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PREFACE

The National Toxicology Program (NTP)!
established the NTP Center for the Evaluation
of Risks to Human Reproduction (CERHR) in
June 1998. The purpose of the CERHR is to
provide timely, unbiased, scientifically sound
evaluations of the potential for adverse effects
on reproduction or development resulting from
human exposures to substances in the environ-
ment. The NTP-CERHR is headquartered at
the National Institute of Environmental Health
Sciences (NIEHS) and Dr. Michael Shelby is
the director.?

CERHR broadly solicits nominations of chemi-
cals for evaluation from the public and private
sectors. Chemicals are selected for evaluation
based on several factors including the following:
* potential for human exposure from use
and occurrence in the environment
* extent of public concern
* production volume
* extent of database on reproductive and
developmental toxicity studies

CERHR follows a formal process for review and
evaluation of nominated chemicals that includes
multiple opportunities for public comment.
Briefly, CERHR convenes a scientific expert
panel that meets in a public forum to review,
discuss, and evaluate the scientific literature on
the selected chemical. Public comment is invited
prior to and during the meeting. The expert panel
produces a report on the chemical’s reproductive

and developmental toxicities and provides its
opinion of the degree to which exposure to the
chemical is hazardous to humans. The panel
also identifies areas of uncertainty and where
additional data are needed. Expert panel reports
are made public and comments are solicited.

Next, CERHR prepares the NTP Brief. The goal
of'the NTP Brief'is to provide the public, as well
as government health, regulatory, and research
agencies, with the NTP’s conclusions regarding
the potential for the chemical to adversely
affect human reproductive health or children’s
development. CERHR then prepares the NTP-
CERHR Monograph, which includes the NTP
Brief and the Expert Panel Report. The NTP-
CERHR Monograph is made publicly available
on the CERHR website and in hardcopy or CD
from CERHR.

INTP is an interagency program headquartered
in Research Triangle Park, NC at the National
Institute of Environmental Health Sciences, a
component of the National Institutes of Health.

Information about the CERHR is available on the
web at http.//cerhr.niehs.nih.gov or by contacting:

Michael Shelby, Ph.D.

Director, CERHR

NIEHS, PO. Box 12233, MD EC-32
Research Triangle Park, NC 27709
919-541-3455 [phone]
919-316-4511 [fax]
shelby(@niehs.nih.gov [email]
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ABSTRACT

NTP-CERHR MONOGRAPH ON THE POTENTIAL HUMAN REPRODUCTIVE
AND DEVELOPMENTAL EFFECTS OF BISPHENOL A

The National Toxicology Program (NTP) Center
for the Evaluation of Risks to Human Reproduc-
tion (CERHR) conducted an evaluation of the
potential for bisphenol A to cause adverse effects
on reproduction and development in humans. The
CERHR Expert Panel on Bisphenol A completed
its evaluation in August 2007.

CERHR selected bisphenol A for evaluation
because of the:

* Widespread human exposure
Public concern for possible health effects
from human exposures
High production volume
Evidence of reproductive and develop-
mental toxicity in laboratory animal
studies

Bisphenol A (CAS RN: 80—05—7) is a high pro-
duction volume chemical used primarily in the
production of polycarbonate plastics and epoxy
resins. Polycarbonate plastics are used in some
food and drink containers; the resins are used
as lacquers to coat metal products such as food
cans, bottle tops, and water supply pipes. To
a lesser extent bisphenol A is used in the pro-
duction of polyester resins, polysulfone resins,
polyacrylate resins, and flame retardants. In ad-
dition, bisphenol A is used in the processing of
polyvinyl chloride plastic and in the recycling
of thermal paper. Some polymers used in dental
sealants and tooth coatings contain bisphenol
A. The primary source of exposure to bisphenol
A for most people is assumed to occur through
the diet. While air, dust, and water (including
skin contact during bathing and swimming) are
other possible sources of exposure, bisphenol A
in food and beverages accounts for the majority
of daily human exposure. The highest estimated
daily intakes of bisphenol A in the general pop-
ulation occur in infants and children.

vil

The results of this bisphenol A evaluation are
published in an NTP-CERHR Monograph that
includes the (1) NTP Brief and (2) Expert Panel
Report on the Reproductive and Developmental
Toxicity of Bisphenol A. Additional information
related to the evaluation process, including the
peer review report for the NTP Brief and public
comments received on the draft NTP Brief and
the final expert panel report, are available on the
CERHR website (http://cerhr.niehs.nih.gov/).
See bisphenol A under “CERHR Chemicals” on
the homepage or go directly to http://cerhr.niehs.
nih.gov/chemicals/bisphenol/bisphenol. html).

The NTP reached the following conclusions on
the possible effects of exposure to bisphenol A
on human development and reproduction. Note
that the possible levels of concern, from lowest to
highest, are negligible concern, minimal concern,
some concern, concern, and serious concern.

The NTP has some concern for effects on the
brain, behavior, and prostate gland in fetuses,
infants, and children at current human expo-
sures to bisphenol A.

The NTP has minimal concern for effects on the
mammary gland and an earlier age for puberty
for females in fetuses, infants, and children at
current human exposures to bisphenol A.

The NTP has negligible concern that exposure of
pregnant women to bisphenol A will result in fetal
or neonatal mortality, birth defects, or reduced
birth weight and growth in their offspring.

The NTP has negligible concern that exposure
to bisphenol A will cause reproductive effects in
non-occupationally exposed adults and minimal
concern for workers exposed to higher levels
in occupational settings.



NTP will transmitthe NTP-CERHR Monograph
on Bisphenol A to federal and state agencies,
interested parties, and the public and make
it available in electronic PDF format on the
CERHR web site (http://cerhr.niehs.nih.gov)
and in printed text or CD from CERHR:

Dr. Michael D. Shelby

Director, CERHR

NIEHS, P.O. Box 12233, MD EC-32
Research Triangle Park, NC 27709
919-541-3455 [phone]
919-316-4511 [fax]
shelby@niehs.nih.gov [email]
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INTRODUCTION

Bisphenol A (CAS RN: 80—05-7) is a high pro-
duction volume chemical used primarily in the
production of polycarbonate plastics and epoxy
resins. Polycarbonate plastics are used in food
and drink packaging; the resins are used as lac-
quers to coat metal products such as food cans,
bottle tops, and water supply pipes. To a lesser
extent bisphenol A is used in the production of
polyester resins, polysulfone resins, polyacrylate
resins, and flame retardants. In addition, bisphe-
nol A is used in the processing of polyvinyl
chloride plastic and in the recycling of thermal
paper. Some polymers used in dental sealants
and tooth coatings contain bisphenol A.

