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Abstract

Route of administration of chemicals in adults is an important factor in pharmacokinetics of chemicals such as bisphenol A (BPA), the monomer
with estrogenic activity used to make polycarbonate plastic products and to line food and beverage cans. Based on findings in adults it has
been proposed (CERHR, 2007) that non-oral routes of administration in newborn rodents would also lead to high exposure relative to oral
administration. However, in fetuses and neonates, the enzyme that conjugates BPA (UDP-glucuronosyltransferase) is expressed at low levels,
suggesting that there may be no differences in pharmacokinetics between oral and non-oral dosing. We thus conducted an analysis of plasma
concentrations of unconjugated *H-BPA after HPLC separation in postnatal day 3 female mice throughout the 24 h after administering *H-BPA
orally or via subcutaneous injection at doses above and below the current EPA reference dose. We found no significant difference in plasma BPA
based on route of administration in neonatal mice at either dose. However, compared to data from other studies conducted with adults, there was a
markedly higher plasma BPA level after oral administration of BPA in newborn mice. This finding sets aside the belief that non-oral administration
of BPA renders data as not suitable for consideration of the hazard posed by low-dose exposure to BPA during neonatal life. Therefore the large
numbers of BPA studies that used non-oral administration at very low doses during the neonatal period should not be dismissed by scientists or

the regulatory community based on route of administration.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

There is now a large published literature reporting a wide
range of adverse effects due to exposure during both prenatal and
early postnatal development to doses of the estrogenic chemical
bisphenol A (BPA) that are far below doses identified by reg-

Abbreviations: AUC(_p4, area under the curve for the 24 h after administra-
tion; AUCO— o0, area under the curve extrapolated to infinity; BPA, bisphenol
A; DES, diethylstilbestrol; Cpax, maximum concentration in plasma; Kipt, initial
rate constant; Kierm, terminal phase elimination rate constant; PND, postnatal
day; SC, subcutaneous; Tmax, Time at which the maximum concentration was
reached.
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ulatory agencies as being safe for daily human exposure, and
this literature was recently reviewed [1-6]. Human exposure to
BPA occurs via many routes, but oral exposure is typically con-
sidered to be the most significant route. Oral exposure occurs
due to BPA leaching from polycarbonate food and beverage
containers as well as from the plastic lining of cans contain-
ing food and beverages. However, BPA is detected in indoor air
primarily associated with dust, indicating exposure can occur
by inhalation. BPA is also found in streams and rivers, and
leaches from landfill, suggesting that BPA is a common con-
taminant in water used for drinking and bathing. Since BPA can
be absorbed through the skin during bathing, trans-dermal expo-
sure also has be to considered in assessing all potential routes that
might account for the relatively high levels detected in human
blood, urine and tissues by a variety of analytical techniques [4].

In the USA findings published by the CDC from the
2003-2004 National Health and Nutrition Examination Survey
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(NHANES) showed that 93% of people had detectable levels
of BPA in their urine, with levels in children being signifi-
cantly higher than levels in adolescents, who had higher levels
than adults [7]. The relative contribution of different routes of
exposure to the unexpectedly high (ng/ml) circulating levels of
unconjugated BPA measured in human blood, which are very
similar to the values for total BPA detected in urine, has never
been determined. In fact, a consensus conclusion of a panel of
38 expert scientists at a NIH/EPA-sponsored conference on BPA
was that no current exposure models accurately predict the lev-
els of BPA found in people in studies conducted in Europe, Asia
and the USA [4,5].

In prior studies we have examined various aspects of pharma-
cokinetics of BPA and other chemicals with estrogenic activity
including: (1) the intrinsic estrogenic activity of the molecule in
interaction with ERs in the nucleus of the cell [8], (2) how the
compound is carried in blood, and (3) what fraction is delivered
free (unconjugated and unbound to plasma proteins) to recep-
tors in target cells [9]. To understand pharmacokinetics it is also
necessary to understand how the compound partitions between
the circulation and body lipid, and its absorption and metabolism
relative to the route of exposure. Our focus here on the impact of
route of exposure on plasma unconjugated BPA during the early
neonatal period of life in mice, which is a critical period in devel-
opment during which BPA can permanently alter organogenesis
resulting in subsequent disease [3].

