter et al. 2007; Vandenberg et al.
2007, 2010a). For example, based on linearity
of administered and internal dose, a 20 µg/kg
oral dose of BPA is predicted to lead to an
average serum concentration over 24 hr of
about 0.04 ng/mL BPA in adult CD‑1 mice
(Table 2). This 20 µg/kg/day oral dose of BPA
caused adverse effects in adult mice as well as
in adult rats (Alonso-Magdalena et al. 2006;
Bindhumol et al. 2003; Sakaue et al. 2001;
reviewed by Richter et al. 2007). Assertions
that low-dose rodent studies involving both
developmental and adult exposures are irrele
vant for predicting the risk posed by BPA to
human health are misguided. These assertions
also ignore a large body of literature showing
that BPA has equal potency in both rodent
and human cells (Welshons et al. 2006).

Conclusions
Many studies have attempted to portray the
inability to detect unconjugated serum BPA
in one experiment conducted with a limited
sample size and a relatively insensitive assay
(Völkel et al. 2002) as an indication that all
Environmental Health Perspectives •
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administered BPA is completely metabolized
during its first pass through the liver. Our findings with rhesus monkeys in the present study
do not support this conclusion and indicate
that the adult rhesus monkey is a valid model
for predicting the serum levels of conjugated
BPA after oral exposure in humans. Our findings also suggest that the mouse is a valid predictor of serum-conjugated BPA after oral
exposure in humans. Finally, when the data
on BPA metabolism in infant and adult rhesus
monkeys reported in an FDA study (Doerge
et al. 2010b) are compared with our findings
in neonatal CD‑1 mice (Taylor et al. 2008)
and our data presented here, virtually identical
age-related changes in the rate of metabolism of
unconjugated BPA are evident in rhesus monkeys and CD‑1 mice. These findings lead to
the conclusion that the CD‑1 mouse is a valid
predictor of age-related changes in the rate of
metabolism of BPA in rhesus monkeys and
thus also likely in humans. Finally, ingestion of
the currently estimated exposure level of BPA
from food and beverages in the United States
(0.16 µg/kg/day) is not consistent with our
finding here of an average serum-unconjugated
BPA concentration of about 0.5 ng/mL in
rhesus monkeys and mice during the 24 hr after
ingestion of 400 µg/kg/day BPA.
Correction
In the manuscript originally published
online, Pierre-Louis Toutain and Céline M.
Laffont were omitted from the list of
authors; there were calculation errors in
Tables 1–3; and the y‑axis for unconjugated
BPA in Figure 5 was incorrect. All of these
have been corrected here.
In Supplemental Material, Part 2
(doi:10.1289/ehp.1002514), the authors
have included the original data as mean,
SE, and number of animals per treatment group, as well as analysis of the data
from these experiments using WinNonlin
(Pharsight Corporation, Cary, NC, USA)
and NONMEM (ICON Development
Solutions, Ellicott City, MD, USA) software that is used by the Food and Drug
Administration for analyzing pharmaco
kinetic data.
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Part 1
A. CHEMICALS
Tritiated BPA (3H-BPA; specific activity 7.3 Ci/mmol) was obtained from Moravek
Biochemicals (Brea, CA), and unlabeled BPA (>99% pure) was obtained from Aldrich
(Milwaukee, WI). Tocopherol-stripped corn oil was from MP Biomedicals (Solon, OH).
Methanol, water and tert-butyl methyl ether were HPLC grade and obtained from Fisher
Scientific (Pittsburgh, PA). Deuterated (d6)-BPA was purchased from C/D/N Isotopes Inc.
(Pointe-Claire, Quebec, Canada).
Water used in these studies was tested for the presence of background BPA, after
concentration on C18 Sep-paks (see Experiment 2C, below). BPA was not detected in this
water, even after a 250-fold concentration. Other sources of laboratory water tested had
values of 0-0.16 ng/mL. We have no evidence for BPA leaching from the HPLC equipment
or solvents; blank samples did not appear to contain BPA, and spiked samples gave
anticipated values.
B. EXPERIMENT 1
Deuterated BPA (dBPA) administration and sample collection for monkeys. All animals
were trained to accept small pieces of fruit prior to beginning the dBPA treatment period.
Fruit was small enough that animals would take the fruit in one bite and did not try to pull it
into smaller pieces prior to consuming it. Preferences of each animal were noted. The dBPA
dose for each animal was calculated based on body weight the day before the treatment
period began. dBPA was prepared as a 25 mg/mL ethanol stock solution, and the daily dose
fed was 400-µg/kg body weight given daily in the morning for 7 days. The dBPA/ethanol
solution (100-150 µL) was injected with a Hamilton 200 µL syringe into the center of fruit
pieces, such as grapes, banana slices, dates or dried apricots, so that the animal could
grasp the fruit and place it in its mouth without touching the dBPA.
Isotope dilution LC-MS analysis of unconjugated and conjugated dBPA. Serum
samples (1-2 mL) were spiked with 13C-BPA (Cambridge Isotopes Laboratories, Andover,
MA) as an internal standard, and extracted twice with methyl tert-butyl ether for
determination of unconjugated dBPA. The ether extract was dried under nitrogen and
reconstituted in 60:40 methanol:water. After extraction of unconjugated dBPA, for analysis
of unextracted conjugated dBPA (glucuronidated and sulfated forms), the samples were
treated overnight at 37oC with b-glucuronidase/aryl sulfatase (Sigma) and then extracted by
the same procedure used for unconjugated dBPA.
Serum dBPA was assayed by LC-MS using a Thermo Finnigan Surveyor MSQ plus
connected to an integrated Thermo-Accela LC system; analytes were detected using
electrospray ionization with negative polarity, a cone voltage of 70V, and probe temperature
of 600oC. Separations were performed on a 1.9 micron Hypersil Gold HPLC column (50x2.1
mm) with a mobile phase gradient running from 20% to 95% acetonitrile over 6 minutes, at
550 µL/minute. dBPA and 13C-BPA were detected using selected ion monitoring for m/z 233
and m/z 239 respectively. Thermo Xcalibur software was used to autotune, acquire, and
process the LC/MS data. Isotope dilution quantitation was made against a standard curve of
at least 5 calibration standards (dBPA and 13C-BPA) to adequately cover the expected BPA
concentration range. The limit of quantitation (LOQ) for BPA in serum was 0.2 ng/mL (parts
3