In 2007, the CERHR Expert Panel on Bisphenol
A evaluated bisphenol A for reproductive and
developmental toxicity. Because most people in
the United States are exposed to bisphenol A
and a number of studies have reported effects
on reproduction and development in laboratory
animals, there is considerable interest in its pos-
sible health effects on people. For these reasons,
the CERHR convened an expert panel to con-
duct an evaluation of the potential reproductive
and developmental toxicities of bisphenol A.

X

This monograph includes the NTP Brief on Bis-
phenol A, a list of the expert panel members
(Appendix I), and the Expert Panel Report on
bisphenol A (Appendix II). The monograph is
intended to serve as a single, collective source
of information on the potential for bisphenol
A to adversely affect human reproduction or
development.

The NTP Brief on Bisphenol A presents the
NTP’s opinion on the potential for exposure to
bisphenol A to cause adverse reproductive or
developmental effects in people. The NTP Brief
is intended to provide clear, balanced, scientifi-
cally sound information. It is based on informa-
tion about bisphenol A provided in the expert
panel report, public comments, comments from
peer reviewers® and additional scientific infor-
mation available since the expert panel meeting.

3Peer review of this brief was conducted by the NTP
Board of Scientific Counselors (supplemented with
eight non-voting ad hoc reviewers) on June 11,
2008. The peer report is available at http.//cerhr.
niehs.nih.gov/chemicals/bisphenol/bisphenol.
html.
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NTP BRIEF ON BISPHENOL A

WHAT IS BISPHENOL A?

Bisphenol A (BPA) is a chemical produced in
large quantities for use primarily in the produc-
tion of polycarbonate plastics and epoxy resins
(Figure 1).

Figure 1.
Chemical structure of Bisphenol A
(C15H;50,; molecular weight 228.29)

CHj

CHs

It exists at room temperature as a white solid
and has a mild “phenolic” or hospital odor.
Polycarbonate plastics have many applications
including use in certain food and drink pack-
aging, e.g., water and infant bottles, compact
discs, impact-resistant safety equipment, and
medical devices. Polycarbonate plastics are typi-
cally clear and hard and marked with the recycle
symbol “7” or may contain the letters “PC” near
the recycle symbol. Polycarbonate plastic can
also be blended with other materials to create
molded parts for use in mobile phone housings,
household items, and automobiles. Epoxy resins
are used as lacquers to coat metal products such
as food cans, bottle tops, and water supply pipes.
Some polymers used in dental sealants or com-
posites contain bisphenol A-derived materials.
In 2004, the estimated production of bisphenol
A in the United States was approximately 2.3
billion pounds, most of which was used in poly-
carbonate plastics and resins.

CERHR selected bisphenol A for evaluation
because it has received considerable attention in
recent years due to widespread human exposures
and concern for reproductive and developmental
effects reported in laboratory animal studies.
Bisphenol A is most commonly described as

being “weakly” estrogenic; however, an emerg-
ing body of molecular and cellular studies indi-
cate the potential for a number of additional
biological activities. These range from interac-
tions with cellular receptors that have unknown
biological function to demonstrated effects on
receptor signaling systems known to be involved
in development.

The NTP Brief on Bisphenol A is intended to be
an environmental health resource for the public
and regulatory and health agencies. It is not a
quantitative risk assessment nor is it intended to
supersede risk assessments conducted by regu-
latory agencies. The NTP Brief on Bisphenol A
does not present a comprehensive review of the
health-related literature or controversies related
to this chemical. Only key issues and study find-
ings considered most relevant for developing
the NTP conclusions on concerns for potential
reproductive and developmental human health
effects of bisphenol A are discussed. Literature
cited includes the most relevant studies reviewed
in the CERHR Expert Panel Report on Bisphe-
nol A and relevant research articles published
in the peer-reviewed literature subsequent to the
deliberations of the expert panel.

ARE PEOPLE EXPOSED TO
BISPHENOL A?*

Yes. Based on the available data the primary
source of exposure to bisphenol A for most
people is through the diet. While air, dust, and
water (including skin contact during bathing
and swimming) are other possible sources of
exposure, bisphenol A in food and beverages
accounts for the majority of daily human expo-
sure [(/); reviewed in (2, 3)]. Bisphenol A can
migrate into food from food and beverage con-

“Answers to this and subsequent questions may
be: Yes, Probably, Possibly, Probably Not, No or
Unknown
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tainers with internal epoxy resin coatings and
from consumer products made of polycarbonate
plastic such as baby bottles, tableware, food con-
tainers, and water bottles. The degree to which
bisphenol A migrates from polycarbonate con-
tainers into liquid appears to depend more on
the temperature of the liquid than the age of the
container, i.e., more migration with higher tem-
peratures (4). Bisphenol A can also be found in
breast milk (5). Short—term exposure can occur
following application of certain dental sealants
or composites made with bisphenol A-derived
material such as bisphenol A dimethacrylate
(bis-DMA). In addition, bisphenol A is used
in the processing of polyvinyl chloride plastic
and in the recycling of thermal paper, the type
of paper used in some purchase receipts, self-
adhesive labels, and fax paper (6, 7). Bisphe-
nol A can also be found as a residue in paper
and cardboard food packaging materials (7).
Workers may be exposed by inhalation or skin
contact during the manufacture of bisphenol A
and bisphenol A-containing products, e.g., poly-
carbonate and polyvinyl plastics, thermal paper,
epoxy or epoxy-based paints and lacquers and
tetrabrominated flame retardants (6).

Estimating human exposure to bisphenol A is
generally done in one of two ways. Concentra-
tions of bisphenol A can be measured directly
in human blood, urine, breast milk, and other
fluids or tissues (“biomonitoring”). Researchers
can use biomonitoring information, such as the
concentration of bisphenol A in urine, to estimate
(“back calculate”) a total intake that reflects all
sources of exposure, both known and unknown.
Scientists can also add, or aggregate, the amounts
of bisphenol A detected in various sources, i.e.,
food and beverage, air, water, dust. The approach
of aggregating exposure to estimate daily intake
requires sources of exposure to be known and
measured. In general, estimates based on bio-
monitoring are preferred for calculating total
intake because all sources of exposure are inte-
grated into the fluid or tissue measurement and
do not have to be identified in advance. Estimates
based on sources of exposure are useful to help
discern the relative contributions of various
exposure pathways to total intake.

The highest estimated daily intake of bisphenol
A in the general population occur in infants and
children (Table 1).