Itis well known that route of administration of BPA and other
chemicals impacts pharmacokinetics in adults, since the first-
pass metabolism that occurs with oral administration does not
occur if a chemical is administered via injection or via a subcuta-
neously (sc) implanted capsule [10—12]. It has been mistakenly
considered in some published studies that first-pass metabolism
results in complete clearance of BPA, even though many studies
have shown aglycone (unconjugated, biologically active) BPA
for at least 24 h in plasma after a single oral dose; however, this
finding requires that the sensitivity of the assayed employed
is adequately matched to the dose [11]. In the case of BPA
the liver enzyme that is responsible for conjugation is UDP-
glucuronosyltransferase (UGT2B1), which is also the enzyme
that metabolizes the estrogenic drug diethylstilbestrol (DES)
[13]. BPA is excreted primarily in the urine in adult humans
and feces in adult rodents [4].

The maxim in pediatric medicine is that “babies are not little
adults”. It is thus well known that the fetal and neonatal rodent
liver does not have the adult capability of metabolizing BPA,
other chemicals or drugs. For example, Matsumoto et al. [14]
was unable to detect either the UGT2B1 mRNA or protein in
the fetal rat liver. Between birth and weaning in rodents, there is
typically about a 10-fold increase in the rate at which chemicals
such as BPA and DES are metabolized to inactive conjugates
[14,15]. A study claiming nearly complete clearance of BPA
only a few hours after a relatively high oral dose in neonatal
rats [16] is likely explained by the use of a relatively insensitive
assay [17].

We conducted this study because a panel formed by the Center
for the Evaluation of Risks to Human Reproduction (CERHR)
within the US National Toxicology Program (NTP) to evalu-

ate the human health risks of BPA made the decision that all
developmental studies of BPA in experimental animals that did
not involve oral administration would be considered of “lim-
ited utility” with regard to assessing the potential for BPA to
impact human health. This determination by the CERHR BPA
panel was a major contributing factor in not accepting as useful
the extensive literature showing that developmental exposure to
very low doses of BPA causes prostate interepithelial neoplastia
(PIN) in male rats, damage to chromosomes in mouse oocytes,
and a wide range of other adverse effects on the male and female
reproductive system [18]. Postnatal day (PND) 3 was selected for
this study, since administration of BPA to neonatal female mice
by sc injection resulting in adverse effects on the reproductive
system occurred between PND 1-5 [19].

While, as described above, the low liver enzyme activity in
fetuses and neonates in rodents is known to impact blood lev-
els of chemicals including BPA, a study using methods with
appropriate sensitivity to determine the impact of route of admin-
istration of BPA on the amount of bioavailable BPA in plasma
throughout the 24 h after administration has not been conducted.
We thus designed this experiment to directly examine the impact
of route of exposure on the plasma levels of unconjugated BPA
in CD-1 female mice on PND 3. We chose to conduct this exper-
iment with females, since on PND 3 the ovaries do not secrete
gonadal steroids, while in males, testosterone is secreted at low
levels by the testes. Testosterone reduces the metabolism of
BPA in rats [20,21], and in response to a relatively high dose of
BPA after oral administration in neonatal rats, males had higher
plasma levels of BPA than females [16]. The female neonatal
mouse thus provided a gonadal steroid-free background against
which to examine the pharmacokinetics of BPA. Also, a num-
ber of studies reporting adverse effects of BPA in female mice
have involved exposure via sc injection of BPA during develop-
ment. Our prediction, based on the low activity of the UGT2B1
enzyme activity in neonates, was that rapid first pass metabolism
following oral administration in adults, and thus lower plasma
levels of BPA after oral administration relative to administration
by sc injection in adults, would not occur in neonates.

We report here that no significant difference in the 24-h clear-
ance rate (area under the curve) or any other measured parameter
was observed for unconjugated BPA in plasma in response to
doses of BPA below and above the current US EPA reference
dose of 50 wg/kg/day that is considered to be safe for human
daily exposure [22].