per billion, ppb) based on extraction of 2 mL of serum, which was at least 5 times
background. The coefficient of variation for the LOQ was 8%. Intra- and inter-assay
coefficients of variation, derived from five assays, were 9.8% and 18.3% respectively. The
standard curves were linear (for example, R2 = 0.9778) based on visual inspection.
C. EXPERIMENT 2A
Methods for measuring unconjugated 3H-BPA in serum. Two volumes of cold absolute
methanol were added to volumes of serum ranging from 150-350 mL. Precipitated proteins
were pelleted at 4oC by centrifugation for 15 minutes at 3,000 x g. The supernatant was
dried under nitrogen, and brought to 50% methanol by the addition of 75 mL methanol and
75 mL distilled deionized H2O. The reconstituted samples were separated by HPLC on a
reverse phase Hypersil C18 column (4.6 x 100 mm, Phenomenex), using a mobile phase of
65% methanol at a flow rate of 0.55 mL/min, as previously described (Taylor et al. 2008).
Elution of separated components was monitored by UV absorbance at 260 nm on a PerkinElmer LC-90 spectrophotometric detector, and also using a bRAM in-line scintillation
counter (IN/US Systems, FL) to monitor radioactivity. Authentic 3H-BPA (Moravek) was used
as a standard to identify expected elution times. Fractions from injected samples were
collected at 20-second intervals across a window spanning the authentic BPA elution time,
and radioactivity per fraction was counted on a scintillation counter for 10 minutes/sample
(this provides greater sensitivity and accuracy than the bRAM measurements).
BPA was quantified by summing the radioactivity in the fractions eluting at the same time
points as authentic BPA. Counts per minute (cpm) were converted to mass by referencing
the specific activity of the original administered oil sample. The sensitivity of the assay,
calculated as two-fold above background cpm, was 0.28 ng BPA/mL serum.
The running time for BPA was verified at regular intervals using 3H-BPA and also using
positive control samples, which consisted of untreated mouse serum containing 3H-BPA
(~2700 cpm per 100 µL). The recovery of the added 3H-BPA, determined by comparing the
sum of the radioactivity measured in the HPLC fractions to radioactivity in spiked plasma
that had not been extracted, averaged (±SEM) 84.1±10.4% across 4 positive control sample
runs. Background counts, determined individually for all sample runs were similar, averaging
13.17±0.868 cpm. Mouse sample values were adjusted for recovery.
D. EXPERIMENT 2C
HPLC-CoulArray analysis of unconjugated and conjugated BPA. Two volumes of cold
absolute ethanol were added to serum. Precipitated proteins were pelleted at 4oC by
centrifugation for 15 minutes at 3,000 g. The supernatant was brought to 600 µL using High
Performance Liquid Chromatography (HPLC)-grade water (Fisher Scientific) and passed
through a C18 Sep-Pak SPE cartridge (Waters). Sep-pak cartridges were pre-washed with
15 mL methanol to remove potential BPA contamination; prior tests had determined that
BPA leakage was variable, but that the highest levels seen ere removed by this
pretreatment. The SPE eluate was dried down under nitrogen, and then reconstituted in
50% methanol for HPLC separation. Conjugated BPA (glucuronidated and sulfated forms)
was determined using the same sample preparation after treatment of 100 µL aliquots of
serum overnight with ß-glucuronidase/aryl sulfatase (Sigma). Concentrations of BPA in
sample extracts were determined by HPLC with an ESA CoulArray 5600 detector.
Separation was performed on a reverse-phase 250 mm Prodigy C18 column
4