Table 1.
Summary of Ranges of Estimated Daily Intakes in People Based on Sources of Exposure

Bisphenol A
ug/kg bw/day

Population

Assumptions References

Infant | 0—6 months 1-11*
Formula-fed

1 assumes body weight of 4.5 kg and formula intake of | (2, 25-27)
700 ml/day with 6.6 pg/L [maximum concentration de-
tected in U.S. canned formula (23, 24)] (2)

11 assumes body weight of 6.1 kg and formula intake of
1060 ml/day with (1) 50 pg/L bisphenol A/day migrating
into formula from polycarbonate bottles (8.7 pg/kg bw/
day); and (2) 14.3 pg bisphenol A/day ingested from pow-
dered infant formula packed in food cans with epoxy lin-
ings (2.3 pg/kg bw/day) [0.143 kg powder/day (the amount
of powder required to reconstitute a volume of formula of
1060 ml/day) containing 14.3 pg bisphenol A (100 pg bi-
sphenol A/kg powder)]. 8.7+2.3=11 pg/kg bw/day (25)

(continued on next page)



Population

Infant

Breast-fed

Bisphenol A
ug/kg bw/day

0.2-1*

Assumptions

0.2 assumes body weight of 6.1 kg and breast milk intake
of 1060 ml/day with 0.97 pg/L bisphenol A [maximum
concentration of bisphenol A detected in Japanese breast
milk samples (28)](25)

1 assumes body weight of 4.5 kg and breast milk intake
of 700 ml/day with 6.3 pg/L free bisphenol A [maximum
concentration of free bisphenol A detected in U.S. breast
milk samples (5)/(2)

References

(2, 25)

6—12 months

1.65—-13*

1.65 assumes body weight of 8.8 kg with (1) 7 pug/L bi-
sphenol A/day from formula intake of 700 ml/day with
10 pg/L (0.8 pg/kg bw/day); and (2) 7.6 pg/kg bisphenol
A/day from ingestion of 0.38 kg canned food/day with 20
ng/kg (~0.85 pg/kg bw/day). 0.8+0.85=1.65 (26)

13 assumes body weight of 7.8 kg, formula intake of 920
ml/day, and food consumption of 0.407 kg/day with (1) 50
ng/L bisphenol A migrating into formula from polycar-
bonate bottles (5.9 ug/kg bw/day); (2) 12.4 pg bisphenol
A/day ingested from powdered infant formula packed in
food cans with epoxy linings (1.6 pg/kg bw/day) [0.124
kg powder/day (the amount of powder required to recon-
stitute a volume of formula of 920 ml/day) containing 12.4
ug bisphenol (100 pg bisphenol A/kg powder)]; (3) 40.7
ug bisphenol A/day ingested from canned food (5.2 pg/kg
bw/day) [0.407 kg food/day containing 40.7 ug bisphenol
A (100 pg bisphenol A/kg food)]; and (4) 2.04 pg bisphe-
nol A/day migration from polycarbonate tableware (0.26,
or ~0.3 pg/kg bw/day )[0.407 kg food/day containing 2.04
ug bisphenol A (5 pg bisphenol A/kg food)] 5.9+1.6+5.2
+0.3=13.0 pg/kg bw/day (25)

(24-27)

Child

1.5—6 years

0.043-14.7

0.043 isthemean (range: 0.018-0.071 pg/kgbw/day) based
on individual body weight and measured concentrations of
bisphenol in indoor and outdoor air, dust, soil, and liquid
and solid food from day care and home and the assumption
of 100% absorption (29)

14.7 assumes body weight of 14.5 kg and consumption
of 2 kg canned food/day with (1) 200 pg bisphenol A/day
ingested from canned food (~14 pg/kg bw/day) [2 kg food/
day containing 200 pg bisphenol A (100 pg bisphenol A/
kg food)]; and (2) 10 ug bisphenol A/day migration from
polycarbonate tableware (~ 0.7 pg/kg bw/day) [2 kg food/
day containing 10 pg bisphenol A (5 pg bisphenol A/kg
food)] 14+0.7=14.7(27)

(1,25-27,
29, 30)

(continued on next page)
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Bisphenol A

Population Assumptions References
P ug/kg bw/day P i
Adult | General 0.008—1.5*%* |0.008 assumes body weight of 74.8 kg and is based on (24-27,
Population measured concentrations of bisphenol A in 80 canned and 30, 31)

bottled food items and a 24 —hour dietary recall in ~4400
New Zealanders (37)
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1.5 assumes body weight of 60 kg and (1) 70 pg bisphenol
A/day from canned food (1.2 ug/kg bw/day) [3 kg/day total
consumption (1 kg solid food with 50 pg bisphenol A/kg
and 2 L beverage with 10 pg bisphenol A /L)]; and 15 pg
bisphenol A/day migration from polycarbonate tableware
(0.25, or ~0.3 ng/kg bw/day ) [3 kg food/day containing 15
pg bisphenol A (5 pg bisphenol A/kg food)] 1.2+0.3=1.5
pg/kg bw/day (25)

Occupational 0.043—100 |0.043 is based on back calculating from a median urinary | (2, 27, 33)
bisphenol A concentration of 1.06 pmol/mol creatinine
(2.14 pg/g creatinine) from Hanaoka et al. (32). A daily
intake of 0.043 pg/kg bw/day is based on the assumption of
1200 mg/day creatinine excretion (2.57 pg/day bisphenol
excreted) and a body weight of 60 kg (2).

100 is the maximal estimated exposures in U.S. powder
paint workers based on time weighted averages of 0.001—
1.063 mg/m>, an inhalation factor of 0.29 m*/kg day (33),
100% absorption from the respiratory system, and 8 hours
worked per day (2).

*A study by Miyamoto et al. (30) reported much lower estimated intakes for infants (0.028 to 0.18 pg/kg
bw/day); however, these estimates were excluded from the summary table because (1) insufficient detail was
presented in the study to understand the assumptions used to derive these values, and (2) the authors assumed
no bisphenol A in breast milk, an assumption not supported by data from the CDC (5) and Sun et al. (28).

**In 2003, the European Union (27) calculated an extreme worst—case scenario of ~9 pg/kg bw/day based on
1.4 pg/kg bw/day from food plus ~7 ug/kg bw/day from wine. The high estimated intake from wine (0.75 L
wine/day with 650 pg bisphenol A /L=325 ug bisphenol A/day, or ~7 ug/kg bw/day, from wine) was based
on an extraction study conducted with an epoxy resin that is sometimes used to line wine vats. A study
published subsequent to the evaluation by the European Union identified a maximum concentration of 2.1 ug
bisphenol A/L in wine (34).