2. General Methods

2.1. Experimental animals

Adult female CD-1 mice were purchased from Charles River Laboratories
(Wilmington, MA) and paired with males 1 week after arrival at the University
of Missouri. After 14 days the males were removed, and the pregnant females
were singly housed. Animals were housed in standard polypropylene cages on
corncob bedding, with food and water available ad libitum. Glass water bottles
were used, and water was purified by reverse osmosis and carbon filtration.
Rooms were kept at 23 °C and maintained on a 12 h light and 12 h dark cycle.
Prior to pregnancy all animals were fed Purina 5001 rodent diet; pregnant and
lactating females were fed Purina 5008 rodent diet. All animal procedures were
approved by the University of Missouri Animal Care and Use Committee and
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conformed to the NIH Guide. Parturition dates were recorded, but litters were
not disturbed until day 3 postpartum.

2.2. Chemicals and standards

Tritiated BPA (*H-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 and tert-butyl methyl ether were HPLC
grade and obtained from Fisher Scientific (Pittsburgh, PA).

2.3. Doses and administration procedures

3H-BPA was mixed with unlabeled BPA and dissolved in tocopherol-stripped
corn oil. Two stock solutions were made; the final concentrations were 16
and 189 wg BPA/ml and each contained 2.5 wCi BPA per administered dose.
We administered these two different doses in tocopherol-stripped corn oil to
PND 3 female pups (average weight was 2.4 g). The two solutions of BPA (16
and 189 pg BPA/ml) were administered orally (po) or subcutaneously (sc) and
resulted in pups being treated on PND 3 at 1000 h with a single dose of BPA
at 35 pg/kg (low dose) or 395 pg/kg body weight (high dose). Samples of each
solution were kept as reference to measure the actual radioactivity used in each
dose, from which the final specific activities for each dose were calculated. The
specific activity of the low dose was 7.1 Ci/mmol, and the specific activity of
the high dose was 0.61 Ci/mmol.

For oral administration of pups, feeding consisted of gently picking up the
pup and placing the tip of a manual micropipetter into the pup’s mouth. The pups
readily drink the solution, and the procedure is far less stressful than gavage.
The sc injection was administered in the dorsal region with a micro-fine insulin
syringe, and liquid bandage was then applied to the puncture site. While the same
doses were administered either orally or by sc injection, for sc administration
the dosing solution was mixed with one volume of oil and administered at 10 .l
to increase the accuracy of injection. As described below, injection volume of 5
or 10 pl did not influence the results. In order to achieve the same dose/kg body
weight, all pups were weighed, and the exact volume administered was adjusted
to achieve the same dose per body weight.

Treated pups were returned to the mother and sacrificed at 0.5, 1, 2, 4, 6 or
24 h after BPA administration by cervical dislocation. Ten to fourteen animals
were sacrificed at each time point, and care was taken to distribute the female
pups from each litter across multiple collection points to control for litter effects.
Blood was collected by decapitation into heparinized capillary tubes, and the
plasma was separated by centrifugation and frozen at —20 °C until analysis.

2.4. Sample preparation

The volume of plasma that can be obtained from this age mouse pup is
small, and plasma from two pups (obtained from different litters) was pooled
for each analysis point (typically 50-100 ul plasma); analysis of 6 samples
thus represented the levels of BPA in 12 pups. BPA was extracted from plasma
twice with 2 ml tert-butyl methyl ether, a method that extracts the unconjugated
protein-bound and free BPA but not the water-soluble conjugates (if present).
The ether extracts were dried under nitrogen, reconstituted in 80 wl methanol,
and brought to a final concentration of 50% methanol by the addition of distilled
water. Positive control samples (described below), consisting of untreated mouse
pup plasma spiked with H-BPA, were included in each set of extractions to
monitor extraction efficiency.