(Phenomenex), with a mobile phase of 36:24:40 acetonitrile: methanol: 0.05 M sodium
acetate buffer (pH 4.8), and with the CoulArray cell potentials set at 325, 400, 720 and
875 mV. The limit of detection under these conditions was 9 ng/mL. Extraction efficiency
was assessed using mouse serum samples spiked with 5 ng BPA, extracted as described
above; recoveries averaged 89.97%. The intra-assay coefficient of variation, based on the
analysis of 12 internal standards, was 1.4%.

Part 2
A. MEANS, SE, AND NUMBER OF ANIMALS PER GROUP FROM EACH EXPERIMENT
Table 1. Experiment 1 data for unconjugated and conjugated serum dBPA in adult female
rhesus monkeys over the 24 hr after a single (day 1) or seven (day 7) consecutive days of
oral exposures to a 400 µg/kg dBPA. Each monkey was repeatedly bled, 8 times over 24 hr,
on day 1 and day 7.
Unconjugated dBPA,
ng/mL

Day 1

Day 7

Time
(hr)
0
0.5
1
2
4
8
12
24
0
0.5
1
2
4
8
12
24

Mean
0.00
3.05
3.95
1.96
0.63
0.34
0.15
0.08
0.07
3.15
4.40
1.87
0.60
0.18
0.13
0.04

SEM
0.00
0.75
0.55
0.30
0.11
0.15
0.08
0.05
0.04
0.42
0.54
0.17
0.12
0.05
0.04
0.02

Conjugated dBPA,
ng/mL
n
11
11
11
11
11
11
11
11
10
10
10
10
10
10
10
10

Mean
0.13
140.02
134.25
149.47
114.39
39.96
13.44
10.54
9.59
104.40
226.96
150.68
88.02
38.19
40.94
21.93
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SEM
0.07
51.68
42.41
14.58
43.43
14.24
4.83
7.11
4.30
19.51
46.23
39.67
17.01
8.03
17.36
13.35

n
8
8
8
8
8
8
8
8
10
10
10
10
10
10
10
10

Table 2. Experiment 2A data for unconjugated serum 3H-BPA in adult female CD-1 mice
over the 24 hr after a single oral administration of 400 µg/kg 3H-BPA. Values at each time
point were from different animals.
Time
(hr)
0.5
1
2
3
4
6
24

Mean
1.53
3.28
2.21
0.79
0.81
0.52
0.45

SEM
0.49
1.06
0.47
0.10
0.19
0.11
0.12

n
5
7
7
6
6
6
6

Table 3. Experiment 2B data for unconjugated serum 3H-BPA in adult female CD-1 mice at
24 hr after a single oral administration of varying doses of 3H-BPA. Values at each dose
were from different animals.
Dose
(µg/kg)
2
20
400
100000

Mean
0.0058
0.03
0.58
167.96

SEM
0.00
0.01
0.14
30.04

n
7
4
6
5

Table 4. Experiment 2C data for unconjugated and conjugated serum BPA in adult female
CD-1 mice over the 24 hr after a single oral administration of 100,000 µg/kg BPA. Each
value is derived from one pool of blood from 4 mice.
Conjugated
BPA,
Time Unconjugated
ng/mL
(hr) BPA, ng/mL
0
0.000
0.904
0.5
429.63 20414.069
1
949.136 114151.862
2
323.667 40844.218
3
201.77 30383.479
4
109.013 14673.340
6
125.142 17341.327
24
7.704
601.701
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Table 5. Experiment 3 data for conjugated serum dBPA in women over the 24 hr after a
single oral administration of 69.3 µg/kg BPA. Data were obtained from Volkel et al. (2002)
using GraphClick software and converted from nM to ng/mL using standard methods.
dBPA, ng/mL
Time
(hr)
0
4
8
12
16
24