Infants and children have higher intakes of = The National Health and Nutrition Examination
many widely detected environmental chemicals ~ Survey (NHANES) 2003 -2004 conducted by
because they eat, drink, and breathe more than  the Centers for Disease Control and Prevention
adults on a pound for pound basis. In addition, (CDC) found detectable levels of bisphenol A
infants and children spend more time on the floor  in 93% of 2517 urine samples from people 6
than adults and may engage in certain behaviors,  years and older (8). This study did not include
such as dirt ingestion or mouthing of plasticitems  children younger than 6 years of age. The CDC
that can increase the potential for exposure. measured the “total” amount of bisphenol A in

urine, a value that includes both bisphenol A
Biomonitoring studies show that human expo-  and its metabolites. The CDC NHANES data
sure to bisphenol A is widespread (Table 2).  are considered representative of exposures in



Table 2. Urinary Concentrations and Corresponding “Back Calculated”
Daily Intakes of bisphenol A in People (United States)

Urinary Concentration of

Estimated Intake of bisphenol A

Population [ug/kg bw/day]<*( 35)

Total bisphenol A [ug/L]* (8)

Y

Q
=
m
o
|—
2

All 2.7 (1.3-15.9/149) 0.0505 (0.0235-0.2742/3.47)
6—11 years 3.7 (1.7-16.0/46.1) 0.0674 (0.0310—-0.3105/0.55)
12—-19 years 4.2 (1.9-16.5/149) 0.0773 (0.0378—0.3476/3.47)
20-39 years 3.1(1.5-15.4/61.4) 0.0563 (0.0272—-0.289./0.84)
40-59 years 2.4 (1.1-15.5/75.2) 0.0415 (0.0179-0.2335/0.88)
60+ years 1.9 (0.8—13.3/52.4) 0.0334 (0.0163—-0.2331/0.88)
Female 2.4 (1.2-15.7/80.1) 0.0443 (0.0190—-0.2705/1.40)
Male 3.2 (1.4-16.0/149) 0.0572 (0.0269—-0.2778/3.47)

Data is shown as median (25th—95th percentile range/maximum)

*The CDC data for ages 20—39 and 40—59 years were not presented in the study by Calafat et al. (§). Lakind
et al. (35) obtained these values from data files available on the CDC website (http://www.cdc.gov/nchs/
about/major/nhanes/nhanes2003—2004/lab03_04.htm ). Lakind et al. (35) conducted a separate analysis
of the CDC data and calculated mean and percentile values within 0.2 pg/L of those presented by Calafat et
al. (8). The NTP obtained maximum urine concentrations for each category from the CDC data files. The
highest urinary concentrations and estimated intakes in Table 2 represent data from the same individual.

** Lakind et al. (35) assumed that daily intake of bisphenol A was equivalent to daily excretion. Daily excretion
was calculated by multiplying the urine concentration of bisphenol A (ug/L) by 24—hour urinary output
volume. Daily urinary volume was assumed to be 600 ml for children aged 6—11 years, 1200 for males
and females aged 12—19, 1200 for adult females, and 1600 for adult males. Body weight data from the
2003—-2004 NHANES database was used to calculate daily intake adjusted for body weight. The NTP
calculated the maximum estimated daily intakes by multiplying the maximum detected urine concentration
for each category by the corresponding default urine output volume used by Lakind et al. and then dividing
this number by the individual’s body weight provided in the CDC data files.

the United States because of the large number
of people included in the survey and the process
used to select participants. In addition, the ana-
lytical techniques used by the CDC to measure
bisphenol A are considered very accurate by the
scientific community. There is some indication
that exposure to bisphenol A may be increasing.
The median levels of bisphenol A in human urine
doubled (from 1.3 ug/L to 2.7 pug/L) and the 951
percentile values tripled (from 5.2 ug/L to 15.9
ug/L) between NHANES IIT (1988 —1994) and
NHANES 2003-2004. Many smaller studies
also report detection of bisphenol A in urine,
blood, and other body fluids and tissues from

people in the United States, Europe, and Asia
[(9—12); studies published prior to mid-2007
are reviewed in (2, 3, 13)]. Because bisphenol
A does not persist for long periods of time in
the body, its widespread detection in people
indicates that exposures occur frequently.

Bisphenol A can be detected in the blood of
pregnant women, amniotic fluid, placental tis-
sue, and umbilical cord blood indicating some
degree of fetal exposure (12, /4—17). Concen-
trations of bisphenol A measured in breast milk
and the blood of pregnant women in the United
States are presented in Table 3.



Table 3. Blood and Breast Milk Biomonitoring of bisphenol A in People (United States)

Free bisphenol A (ug/L) | Total bisphenol A (ug/L)
Mean or Median Mean or Median
[range] [range]

Biological
Medium

Population
(sample size)

Reference
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Pregnant women Mean: 5.9
Blood (40) [0.5-22.4] (12)
Lactating women Mean: 1.3; Mean: 1.3;
Breast milk acta (2g0) ome Median: 0.4 Median: 1.1 (5)
[<0.3 (LOD)-6.3] [<0.3 (LOD)-7.3]

LOD =1imit of detection

It is helpful in interpreting the biomonitoring
data for bisphenol A to understand how the body
processes and excretes it once exposure occurs.
Following ingestion, the majority of bisphe-
nol A is quickly bound to glucuronic acid to
produce bisphenol A-glucuronide, a metabolic
process called glucuronidation that is carried
out by enzymes primarily in the liver [reviewed
in (2)]. Glucuronidation makes bisphenol A
more soluble in water and, therefore, easier to
eliminate in the urine and also minimizes its
ability to interact with biological processes in
the body. To a lesser extent, unconjugated parent
(commonly referred to as “free”)” bisphenol
A is converted to other metabolites, primarily
bisphenol A sulfate. Understanding the degree
to which bisphenol A is metabolized is very
important in determining whether bisphenol A
poses a potential risk to human reproduction
and development. While free bisphenol A and
its major metabolites (bisphenol A-glucuronide
and bisphenol A-sulfate) can all be measured in
humans, only free bisphenol A is considered to
be biologically active. Bisphenol A is metabo-
lized more quickly following oral exposure com-
pared to non-oral exposures such as inhalation
because of “first pass effects” (see below).

>Unmetabolized bisphenol A is commonly referred
to as “free”’; however, the majority of “free” bis-
phenol A circulating in human blood is bound to
plasma proteins.

There is evidence in laboratory rodents that very
young animals metabolize bisphenol A less effi-
ciently than adult animals (/8—20). Neonatal
rats have higher circulating concentrations of
free bisphenol A in their blood compared to
older animals given an equal exposure, presum-
ably due to an underdeveloped ability to gluc-
uronidate early in life (/8). However, neonatal
rats do have the capacity to metabolize and
eliminate bisphenol A. The specific enzymes
that glucuronidate bisphenol A have not been
identified in people, but there is evidence of
postnatal maturation for a number of glucuroni-
dation enzymes in humans. For this reason, a
reduced ability or efficiency to glucuronidate
is generally predicted for human fetuses and
infants [reviewed in (2)/. However, a number of
the enzymes involved in metabolizing bisphenol
A to bisphenol A sulfate in humans are known
and have been shown to be active in fetal and
neonatal life (21, 22), suggesting that this meta-
bolic pathway may be more important than gluc-
uronidate early in life relative to adulthood.