2.5. Plasma BPA quantification after HPLC separation

The reconstituted samples were separated by high pressure liquid chromatog-
raphy (HPLC). The running time for BPA was verified at regular intervals using
the positive control extracts spiked with 3H-BPA that were included to also mon-
itor the percent recovery of BPA after extraction and HPLC separation (Fig. 1).
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
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Fig. 1. Representative chromatograms of radioactivity across the collection win-
dow in samples separated by HPLC. Panel A depicts the chromatogram for
recovery from plasma spiked with 54 pg H-BPA. Panel B shows the solvent
blank that was separated immediately after collection of the fractions in Panel
A. For comparison, Panel C shows a separation of a 0.5-h high dose pup plasma
sample, and Panel D shows a separation of a 24-h high dose pup plasma sample;
in each case the plasma sample was from pups administered BPA orally. The
similarity in the H-BPA elution times for the spiked and experimental samples
shows that the radioactivity was associated with unconjugated BPA.

0.75 pg BPA/ml plasma at the low dose and 8.7 pg BPA/ml plasma at the high
dose.

Chromatographic separations were accomplished on a reverse phase Hyper-
sil C18 (4.6 mm x 100 mm) column (Phenomenex), using a mobile phase of
65% methanol at a flow rate of 0.82ml/min. Sample injection volume was
160 1 in 50% methanol. Elution of separated components was monitored by
UV absorbance at 260 nm on a PerkinElmer LC-90 spectrophotometric detec-
tor, and also with a BRAM in-line scintillation counter (IN/US Systems, FL) to
monitor radioactivity. The elution time of BPA was initially established using
authentic *H-BPA. The positive control samples, which consisted of untreated
pup plasma containing 3H-BPA (see below), were used as standards to estab-
lish the expected elution time, which under these conditions was approximately
4.5 min. Fractions from injected samples were collected at 20-s intervals across
a window spanning the expected BPA elution time (Fig. 1). Radioactivity per
fraction was counted on a scintillation counter for 10 min/sample. Data from the
10-min count of these fractions were used for quantification rather than the data
from the in-line scintillation counter.

2.6. Recovery of BPA from HPLC-separated plasma samples

Plasma from untreated mouse pups was spiked with H-BPA (~1600 cpm
per 100 wl), and 100 pl aliquots were extracted and separated by HPLC as
described above for use as positive controls. The recovery of the added *H-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
(£S.E.M.) 100.7 4 2.54% across 13 positive control sample runs. Negative con-
trols (n="7) were run directly after some of these spiked plasma controls; these
negative controls consisted of the injection solvent only and monitored for pos-
sible between-run contamination. Background counts in fractions of the spiked
samples collected before and after the elution of *H-BPA as well as from the neg-
ative control samples were similar, averaging 14.9 and 10.5 cpm, respectively.
In all of our samples BPA-associated radioactivity was more than 4-fold above
background. Because the recoveries of >H-BPA in the control samples averaged
100%, no adjustment of the pup sample data for extraction efficiency was made.

2.7. Statistical methods

The following parameters shown in Table 1 were measured from the plasma
concentrations of BPA after oral administration and subcutaneous injection. The
maximum concentration in plasma (Cpax) for all four groups was the first data
point collected at 0.5 h after administration. The decision to use 0.5 h as the first
time of collection was based on the fact that in most prior studies, this was the
reported as the time (Tjnax) at which the maximum concentration was reached
[4]. Our initial rate constant (Kjpn;;) was calculated from the slope of the natural
log of concentration versus sample collection time. The Kjy;; was taken as the
steepest rate of decay from the steepest two of the initial 3 collection time points
(0.5, 1 and 2 h). This was the first two time points (between 0.5 and 1 h) for oral
and injected low dose and the oral high dose, while for the injected high dose,
this occurred between the second and third time points (between 1 and 2 h).
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Table 1
Pharmacokinetic parameters measured after administration of two doses of bisphenol A by oral and sc injection routes
Dose 35 ng/kg 395 pg/kg
Oral Injection Oral Injection
Cmax (ng/ml) 1.78 2.60 NS 14.82 13.10 NS
Standard error 0.97 0.51 2.12 3.43
Tmax (h) [first time point] 0.5 0.5 0.5 0.5
Initial slope (/h) —1.15 —-1.70 NS —1.42 —1.20 NS
Standard Error 0.90 0.70 0.49 0.23
Initial t1/2 (h) 0.60 0.41 0.49 0.58
Terminal slope (/h) —0.074 —0.039 NS —0.074 —0.062 NS
Standard Error 0.021 0.022 0.014 0.031
Terminal t1/2 (h) 9.41 17.63 9.35 11.21
AUC 0->24h (ngh/ml) 5.87 553 NS 66.7 63.6 NS
AUC 0 -> oo (ng h/ml) 6.78 7.58 77.2 74.9
AUC 0 -> 00 (Scaled to reference dose of 50 pwg/kg) 9.69 10.83 9.78 9.48
The 24-hour average plasma concentration ((AUC 0 - > 24 h)/24) (ng/ml) 0.24 0.23 NS 2.78 2.65 NS