dBPA, nM
n

Mean
0
24.050
14.444
5.291
3.174
0.606

SEM
Mean
0
0
9.523 105.485
4.637 63.352
0.426 23.207
2.330 13.921
0.304
2.656

SEM
72.344
35.226
3.240
17.702
2.307

3
3
3
3
3

PHARMACOKINETIC AND STATISTICAL ANALYSES USING WinNonlin AND NONMEM
SOFTWARE
1. Non-compartmental analysis (experiment 1 with rhesus monkeys and
experiment 2A with mice)
Serum concentration-time profiles were analyzed with a Non-Compartmental Analysis
(NCA) using WinNonlin (WinNonlin® professional version 5.3 Pharsight Corporation, Cary,
NC, USA). Area under the curve (AUC) up to the last quantifiable serum concentration, i.e.
AUC(0-Clast), was calculated by using the linear trapezoidal rule. Extrapolation to infinity to
obtain AUC(0-infinity) was calculated by dividing the last observed quantifiable serum
concentration by the slope of the terminal phase as estimated by linear regression using the
best fit option of WinNonlin. Mean Residence Time (MRT), which refers to the average total
time BPA molecules of a given BPA dose spend in the body, was obtained with and without
extrapolation to infinity by using statistical moments (Gibaldi and Perrier 1982). MRT can be
viewed as the arithmetic mean of times that each BPA molecule spends in the body, and it
is a metric of persistency of BPA in the body because it is a stochastic view of BPA
pharmacokinetics (PK) in the body.
The apparent oral clearance (Cl/F) was obtained by dividing the administered BPA dose by
the corresponding AUC(0-infinity) or AUC(0-Clast), Clast being the last quantifiable serum BPA
concentration. For mice administered 400 µg/kg BPA, there was a single point per mouse
and 6 or 7 mice per sampling time, and the sparse data option of WinNonlin was used,
allowing computation of the different standard errors (SE) associated with estimated
parameters. Definitions of the different computed parameters are given in Table 6.
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Table 6. Definition of the pharmacokinetic parameters computed using a noncompartmental analysis for rhesus monkeys and mice.
PK Parameter
Definition
AUC_%Extrap_obs Percentage of AUCINF_obs that is due to extrapolation from Tlast to
infinity; extrapolation done with lambda_z; AUC: Area under the curve
AUCINF_obs
AUC from time of dosing (0) to infinity; extrapolation with the last
quantifiable (i.e. above LOQ) concentration divided by the terminal
slope (lambda_z)
AUClast
AUC from time of dosing (0) to the time of the last quantifiable
concentration
Cl_F_obs
Apparent total serum clearance for extravascular administration (or
oral clearance) calculated from AUCINF_obs
Cl_F_last
Apparent total serum clearance for extravascular administration (or
oral clearance) calculated from AUClast
Clast
Concentration observed at Tlast
Cmax
Maximal serum BPA concentration
HL_Lambda_z
Terminal half-life (ln(2)/terminal slope); best fit option of WinNonlin
MRTINF_obs
Mean Residence Time (MRT) extrapolated to infinity using the last
quantifiable serum concentration for extrapolation
MRTlast
Mean Residence Time (MRT) from time of dosing to the last
quantifiable serum BPA concentration
Tlast
Time of last quantifiable serum concentration
Tmax
Time of maximal serum BPA concentration
Additional output
Corr_XY
SE_AUClast
SE_Cmax

Definition
Correlation between time (X) and log concentration (Y) for the points
used in estimation of the terminal slope (lambda_z)
Standard error (SE) associated with AUClast estimate for sparse data
analysis in WinNonlin (mouse data)
Standard error (SE) associated with Cmax estimate for sparse data
analysis in WinNonlin (mouse data)
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Results of the non-compartmental data analysis for the monkey are given in Table 7.

Table 7. Pharmacokinetic parameters for unconjugated BPA obtained by a noncompartmental data analysis in rhesus monkey; BPA dose of 400 µg/kg by oral route.
Parameter
AUC_%Extrap_obs
AUC_%Extrap_obs
AUCINF_obs
AUCINF_obs
AUClast
AUClast
Cl_F_obs
Cl_F_obs
Clast
Clast
Cmax
Cmax
Corr_XY
Corr_XY
HL_Lambda_z
HL_Lambda_z
MRTINF_obs
MRTINF_obs
MRTlast
MRTlast
Tlast
Tlast
Tmax
Tmax

Days
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7
Day1
Day7

Units
%
%
hr*ng/mL
hr*ng/mL
hr*ng/mL
hr*ng/mL
mL/hr/kg
mL/hr/kg
ng/mL
ng/mL
ng/mL
ng/mL

hr
hr
hr
hr
hr
hr
hr
hr
hr
hr

Mean
16.7
8.2
13.7
10.7
10.7
9.5
36759
40879
0.66
0.51
4.29
4.46
-0.93
-0.95
2.64
1.75
4.05
2.74
2.43
1.97
7.45
6.6
0.91
0.95
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SE
4.8
1.2
2.6
1.1
2.0
1.1
5491
4330
0.21
0.15
0.59
0.51