CAN BISPHENOL A AFFECT HUMAN

DEVELOPMENT OR REPRODUCTION?
Possibly. Although there is no direct evidence
that exposure of people to bisphenol A adversely
affects reproduction or development, studies
with laboratory rodents show that exposure to
high dose levels of bisphenol A during pregnancy
and/or lactation can reduce survival, birth weight,
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and growth of offspring early in life, and delay
the onset of puberty in males and females. These
effects were seen at the same dose levels that also
produced some weight loss in pregnant animals
(““dams”). These “high” dose effects of bisphenol
A are not considered scientifically controversial
and provide clear evidence of adverse effects on
development in laboratory animals. However, the
administered dose levels associated with delayed
puberty (=50 mg/kg bw/day), growth reductions
(=300 mg/kg bw/day), or survival (=500 mg/kg
bw/day) are far in excess of the highest estimated
daily intake of bisphenol A in children (<0.0147
mg/kg bw/day), adults (<0.0015 mg/kg bw/day),
or workers (0.100 mg/kg bw/day) (Table 1).

In addition to effects on survival and growth
seen at high dose levels of bisphenol A, a variety
of effects related to neural and behavior altera-
tions, potentially precancerous lesions in the
prostate and mammary glands, altered prostate
gland and urinary tract development, and early
onset of puberty in females have been reported in
laboratory rodents exposed during development
to much lower doses of bisphenol A (=0.0024
mg/kg bw/day) that are more similar to human
exposures. In contrast to the “high” dose devel-
opmental effects of bisphenol A, there is scien-
tific controversy over the interpretation of the
“low” dose findings. When considered together,

the results of “low” dose studies of bisphenol A
provide limited evidence for adverse effects on
development in laboratory animals (see Figures
2a & 2b).

Recognizing the lack of data on the effects of
bisphenol A in humans and despite the limita-
tions in the evidence for “low” dose effects in
laboratory animals discussed in more detail
below, the possibility that bisphenol A may alter
human development cannot be dismissed (see
Figure 3).

SUPPORTING EVIDENCE

The NTP finds that there is clear evidence of
adverse developmental effects at “high” doses of
bisphenol A in the form of fetal death, decreased
litter size, or decreased number of live pups per
litter in rats (=500 mg/kg bw/day) (36, 37) and
mice (=875 mg/kg bw/day) (38—40), reduced
growth in rats (=300 mg/kg bw/day) (36, 37)
and mice (=600 mg/kg bw/day) (38, 39, 41), and
delayed puberty in male mice (600 mg/kg bw/
day) (41), male rats (=50 mg/kg bw/day) (37, 42)
and female rats (=50 mg/kg bw/day) (37, 43).

In addition to these “high” dose effects on sur-
vival and growth, the NTP recognizes that there
are studies that provide evidence for a variety of
effects at much lower dose levels of bisphenol

Figure 2a. The weight of evidence that bisphenol A causes adverse
developmental or reproductive effects in humans

Developmental and reproductive toxicity *

® Clear evidence of adverse effects
Some evidence of adverse effects
Limited evidence of adverse effects
Insufficient evidence for a conclusion
Limited evidence of no adverse effects

Some evidence of no adverse effects

@® Clear evidence of no adverse effects




Figure 2b. The weight of evidence that bisphenol A causes adverse
developmental or reproductive effects in laboratory animals

“High” dose developmental toxicity’ » ® Clear evidence of adverse effects El
Reproductive toxicity? * Some evidence of adverse effects U

W 3 - : vy
Low” dose developmental toxicity * Limited evidence of adverse effects =,
D

=—h

Insufficient evidence for a conclusion

Limited evidence of no adverse effects

Some evidence of no adverse effects

@ Clear evidence of no adverse effects

"Based on reduced survival in fetuses or newborns (=500 mg/kg bw/day) (36—40), reduced fetal or birth
weight or growth of offspring early in life (=300 mg/kg bw/day) (36, 37, 41), and delayed puberty in female
rats (=50 mg/kg bw/day) and male rats and mice (=50 mg/kg bw/day) (37, 41—43).

?Based on possible decreased fertility in mice (=875 mg/kg bw/day) (40); altered estrous cycling in female
rats (=600 mg/kg bw/day) (110), and cellular effects on the testis of male rats (235 mg/kg bw/day) (111).

3Based a variety of effects related to neural and behavior alterations (=10 ug/kg bw/day) (44— 50), lesions
in the prostate (10 pug/kg bw/day) (57) and mammary glands (0.0025—1 mg/kg bw/day) (52, 53); altered
prostate gland and urinary tract development (10 pg/kg bw/day) (54), and early onset of puberty (2.4 and
200 pug/kg bw/day) (48, 55).

Figure 3. NTP conclusions regarding the possibilities that human development
or reproduction might be effected by exposure to bisphenol A

Serious concern for adverse effects

Concern for adverse effects

Developmental toxicity for fetuses, infants & children »

(effects on the brain, behavior and prostate gland) Some concern for adverse effects

Developmental toxicity for fetuses, infants & children
(effects on mammary gland & early puberty in females) * Minimal concern for adverse effects
Reproductive toxicity in workers

Reproductive toxicity in adult men and women
Fetal or neonatal mortality, birth defects, »
or reduced birth weight and growth

® Negligible concern for adverse effects

@ Insufficient hazard and/or exposure data
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A related to neural and behavioral alterations in
rats and mice (=0.010 mg/kg bw/day) (44—50),
preneoplastic lesions in the prostate and mam-
mary gland in rats (0.010 mg/kg bw/day and
0.0025 mg/kg bw/day, respectively) (571—53),
altered prostate and urinary tract development
in mice (0.010 mg/kg bw/day) (54), and early
onset of puberty in female mice (0.0024 and
0.200 mg/kg bw/day) (48, 55).

These “low” dose findings in laboratory animals
have proven to be controversial for a variety of
reasons including concern for insufficient repli-
cation by independent investigators, questions on
the suitability of various experimental approaches,
relevance of the specific animal model used for
evaluating potential human risks, and incomplete
understanding or agreement on the potential
adverse nature of reported effects. These issues
have been extensively addressed elsewhere (2,
56—60) and were considered by the NTP when
evaluating the bisphenol A literature.

HOW WAS THIS CONCLUSION
REACHED?