NS =not statistically different.

The terminal phase elimination rate constant (Kierm) Was taken from the
last two time points (between 6 and 24 h). Half-lives (T1,2) were calculated
as the natural log of 0.5 divided by the rate constant. Area under the curve
(AUC) for the first 24 h after dosing (AUCp_24) was calculated by using the
linear trapezoidal rule and the assumption that H-BPA in plasma at the time
just prior to administration (Time 0) was zero. The AUC extrapolated to infinity
(AUCO — oo0) was calculated by dividing the concentration at 24 h, the last
time point, by the terminal rate constant and adding this term to the AUCq_p4.
Finally, the AUC data obtained at the low dose (35 pg/kg) and the high dose
(395 pg/kg) for both oral and injected routes of administration were scaled to the
US-EPA’s current reference dose of 50 wg/kg/day by dividing the AUC values
by the associated dose in wg/kg and then multiplying the result by 50. The
data were analyzed using the PROC GLM ANOVA procedure, and planned
comparisons were made using LS means in SAS. Differences were considered
to be statistically significant at P <0.05.

3. Results

For every calculated parameter (Cmax, Kinits Kterm,» AUCp-24,
AUCO — 00) there was no significant difference after injected or
oral administration of BPA for both the low (35 wg/kg) and high
(395 ng/kg) dose (Table 1). Chromatograms showing recovery
of H-BPA by HPLC separation are shown in Fig. 1 and reveal
that H-BPA eluted as a defined peak. The in-line scintillation
counter served as a real-time guide for determining when to stop
collection; this also allowed monitoring of radioactivity eluting
early in the separation where any polar compounds, such as
conjugated >H-BPA, would elute. This demonstrated the absence
of conjugated 3H-BPA in the sample extract injected into the
HPLC.

The group means (£S.E.M.) for BPA (expressed as ng/ml
plasma) at each time point calculated from the recovered 3H-
BPA (and specific activity of each dose) are presented in Fig. 2.
The results show that throughout the 24 h after administration,
the curve for low and high dose was parallel, and there were
no significant differences based on route of administration at
either dose. The mean (£S.E.M.) plasma BPA for each group
at 24 h after administration is shown in Fig. 3, revealing that
at this time point the high dose of 395 ng/kg/day resulted in a
10.0-fold higher plasma BPA concentration relative to the low

dose of 35 pg/kg/day, with no significant difference in plasma
BPA concentration based on route of administration.

Throughout the 24 h after administration of a low or high
dose of BPA by oral or injected routes, the overall exposure
to bioavailable, unconjugated BPA was not significantly differ-
ent, and when scaled to the reference dose of 50 pg/kg/day as
described in the methods section, the AUC data did not differ
based on route of administration or dose (Table 1). The 10-fold
difference in plasma BPA between the low and high dose pups
(Fig. 3), together with the similarity in the scaled data for the
low and high doses (Table 1) and parallel clearance curves over
the 24 h after administration (Fig. 2), indicates that over the 24 h
after administration, the initial dose administered was linearly
related to the amount of BPA recovered in plasma for both the
orally administered or sc injected routes.