Min
5.1
3.7
5.2
6.4
4.6
6.0
11784
24457
0.22
0.20
1.96
2.15

Median
10.2
7.9
10.9
9.4
8.9
8.2
36954
42719
0.42
0.36
3.97
4.22

Max
48.4
14.1
33.9
16.4
26.5
15.8
76707
62424
2.59
1.77
8.87
7.94

0.87
0.32
1.31
0.45
0.67
0.27
1.79
1.1175
0.06
0.05

1.00
0.83
1.73
1.58
0.96
1.00
2
2
0.5
0.5

1.74
1.51
2.66
2.09
1.88
1.64
8
6
1
1

10.23
3.57
15.47
5.46
8.93
3.55
24
12
1
1

Raw data for mouse corresponding to Experiment 2A (BPA dose of 400 µg/kg) are shown in
Figure 1 and results of the NCA are given in Table 8.

Table 8. Pharmacokinetic parameters for unconjugated BPA obtained by a noncompartmental data analysis in mice; BPA dose of 400 µg/kg by oral route.
Parameter
AUC_%Extrap_obs
AUCINF_obs
AUClast
SE_AUClast
Cl_F_obs
Cl_F_last
Clast
Cmax
SE_Cmax
Corr_XY
HL_Lambda_z
MRTINF_obs
MRTlast
Tlast
Tmax

Units
%
hr*ng/mL
hr*ng/mL
hr*ng/mL
mL/hr/kg
mL/hr/kg
ng/mL
ng/mL
ng/mL
hr
hr
hr
hr
hr

Estimate
45.67
29.94
16.26
1.78
13361
24593
0.403
3.28
1.06
-0.862
23.52
30.9
8.2
24
1

In Tables 7 and 8, apparent oral clearances (Cl/F) are reported for monkeys and mice,
respectively. Cl refers to the systemic clearance after intravenous administration, and F
refers to the unknown BPA oral bioavailability (from 0 to 1); F can be estimated from the
present data if it is assumed that: (1) the BPA absorption from the gastrointestinal tract is
total, (2) BPA is only metabolized by the liver with no renal elimination of unchanged
compound, (3) BPA pharmacokinetics is linear, and (4) BPA serum clearance is equal to
BPA blood clearance. Under these assumptions, the apparent oral clearance (Cl/F) is an
estimate of the BPA intrinsic clearance (Clintrinsic) (see Gibaldi and Perrier, page 332-334 for
explanation), and then the overall bioavailability of BPA after an oral BPA administration can
be estimated by the following relationship (Equation 1):

F=

Qh
Qh
=
Qh + (Dose AUCoral ) Qh + Cl intrinsic

Eq 1

In Equation 1, Dose is the administered BPA dose (400 µg/kg), AUCoral is the estimated
AUC(0-infinity) as reported in Table 7 for monkey or the estimated AUC(0-Clast) as reported in
Table 8 for mouse, and Qh is the hepatic blood flow. In the present experiment, the
estimated oral clearance in rhesus monkeys was 36759 mL/kg/hr (first day) and
40879 mL/kg/hr (seventh day) (Table 7). Using a mean value for the BPA oral clearance of
647 mL/kg/min, a hepatic blood flow of 35 mL/kg/min in rhesus monkeys and solving
Equation 1 give an estimate of F of 5.13%.
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The hepatic BPA extraction ratio (Eh) of BPA in rhesus monkeys is given by:
Eh = 1 − F = 1 − 0.05 = 0.95
This means that the hepatic first pass-effect (95%) of BPA in rhesus monkeys is large but
not total.
Using the same approach and the same hypotheses, and considering that the hepatic blood
flow in mice is about 100 mL/kg/min, the intrinsic clearance of BPA in mice was estimated to
be 24593 mL/kg/hr (= 410 mL/kg/min); F was estimated to be 19.6%, and the hepatic
extraction ratio to be about 0.80, indicating that internal exposure to parent BPA by the oral
route is greater in mice than in rhesus monkeys (all other things being equal), because the
apparent hepatic first-pass effect is only about 80% in mice.

2. Compartmental analysis (experiment 1 in rhesus monkeys)
A so-called population pharmacokinetic analysis was performed on BPA serum
concentration data obtained in female rhesus monkeys on day 1 and day 7 after
administration of 400 µg/kg/day BPA by the oral route. The objective of the analysis was to
properly analyze the data in monkeys, which contained a number of measurements of BPA
concentrations below the LOQ of 0.2 ng/mL (38%).
The software used for the analysis was NONMEM software version VI (GloboMax, ICON
Development Solutions, Ellicott City, MD), and the estimation method was the FOCE-I
method (first-order conditional estimation with interaction). A total of 157 observations were
included in the analysis, corresponding to all quantifiable (N = 97) and non-quantifiable
(N = 60) concentrations obtained in Experiment 1, apart from the samples taken prior any
BPA administration. For the non-quantifiable concentrations, the information that these
concentrations were below the LOQ was taken into account when computing the likelihood,
according to a previously described method (Method M3 in Ahn et al. 2008).
The nonlinear mixed effects model shown in Equation 2 was used for the analysis.