Scientific decisions concerning health risks
are generally based on what is known as the
“weight-of-evidence.” In the case of bisphenol
A, evidence from the limited number of stud-
ies in humans exposed to bisphenol A is not
sufficient to reach conclusions regarding pos-
sible developmental or reproductive hazard. In
contrast, there is a large literature of laboratory
animal studies. These include studies of tradi-
tional designs carried out to assess the toxicity
of bisphenol A, as well as a wide variety of stud-
ies examining the possibility that exposure to
“low” doses of bisphenol A, defined in the NTP
Brief on Bisphenol A as <5 mg/kg bw/day (61),
during critical periods of development might
result in adverse health outcomes later in life
due to its estrogenic or other biological proper-
ties. Many of these latter studies were designed
not as toxicology studies but rather to probe
very specific experimental questions, and their

results are not always easily interpreted with
regard to how they contribute to the weight-of-
evidence for human health risks.

Many of the laboratory animal studies of bisphe-
nol A have technical or design shortcomings or
their reports do not provide sufficient experi-
mental details to permit an assessment of techni-
cal adequacy (2). As discussed in more detail
below, the NTP did not establish strict criteria
for determining which studies from the bisphe-
nol A literature to consider for the evaluation.
Rather, in an effort to glean information that
might contribute to understanding the numerous
reported effects of bisphenol A, NTP evaluated
many individual study reports. Attention was
paid to issues of sample size, control for litter
effects, and various other aspects of experimen-
tal design; however, experimental findings were
initially evaluated in relation to their biologi-
cal plausibility and consistency across studies
by multiple investigators. Studies were then
evaluated as to their adequacy of experimental
design and the likelihood that any inconsistent
outcomes resulted from differences or shortcom-
ings in experimental design. The NTP consid-
ered several overarching issues when evaluating
the bisphenol A literature:

Are the in vivo effects biologically plausible?
Historically, bisphenol A has been characterized
as being weakly estrogenic. For this reason the
most common type of positive control com-
pounds used in bisphenol A studies are potent
estrogens. There is wide variability in in vitro
estrogenic potency estimates for bisphenol A,
although the mean estimate is ~1,000 to 10,000
times less potent than positive control com-
pounds (2). However, a number of the “low”
dose studies suggest that bisphenol A has a
higher in vivo potency than would be predicted
based on binding to estrogen receptor alpha.
The lack of concordance in potency estimates
based on estrogen receptor binding and in vivo
biological activity has been a point of debate



in considering the biological plausibility of a
number of the reported low dose effects. The
NTP does not necessarily consider it appropri-
ate to consider the reported biological effects of
bisphenol A exclusively within the context of
estrogen receptor o or § binding. An increasing
number of molecular or cell-based (“in vitro™)
studies suggest that attributing the effects
of bisphenol A solely to a classic estrogenic
mechanism of action, or even as a selective
estrogen receptor modulator (SERM)°®, is overly
simplistic. In addition to binding to the nuclear
estrogen receptors ERa and ER[}, bisphenol
A has been reported to interact with a variety
of other cellular targets [reviewed in (2, 62)]
including binding to a non-classical membrane-
bound form of the estrogen receptor (ncmER)
(63—065), a recently identified orphan nuclear
receptor called estrogen-related receptor gamma
ERR-y (66—70), a seven-transmembrane estro-
gen receptor called GPR30 (71), and the aryl
hydrocarbon receptor (AhR) (72, 73).

Several in vitro studies show that bisphenol
A can act as an androgen receptor antagonist
(72, 74—80) and is reportedly mitogenic in a
human prostate carcinoma cell line through
interactions with a mutant tumor-derived form
of the androgen receptor (§1). Bisphenol A also
interacts with thyroid hormone receptors (TRs)
and, based on in vitro studies, is reported to
either inhibit TR-mediated transcription (§2),
inhibit the actions of triiodothyronine (T3) or
its binding to TRs (83, 84), or stimulate cell
proliferation in a thyroid hormone responsive
cell line (85). One in vivo study suggests that
bisphenol A acts as a selective TR} antagonist
(86). Bisphenol A may also inhibit activity of
aromatase, the enzyme that converts testoster-
one to estradiol (72, 87).

®A selective estrogen receptor modulator (SERM)
is a compound that binds nuclear estrogen re-
ceptors and acts as an estrogen agonist in some
tissues and as an estrogen antagonist in other
tissues.

The toxicological consequences of the non-
nuclear estrogen receptor interactions identi-
fied so far are unclear. In some instances, the
physiologic role of the receptor is unknown or
not well characterized, i.e., ERR-~y, GPR30,
which makes interpreting the consistency of the
data impossible with respect to the implicated
mechanism based on the cellular or molecular
studies and the observed in vivo toxicology. In
other instances, the binding affinity of bisphenol
A for the receptor is sufficiently low that no or
minimal influences on biological processes in
vivo would be expected. However, even when
the physiological effects are generally under-
stood, e.g., AR binding, aromatase function,
scientists can only speculate as to the possible
in vivo impacts when multiple receptor or other
cellular interactions are considered together.
Nevertheless, the identification of a growing
number of cellular targets for bisphenol A may
help explain toxicological effects that are not
considered estrogenic or predicted simply based
on the lower potency of bisphenol A compared to
estradiol. Effects mediated through the ncmER
are of interest because of its role in regulating
pancreatic hormone release and because bisphe-
nol A has been shown to activate this receptor in
vitro at a concentration of 1 nM, which is similar
to the active concentration of the potent estrogen
diethylstilbestrol (63, 65).

Are the in vivo effects reproducible?

Two issues become evident when considering the
topic of reproducibility of effects in the bisphenol
A literature. In some cases, the reproducibility
of certain effects has been questioned because
attempts at replication by other researchers
using similar experimental designs did not nec-
essarily produce consistent findings. This leads
to reduced confidence in the utility of the effect
for identifying a hazard. Numerous reasons
have been suggested to explain the inconsistent
findings including differences in sensitivity of
the rodent model, i.e., species, strain, breeding
stock, the author’s funding source, the degree
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of laboratory expertise, and variations in diet,’
husbandry and route of administration. How-
ever, it 1s not known if these factors account for
the inconsistencies. In other cases, particularly
for findings based on studies with very specific
experimental questions, variations in experi-
mental design are large enough to conclude that
the reproducibility of the finding is essentially
unknown. A number of these effects have not
been addressed in traditional toxicity studies
carried out to assess the toxicity of bisphenol
A. Typically, the safety studies do not probe for
potential organ effects with the same degree of
specificity or detail as those studies with specific
experimental questions. The NTP evaluated the
biological plausibility of findings with unknown
reproducibility in light of supporting data at the
mechanistic, cellular, or tissue level.