While the clearance curves for unconjugated BPA in plasma
were parallel for both the low and high doses whether injected or
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Fig. 2. Concentrations (in ng/ml) of unconjugated BPA in plasma in female
mouse pups throughout the 24 h after a single dose, administered either orally
(solid line) or by subcutaneous injection (dashed line). BPA was administered
at either 35 pg/kg (low dose, circles) or 395 wg/kg (high dose, squares). Values
represent mean plasma values at each time point (+S.E.M.). Note the log scale
for the Y-axis.
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Fig. 3. Plasma unconjugated BPA concentrations at 24 h after a single dose, BPA was administered at either 35 pg/kg (low dose) or 395 pg/kg (high dose). Values

represent mean plasma values at each time point (£S.E.M.).

orally administered (Fig. 2), at 2 and 4 h after administration of
the low or high dose, plasma levels of BPA were slightly higher
after oral administration relative to injection. In addition, the low
and high dose that was orally administered resulted in a continu-
ous decline throughout the 24 h after administration, but for both
the low and high injected dose, there was a slight increase in
plasma unconjugated BPA at 6 h relative to 4 h after administra-
tion, although the means at 4 and 6 h did not differ significantly.
Finally, the volume of oil used to inject BPA sc did not sig-
nificantly influence the amount of unconjugated BPA in plasma
when measured at 2 h after administration of the 395 pg/kg dose
(mean £ S.E.M.; 5 plinjection=3.79 4 0.48 ng/ml BPA (n=5);
10 pl injection =3.08 &+ 0.39 ng/ml BPA (n=6; P>0.2).

4. Discussion

The findings here demonstrate that the very marked differ-
ence in pharmacokinetics when BPA is administered to adult
rodents orally versus by injection [11,12,23] is not observed in
neonatal mice. Specifically, the AUC measured after BPA was
injected in adult rats in different studies ranged from 7-fold to 18-
fold higher than the AUC following oral administration [23,24].
We view these prior findings as providing conclusive evidence
that in the adult rodent, route of administration of BPA has a
substantial effect on the proportion of the BPA dose available to
reach receptors in target tissues due to differences in pharma-
cokinetics. The issue of statistical power required to demonstrate
this effect of route of administration of BPA in the adult is
important, since our finding is that there is no statistical dif-
ference between oral administration and sc injection. Studies
in the adult were able to detect differences in pharmacokinet-
ics of BPA based on route of administration with 3—-5 animals
per group [23], while we analyzed plasma collected from 12 to
14 pups per group and controlled for potential litter effects. If
route of administration in the adult was predictive of findings in
neonates, our sample size should have been sufficient to detect
a significant effect.

In sharp contrast, our results show that the findings from
adult rodents do not apply to neonates. An important aspect of
our finding that route of administration did not influence plasma
levels of unconjugated BPA in newborn mice is that our results
were predicted by prior studies showing that during early life
in rodents, there is very low activity of the UGT2B1 enzyme
that metabolizes BPA and numerous other xenobiotics, including
DES [14,15]. Thus, we had predicted that the relatively rapid
metabolism and clearance of plasma unconjugated BPA after
oral administration in the adult due to direct vascular transport to
the liver from the intestines [14] would not occur in the neonatal
female mouse.