Yij = f ( D,ψ i , tij ) + g( D,ψ i , tij , σ )ε ij

iid

with

ε ij ~ N (0,1)

Eq 2

In Equation 2, Yij is the observation in the ith monkey (i = 1…11) at time tij (j = 1…ni), and ni
being the number of observations per animal; D refers to the dose(s) administered, ψ i is the
vector of individual pharmacokinetic parameters in the ith monkey, σ is a vector of unknown
real constants, and ε ij is a random variable accounting for the residual error (analytical
error, model misspecification); g denotes the function depending on D, ψ i , tij and σ that
codes for the residual error model; and f denotes the function depending on D, ψ i and tij
that codes for the structural pharmacokinetic model after single or repeated doses. In the
case of a two-compartment model with first-order absorption and for a single dose
administration, f is expressed as follows in Equation 3.
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f (t ) =

D
(
Ae −αt + Be − βt − ( A + B )e − Kat )
(Vc / F )

Eq 3

In Equation 3, α (1/hr) is the rate constant of the initial phase, β (1/hr) is the rate constant of
the terminal phase, Ka (1/hr) is the absorption rate constant, Vc/F (L/kg) is the apparent
central volume of distribution, A and B (no unit) are macroconstants, and t is the time after
dose (hr).
Model parameterisation was in macroconstants in order to estimate directly the rate
constants of the different phases. For a two-compartment model with first-order absorption,
the corresponding parameterisation in NONMEM is in Ka, α, β, A/B and Vc (ADVAN4
t
TRANS5) so that ψ i = (Kai , α i , β i , (A / B)i , (Vc / F )i ).
At the population level, it was assumed that the individual pharmacokinetic parameters ψ i
were log-normally distributed, as shown in Equation 4.

log(ψ i ) = log(θ ) + ηi

iid

with

ηi ~ N (0, Ω)

Eq 4

In Equation 4, θ is an unknown vector of fixed parameters (or fixed effects), ηi is the vector
of real random effects associated with subject i and accounting for inter-individual variability
and Ω is a variance-covariance matrix; ηi and ε ij are assumed independent.
For the sake of simplicity and given the data, we assumed that Ω was diagonal.
Model selection was based on the objective function (defined as minus twice the loglikelihood up to an additive constant), basic diagnostic plots and inspection of standard
errors for model parameter estimates. Differences in objective function between nested
models were tested by using the likelihood ratio test. Different models were investigated for
the residual error, such as the proportional error model: ( g( D,ψ i , tij , σ ) = σ × f ( D,ψ i , tij ) ), and
the combined error model: ( g( D,ψ i , tij , σ ) = σ 1 × f ( D,ψ i , tij ) + σ 2 ).
The adequacy of the final selected model was evaluated through visual predictive checks.
Visual predictive checks are a Monte Carlo simulation based method that compares graph
observations with model predictions as a function of time. Specifically, 1000 replicates of the
study design were simulated with the final model (1000×11 simulated monkeys in total). The
distribution of model predicted concentrations was summarized at each time point by the
50th percentile (median) as well as the 5th and 95th percentiles delineating the 90%
prediction interval. These percentiles were then plotted against time and superimposed with
observations. Model simulations were also used to derive the 90th and 95th percentiles of the
terminal half-life (calculated as log(2)/β) together with the corresponding 95% confidence
intervals (denoted CI95%). All graphs were created by R software version 2.7.2.
Based on all quantifiable and non-quantifiable unconjugated dBPA serum concentration
data, the final selected model was a two-compartment model with first-order absorption, with
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inter-individual variability on the apparent central volume of distribution (Vc/F) and on the
terminal phase rate constant (β). Inter-individual variability on Ka, α and A/B could not be
properly estimated given the data. A combined error model (with additive and proportional
components) was selected for the residual error.
This final model was judged to adequately describe BPA concentrations in rhesus monkeys
based on the visual predictive checks (Figure 2); indeed, observations lie mainly within the
90% prediction interval of the model predictions at each time point. Model parameter
estimates are displayed in Table 9. Estimations of the geometric means of α and β were
1.58 and 0.298 1/hr, respectively. Mean half-lives were calculated from these population
estimates, giving 0.44 hr (26 min) for the initial phase and 2.32 hr for the terminal phase.
Relative standard errors of mean half-lives were derived from the relative standard errors of
α and β population estimates and were actually the same (17 and 27%, respectively).
Given the large inter-individual variability estimated on β, a large inter-individual variability is
predicted by the model on the terminal half-life. According to the model, 10% of the subjects
are expected to have a terminal half-life above 6.3 hr (CI95% of [2.8; 10]), and 5% of the
subjects to have a terminal half-life above 8.2 hr (CI95% of [3.4; 14]). It is noteworthy,
however, that estimation of inter-individual variability was based on only 11 monkeys.
Overall, the relative short half-lives regarding the 24 hr dosage interval explain the lack of
accumulation for BPA following repeated daily administrations.
Please note that models with inter-occasion variability were tested during the model
building, since BPA serum concentrations were measured on two different occasions (day 1
and day 7). Here, inter-occasion variability refers to the difference in individual
pharmacokinetic parameters between day 1 and day 7 in a given monkey. This difference is
regarded as random and was modelled in terms of random variables κ. Inter-occasion
variability, however, could not be properly estimated from the data and was not included in
the final model.
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Table 9. Parameter estimates of the population pharmacokinetic model developed for
unconjugated dBPA in the 11 adult female rhesus monkeys. Relative standard errors
(calculated as SE/estimate×100 and denoted RSE) are provided in parentheses. As
variance estimates refer to the variance of log-transformed individual pharmacokinetic
parameters, the coefficients of variation of untransformed individual pharmacokinetic
parameters are also displayed (in square brackets).
Pharmacokinetic parameter