Another issue is that the “low” dose studies
generally have not tested higher dose levels of
bisphenol A, i.e., >1 mg/kg. Testing over a wide
range of dose levels is necessary to adequately
characterize the dose-response relationship.
Typically, effects are easier to interpret when
the dose-response curve is monotonic and the
incidence, severity, or magnitude of response
increases as the dose level increases. Effects that
have biphasic, or non-monotonic dose response
curves, have been documented in toxicology,
endocrinology and other scientific disciplines
(90, 91), but can be more difficult to interpret,
which often limits their impact in risk assess-
ments or other health evaluations. Testing higher
dose levels may also identify additional effects

"Understanding the impact of variations in dietary
phytoestrogen content in laboratory animal stud-
ies of estrogenic compounds, including bisphenol
A, is an active area of inquiry (88). Recent re-
search suggests that bisphenol A may alter DNA
methylation (an epigenetic mechanism to alter
phenotype) following exposure during develop-
ment and that this effect may be offset by dietary
exposure to methyl donors or the phytoestrogen
genistein (89).
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that aid in interpreting the “low” dose finding
with respect to potential health risk.

Do the in vivo effects represent adverse
health findings in laboratory animals
and/or humans?

A general limitation in the “low” dose litera-
ture for bisphenol A is that many studies have
addressed very specific experimental questions
and not necessarily established a clear linkage
between the “low” dose finding and a subse-
quent adverse health impact. For example,
when an effect is observed in fetal, neonatal, or
pubertal animals, investigations may not have
been conducted to determine if the effect per-
sists or manifests as a clear health effect later in
life. Establishing a linkage to an adverse health
impact is important because many of the “low”
dose findings can be described as subtle, which
can make them difficult to utilize for risk assess-
ment purposes. An additional factor in consider-
ing the adversity of a finding is determining if
the experimental model is adequate for predict-
ing potential human health outcomes.

How should studies that use a non-oral

route of administration be interpreted?

Because the majority of exposure to bisphenol
A occurs through the diet (7), laboratory animal
studies that use the oral route of administration
are considered the most useful to assess poten-
tial effects in humans. However, a large number
of the laboratory animal studies of bisphenol A
have used a subcutaneous route of administra-
tion to deliver the chemical, either by injection
or mini-pumps that are implanted under the skin.
The consideration of these studies in health eval-
uations of bisphenol A has proven controversial
(2, 92). There is scientific consensus that doses
of bisphenol A administered orally and subcu-
taneously cannot be directly compared in adult
laboratory animals because the rate of metabo-
lism of bisphenol A differs following oral and
non-oral administration. There is also consensus
that fetal and neonatal rats do not metabolize



bisphenol A as efficiently as adult rats at a giv-
en dose because the enzyme systems that are
responsible for the metabolism of bisphenol A
are not fully mature during fetal or neonatal life.
However, there is scientific debate on whether
the reduced metabolic capability of neonatal rats
is sufficient to adequately metabolize low doses
of bisphenol A.

In adult rats and monkeys, bisphenol A is
metabolized to its biologically inactive form,
or glucuronidated, more quickly when admin-
istered orally than by a non-oral route, e.g., sub-
cutaneously, intraperitoneally, or intravenously
(93—95). This is because bisphenol A admin-
istered orally first passes from the intestine to
the liver where it undergoes extensive conju-
gation primarily with glucuronic acid before
reaching the systemic circulation (“first pass
metabolism”). Because non-oral administra-
tion bypasses the liver, and therefore first pass
metabolism, these routes of dosing in adult rats
and monkeys result in higher circulating con-
centrations of biologically active, free bisphenol
A compared to oral administration. Although
not tested directly in adult laboratory mice, the
impact of first pass metabolism is predicted to be
similar. Thus, a subcutaneous dose is expected
to have a greater biological effect than the same
dose delivered by mouth in adult laboratory ani-
mals, including in the offspring of dams treated
with bisphenol A during pregnancy.

Studies that administer bisphenol A through
non-oral routes are most useful for human health
evaluations when information on the fate, e.g.,
half-life, and concentration of free bisphenol A
in the blood or other tissue is also available.
For example, if the peak and average daily con-
centrations of free bisphenol A in blood were
measured following non-oral administration,
these values could then be compared to levels
of free bisphenol measured in rodent studies
where bisphenol A is administered orally or to
levels measured in humans. However, none of the
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reproductive and developmental toxicity studies
that treated animals by non-oral routes of admin-
istration determined the circulating levels of free
bisphenol A or its metabolites. As a result, stud-
ies that treat laboratory animals using non-oral
routes of administration have often been consid-
ered of no or of limited relevance for estimating
potential risk to humans (2, 27, 56).

As discussed previously (see “Are People
Exposed to Bisphenol A?”), fetal and neonatal
rats do not metabolize bisphenol A as efficiently
as the adult and, as a result, have higher circulat-
ing concentrations of free bisphenol A for some
period of time compared to adults receiving the
same dose (18—20). The peak concentrations of
free bisphenol A in the blood of 4-day old male
and female rat pups orally dosed with 10 mg/kg
are 2013 and 162-times higher than the peak
blood levels measured in male and female adult
rats treated with the same mg/kg dose (18). A
measure of how long it takes the body to elimi-
nate free bisphenol A, referred to as “half-life,”
was also slower at this dose in neonatal rats:
>6.7 hours in male or female pups compared to
well under an 1 hour in adult animals (78). Thus,
for a given administered dose, blood levels of
bisphenol A are higher in neonatal rats than in
adults, and remain so longer following expo-
sure. However, neonatal rats do have the abil-
ity to metabolize bisphenol A as indicated by
the presence of bisphenol A glucuronide in the
blood and the inability to detect the free form
within the measurement sensitivity of the assay
by 12 to 24-hours after treatment in females and
males respectively (18).

Neonatal rats appear to be able to more efficiently
metabolize bisphenol A when given at lower
dose levels than at higher dose levels. Although
Domoradzki et al. (18) also treated neonatal
and adult animals with a lower dose level of bis-
phenol A, 1 mg/kg, making a direct comparisons
based on age at exposure was not possible at
that dose because free bisphenol A was too low
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to be quantified in the blood of adults. However,
in 4-day old male and female rats treated with 1
mg/kg of bisphenol A, 98—100% of administered
bisphenol A was detected as bisphenol A-glucuro-
nide® compared to 71-82% at 10 mg/kg, i.e.,
a smaller proportion of administered bisphenol
A is glucuronidated at 10 mg/kg compared to 1
mg/kg. This would be expected when the lim-
ited capacity of young animals to metabolize
bisphenol A is overwhelmed by higher dose lev-
els of the compound. These data suggest more
efficient metabolism by neonatal rats at 1 mg/kg
compared to 10 mg/kg and imply that the age
at exposure differences described above may
be less profound in the “low” dose range (<5
mg/kg bw/day).