We observed a linear relationship between administered dose
and amount of unconjugated BPA in plasma throughout the 24 h
after administration at doses below and above the current refer-
ence dose. This finding is consistent with prior results, and was
also determined based on a meta-analysis of published studies
where BPA was administered to adult rodents [4]. Specifically,
based on a review of the pharmacokinetic literature, Vandenberg
et al. [4] proposed that there was a linear relationship between
administered dose and plasma unconjugated BPA. This suggests
that it is possible to calculate the amount of unconjugated BPA
that would be predicted to occur in plasma regardless of the dose
administered. In Fig. 4 we used this approach (a scaling proce-
dure) to reference all administered doses to 50 pg/kg (the current
US EPA reference dose) and compared the plasma concentra-
tions of unconjugated BPA after oral administration or injection
in neonatal mice with data obtained from 18 data sets in 11
published studies involving oral administration of BPA in adult
rats; the findings from adults have been previously reviewed [4].
The findings presented in Fig. 4 show that oral administration of
BPA in neonatal mice results in dramatically higher (by about
10 fold) blood levels of BPA over the 24 h after administration
relative to data obtained from adults. This is consistent with
studies in rats showing an approximately 10-fold change in the
activity between birth and adulthood in liver UGT2B1 [14,15].
In the newborn mouse the lack of a difference in plasma levels
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Fig. 4. Alog-log plot of plasma BPA in neonatal mice after oral administration
of both high and low doses of BPA. A log—log plot is required when the data
being depicted cover a wide range of values on both axes. The data for plasma
unconjugated BPA for both low and high dose orally administered BPA from
our study was compared with a meta-analysis of 18 data sets from 11 studies of
unconjugated BPA in adult rodent blood that have been previously reviewed [4].
All data were scaled to the US-EPA’s current reference dose of 50 pg/kg/day
[22] by dividing the plasma unconjugated BPA values by the associated admin-
istered dose in pg/kg and then multiplying the result by 50; this is based on the
assumption that there is a linear relationship between administered oral dose and
plasma unconjugated BPA, as previously reviewed [4]. The comparison shows
a marked decrease in the rate of metabolism in newborn mice relative to data
from adults, consistent with prior findings [16]. 95% confidence intervals for
the meta-analysis regression data are shown (dashed lines). For a more thorough
discussion of the adult meta-analysis data see Fig. 1 in Vandenberg et al. [4].

of BPA between the oral and sc injected routes thus appears to
be due to a marked decrease in the rate of metabolism after oral
administration in the neonate relative to the adult.

The sensitivity of the assays in prior studies that used '*C-
BPA is thousands of times less than the sensitivity we achieved
using 3H-BPA. Specifically, the assay sensitivity reported by
Domoradzki et al. [16] when administering a 1 mg/kg oral dose
of BPA to neonatal rats was 6-10 ng/g blood, while at the 10-fold
higher dose of 10 mg/kg, the reported sensitivity was 14—48 ng/g
blood. In dramatic contrast, the sensitivity of our assay (calcu-
lated as two-fold above background counts) for the low dose
was 0.75 pg/ml plasma, while for the high dose the sensitivity
was 8.7 pg/ml plasma (due to differences in specific activity of
the administered dose). The importance of this comparison is
that in prior experiments that used insensitive assays [16] to
determine the pharmacokinetics of BPA after oral administra-
tion in newborn rats, within a short time after administration,
the 1*C-BPA was not detectable, and the authors concluded that
rapid (and nearly complete) clearance of BPA had occurred.
While our data from a study that used much more sensitive
assay techniques show that this conclusion is incorrect, other
data presented by Domoradzki et al. [16] were consistent with
our findings in Fig. 4; specifically, plasma levels of BPA after
oral administration to neonatal rats were significantly higher
than in adults, which is consistent with low UGT2B1 activity in
neonatal rats relative to adults [14,15]. Our findings here thus
likely apply to neonatal rats as well as mice.

The initial half life of unconjugated BPA in our study
for the two dose groups combined (since they did not differ

significantly) was 0.52 £ 0.04 h (mean &= S.E.M.), while the ter-
minal half life of BPA for all of the groups combined was
12 £ 2h. This latter finding reveals substantial persistence of
the remaining biologically active, unconjugated BPA in plasma
after the initial period of more rapid clearance, regardless of
route of administration or dose. The average plasma uncon-
jugated BPA concentration over 24 h after administration for
the 35 and 395 pg/kg doses was 0.24 and 2.72 ng/ml, respec-
tively. If metabolism of BPA were no faster in humans than in
rodents, this suggests that humans are likely exposed to hun-
dreds of micrograms of BPA per kg body weight per day (far
above the reference dose) to achieve median plasma levels of
unconjugated BPA in the 2-3 ng/ml range [4]. Importantly, an
assay such as ours, with adequate sensitivity to measure plasma
BPA throughout the entire 24 h after administration (or longer),
is required for an accurate estimation of terminal half life.