Geometric mean
estimate
1.46 (17)

Variance estimate
[CV%]
-a

Initial phase rate constant α (1/hr)
Terminal phase rate constant β
(1/hr)
Ratio of macroconstants A/B (no
unit)
Apparent central volume Vc/F (L/kg)

1.58 (17)

-a

0.298 (27)

0.597 (76) [90%]

6.01 (9.7)

-a

41.3 (13)

0.0431 (68) [21%]

Residual error model

Estimate

proportional coefficient σ1 (%)

35.5 (16)

additive coefficient σ2 (ng/mL)

0.122 (21)

Absorption rate constant Ka (1/hr)

a

Variances expressing inter-individual variability were not estimated but fixed to zero in the
model for Ka, α and A/B.
3. Dose proportionality (experiment 2B in mice)
Different statistical analyses were used for the assessment of BPA dose proportionality
between BPA doses of 2 to 100,000 µg/kg: (i) dose normalization (scaling) of the BPA
serum concentrations by the administered BPA nominal dose (from 2 to 100,000 µg/kg)
followed by an analysis of variance (ANOVA) with the dose level as factor; (ii) testing
linearity of BPA disposition for the entire BPA dose range (from 2 to 100,000 µg/kg and from
2 to 400 µg/kg).
The linearity of BPA disposition over the entire BPA dose range (see Figure 3 in the
published article) was first tested with a power model of the form shown in Equation 5

Y = αX β EXP(ε )

Eq 5

In Equation 5, β is the power term, Y represents the dependent variable (here BPA
concentration at 24 hr post BPA administration), X represents the dose, and ε is a residual
term. Following a logarithmic transformation of both sides, the relationship between
log(concentration) and log(dose) becomes a linear relationship, to which a linear regression
approach can be applied as shown in Equation 6.
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log(Y ) = log(α ) + β log( X ) + ε

Eq 6

Assuming that the underlying relationship between log(concentration) and log(dose) is
linear, a value of 1 for β indicates perfect dose proportionality. Therefore, the estimate of β
together with a suitable Confidence Interval (CI) can be used to quantify dose
proportionality. The advantage of this model is that it generally stabilizes variance. To
interpret the slope, an equivalence approach was used as explained by Smith et al. (2000)
to accept or reject the hypothesis that the slope is close to 1. The a priori acceptable CI for
the slope is given by the following relationship shown in Equation 7.

1−

log(0.8)
log(1.25)
< slope < 1 +
log(dose _ ratio)
log(dose _ ratio)

Eq 7

Here 0.8 and 1.25 are the critical values suggested by regulatory authorities for any
bioequivalence problem after a data log transformation. Using this equivalence approach,
dose proportionality was not demonstrated either for the 2 to 100,000 or for the 2 to
400µg/kg doses. Consequently, dose proportionality and linearity were tested without fixing
an a priori equivalence interval using weighted linear regression (Weight= 1/Y2) between the
nominal dose (from 2 to 400 µg/kg) and observed plasma concentrations. First a polynomial
equation including a quadratic term (see Equation 8) was used to assess a possible lack of
fit regarding the linear model corresponding to a simple straight line.

Y = α + β1 X + β 2 X 2 + ε

Eq 8

Here the hypothesis is whether or not β 2 equals zero; if β 2 is not significantly different from
0, the simple linear weighted regression (Weight=1/Y2) is accepted, and then Equation 9 is
used to test linearity/ proportionality.

Y = α + βX + ε

Eq 9

Here the hypothesis that α=0 is tested; if α=0, then the BPA disposition is said to be linear,
and serum concentrations increase with the administered dose, with proportionality
coefficient β.
All regressions were performed using WinNonlin Professional software (WinNonlin, version
5.0.1, Pharsight Corporation, Mountain View, CA, U.S.A.). Goodness of fit was determined
by visual inspection of the fitted curve and of the residuals scatter plot.
The results were as follows: the mean serum BPA concentrations scaled by the
administered dose were rather similar across the tested doses, with no trend. The P value
associated with the one way ANOVA was P=0.5059, indicating that the null hypothesis
(dose proportionality) could not be rejected. This conclusion is not equivalent to the
conclusion saying explicitly that there is evidence of dose BPA proportionality, and linearity
and proportionality were tested using regression models. Data for doses ranging from 2.3 to
98447 µg/kg that were analyzed after a log-log transformation indicated a good fit. Plot of
the fitted curve is given by Figure 3; plot of residuals is given in Figure 4. Inspection of these
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figures indicates that the log-log transformation stabilized variance (i.e. homoscedasticity is
obtained).
Thus, the results of the regression were considered with an estimated slope of 0.979942.
The univariate 95% CI for the slope was 0.9165-1.0433, and the shortest 90% CI was
0.9275-1.032; this is the classical shortest interval computed for a bioequivalence problem.
The BPA dose ratio tested (higher vs. lower tested dose) was 98,447/2.3=42,803. Thus, the
a priori confidence interval for this BPA dose ratio was 0.9790-1.0209 (see Equation 7); it
can be concluded that both the 95% and the 90% CI for the slope were not totally included
within this a priori regulatory recommended CI, and that BPA dose proportionality cannot be
proved for this full range of BPA doses; as explained by Smith et al. (2000), as the dose
ratio increases, the critical region for the slope narrows. It is intuitive that the criterion for
proportionality should be more stringent for a large dose range than that for a narrow range.
Data for doses ranging from 2.3 to 396.9 µg/kg were also analyzed after a log-log
transformation, and using the shortest 90% CI, it was impossible to make a conclusion
about BPA dose proportionality.
From the weighted linear regression approach, however, there was no evidence of a lack of
fit ( β 2 not significantly different from 0 in Equation 8); then using Equation 9, it was shown
that the intercept (α in Equation 8) was not significantly different from 0 (Figures 5 and 6),
and the hypothesis of dose linearity was accepted for the BPA dose range from 2 to 400
µg/kg.
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C. FIGURES

Figure 1: Semi-log plot of unconjugated BPA serum concentrations in mice after an oral
BPA administration at 400 µg/kg (1 point per mouse, 6 – 7 mice per sampling time).
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Figure 2. Visual predictive checks comparing unconjugated dBPA serum concentrations
observed in the 11 adult female rhesus monkeys with their predictions according to the
population pharmacokinetic model (left: Cartesian scale; right: semi-logarithmic scale).
Model predictions were generated by Monte Carlo simulation using the final model
parameter estimates and the study design. They are summarized at each time point by their
median (bold line) and their 90% prediction interval (grey area). Observations above the
LOQ (dashed line) are represented by dots, while observations below the LOQ are
represented by stars. Note that only strictly positive values could be plotted on the graph
with the semi-logarithmic scale. Since no differences between day 1 and day 7 were found,
all data were plotted on the same graph as a function of the time after dose.
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Figure 3: Observed Y and Predicted Y for the power (linear log-log) model, with data
corresponding to doses ranging from 2.3 to 98,447 µg/kg (log-log scale); visual inspection of
Figure 3 gives good apparent fit.
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Figure 4: X vs. weighted residual Y for a log-log linear power model with data
corresponding to doses ranging from 2.3 to 98,447 µg/kg; inspection of Figure 4 indicates
appropriate scatter of residuals (no bias, homoscedasticity).
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Figure 5: Observed Y and Predicted Y for the simple weighted linear model with data
corresponding to dose ranging from 2.3 to 400 µg/kg; visual inspection of Figure 5 indicates
good fit. Data were analyzed by a simple weighted (1/Y2) linear model with data
corresponding to doses ranging from 2.3 to 400 µg/kg.
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Figure 6: X vs. Weighted Residual Y for a simple linear model with data corresponding to
BPA doses ranging from 2.3 to 400 µg/kg; inspection of Figure 6 suggests homoscedasticity
and lack of misfit. Data analyzed by a simple weighted (1/Y2) linear model with data
corresponding to doses ranging from 2.3 to 400 µg/kg.
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