An interesting finding is that after oral administration in PND
3 mice there was a steady decrease in plasma BPA throughout the
24 h after administration, but after sc injection, between 4 and 6 h
after injection, at both the low and high dose there was a transient
(albeit small and not statistically significant) increase in plasma
BPA. This is similar to findings in the adult where a similar
transient increase in plasma BPA was observed at 6 h after oral
administration [11,12]. The suggestion from adult studies was
that the transient increase in plasma BPA at 6 h might be due to
enterohepatic recirculation. The basis for our finding a similar
increase after the sc injection in neonates is not clear.

Our findings are important in that they add to a large literature
showing that the maxim in pediatric medicine that “babies are
not little adults™ has to be recognized by scientists and regulators
who are making determinations about the potential for chemi-
cals in the environment to adversely impact the health of fetuses,
infants and children. A key factor in categorizing developmen-
tal studies as being of “limited utility” in assessing concern for
human health by the CERHR BPA panel was administration of
BPA by sc injection. A recently published study showed a num-
ber of adverse effects of BPA on the female mouse reproductive
system [19] and another study (reviewed by the CERHR panel)
showed prostate interepithelial neoplasia (PIN) lesions in male
rats [25]; these reported adverse effects were due to exposure
during the first 5 days after birth via sc injection, and in each case
the dose of BPA was 10 pg/kg/day. This dose is 5000 times lower
than the 50 mg/kg/day dose used by the US EPA to estimate the
“safe” daily human exposure dose of 50 ng/kg/day. Other “lim-
ited utility” studies involved continuous release of extremely low
doses of BPA (0.025-25 pg/kg/day) from sc-implanted capsules
(for example: [26,27]). Importantly, published studies reviewed
above suggest that the expected difference based on route of
administration in an adult would only be 10-20 fold, while in the
neonate our data show that there is no difference at all. The pre-
diction of the CERHR panel was that sc administration during
development: “would produce irrelevantly high internal doses
of the active parent compound” (CERHR, 2007; p 122), and
this prediction is not supported by our findings or any other
published data. Evidence that humans are most likely contin-
uously exposed to BPA, which is best approximated by use
of continuous-release capsules, has been previously reviewed
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[4]. Future research should take into account the evidence from
biomonitoring studies suggesting the virtually continuous expo-
sure of people to BPA, and experimental studies that examine
pharmacokinetics of BPA after continuous exposure or multiple
exposures at different life stages need to be conducted.

In summary, findings here strongly indicate that during the
neonatal period in mice oral and non-oral administration of
BPA give the same internal active dose, and this is also likely
to apply to rats. Furthermore, the evidence from the extensive
research conducted with the estrogenic drug diethylstilbestrol
(DES) shows that injecting sc pregnant mice or rats with DES
results in virtually the identical suite of diseases that have been
observed in the offspring of pregnant women administered this
drug orally over approximately 25 years during which physicians
were unaware of the devastating long-latency adverse effects that
were being programmed into the fetuses’ differentiating cells
[28], including most recently a significant increase in risk of
breast cancer over four decades later [29]. The massive experi-
mental animal and epidemiological literature on DES thus shows
that sc injection in pregnant mice directly predicted the adverse
effects of maternal orally administered DES on human fetuses.
We view this as strong evidence that route of administration is
irrelevant in pregnant mice and rats as well as in neonatal mice
and rats. The DES literature is particularly relevant to concerns
about the health effects of BPA, since there are numerous studies
showing that developmental exposure to BPA and DES produce
similar effects [30]. Taken together, a review of prior findings as
well as our findings here indicate that animal studies that exam-
ined the effects of extremely low doses of BPA administered
by non-oral routes during early development are as valid for
assessing the concern regarding the potential for BPA to impact
human health as are studies that involved oral administration.
Thus, scientists and regulatory bodies can no longer dismiss
developmental studies in rats and mice as not relevant solely
based on route of administration of BPA.
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