Taken together these data indicate that, com-
pared to adults at a given dose, neonatal rats (and
presumably mice) metabolize bisphenol A more
slowly and suggest that differences in circulat-
ing levels of free bisphenol A arising from oral
and subcutaneous routes of administration as a
result of “first-pass metabolism” are reduced in
fetal or infant animals compared to adults. This
prediction is supported by a recent study that did
not detect differences in the blood concentra-
tion of free bisphenol A as a function of route
of administration (oral versus subcutaneous
injection) in 3-day old female mice following
treatment with either 0.035 or 0.395 mg/kg of
bisphenol A (92).

Additional research is needed to understand the
metabolism of bisphenol A in both laboratory
animals and humans. For example, a complete
assessment of the UDP-glucuronosyltransferase
(UGT) and sulfotransferase (SULT) isoforms
involved in the glucuronidation and sulfation
of bisphenol A is needed for both rodents and
humans. UGT2B1 has been identified as the prin-

$Based on percentage of plasma area under the
curve (AUC) for radioactivity that was bisphenol
A glucuronide.
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ciple UGT isoform that metabolizes bisphenol A
to bisphenol A glucuronide in the rat (20). This
isoform shows low expression and activity dur-
ing development. However, it is important to note
that the Matsumoto et al. study only character-
ized UGT2BI activity during development and
did not include other members of the UGT2B
family. Thus, the understanding of bisphenol
A metabolism during development in the rat
is still incomplete. In addition, it is difficult to
translate the rat findings to humans because the
UGT isoform(s) that metabolize bisphenol A in
humans have not been identified. Humans have 7
members of the UGT2 family that have functional
activity, 1 UGT2A and 6 UGT2B isoforms.

In contrast, there is information on the SULT
isoforms that metabolize bisphenol A in humans.
In humans, SULT1A1 has been identified as the
SULT with the highest catalytic activity towards
bisphenol A, although SULTI1E1, SULT2A1
and a SULT1C isoforms are also capable of
catalyzing bisphenol A-sulfate formation (21).
In humans, SULT1A1 activity is comparable
in fetal and postnatal liver although there are
differences in localization (hematopoietic stem
cells during fetal life and hepatocytes after
birth). Characterizing the ontogeny of individual
UGT and SULT enzymes is complex as specific
isoforms show unique patterns of expression
during development and also vary with respect
to preferred substrates and associated catalytic
activity. As a result, it is unknown if the vari-
ous metabolic pathways provide for “sufficient”
metabolism of low doses of bisphenol A in
humans exposed during fetal life and infancy.
Although infants can metabolize bisphenol A, it
is likely that significant variation in the develop-
mental profile, e.g., rate and extent of metabolic
capacity, would be observed at the population
level. The issue of sulfation is also important
given the role of sulfation pathways in regulat-
ing endogenous compounds that are involved in
controlling the growth and function of some of
the reproductive tissues identified as targets of



bisphenol A. For example, this raises the pos-
sibility that bisphenol A-sulfate conjugates may
interfere with estriol biosynthesis during fetal
development (96).

While more research in this area is warranted,
data from studies where bisphenol A was given
by subcutaneous injection were considered as
useful in the NTP evaluation as oral adminis-
tration when treatment occurred during infancy
when the capacity to metabolize bisphenol A is
low. Studies in adult animals, including preg-
nant dams, that administered bisphenol A by
subcutaneous injection or by a subcutaneous
mini-pump were considered informative for
identifying biological effects of bisphenol A but
not for quantitatively comparing exposures in
laboratory animals and humans.

What is the impact of limitations in
experimental design and how should
studies with these limitations be
interpreted?

The impact on study interpretation due to
limitations in experimental design has been a
significant point of discussion for bisphenol A,
especially for the issues of (1) small sample size,
(2) a lack of experimental or statistical control
for litter effects, and (3) failure to use a positive
control (2, 97).

In general, studies with larger sample sizes
will have more power to detect an effect due to
bisphenol A exposure than studies with small
sample sizes. For this reason, “negative” results
from small sample size studies are viewed with
caution. On the other hand, “negative” results
from studies with larger sample sizes are usually
considered more credible (98). However, there
is no single sample size that can be identified
as appropriate for all endpoints. The ability to
detect an effect is affected by the background
incidence, e.g., tumor or malformation rates in
control animals, variability of a particular end-
point, and the magnitude of the effect. A sample
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size of at least six may be reasonable for many
endpoints with low or moderate degrees of
variability, such as body weight, but could be
insufficient to detect statistically significant
differences in endpoints with a higher degree
of variability such as hormone level or sperm
count, or that occur infrequently such as mal-
formations or tumor formation. These factors
can make consistent detection of relatively small
changes especially difficult on endpoints that
have a high degree of inherent variability.

Lack of statistical or experimental control
for litter effects was perhaps the single most
common technical shortcoming noted in the
developmental toxicity studies evaluated by the
CERHR Expert Panel for Bisphenol A (2). Ade-
quate control for litter effects when littermates
are used in an experiment is considered essential
in developmental toxicology. In 2000, the NTP
co-sponsored a workshop with the U.S. Envi-
ronmental Protection Agency referred to as the
“Low Dose Endocrine Disruptors Peer Review.”
As part of the peer review, a group of statisti-
cians reanalyzed a number of “low” dose stud-
ies (98). Based on studies that used littermates,
they determined that litter or dam effects were
generally present such that pups within a litter
were found to respond more similarly than pups
from different litters. The overall conclusion on
this issue was that “[f]ailure to adjust for litter
effects (e.g., to regard littermates as indepen-
dent observations and thus the individual pup
as the experimental unit) can greatly exaggerate
the statistical significance of experimental find-
ings.” Studies that did not adequately control
for litter effects were given less weight in the
NTP evaluation and were generally only used
as supportive material.

The NTP concurs with the opinion of several
scientific panels that positive control groups can
be very useful to evaluate the sensitivity and
performance of a given experimental model (2,
60, 98). However, the NTP does not consider
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use of a positive control to be a required study
design component particularly in animal model
systems that are well characterized regarding the
background incidence of “effects” and their vari-
ability. For bisphenol A studies, potent estrogens,
such as diethylstilbestrol, ethinyl estradiol, 17[3-
estradiol, and estradiol benzoate, are the most
commonly used positive control chemicals given
bisphenol A’s historical classification as a weak
estrogen. Failure to obtain predicted responses
with these chemicals is generally interpreted as a
“failed” experiment, perhaps reflecting the selec-
tion of a relatively insensitive animal or experi-
mental model or insufficient chemical challenge.
Studies where no responses are observed in the
positive control group have generally contrib-
uted less weight to evaluations of bisphenol A
(2, 60). The significance of a “failed” positive
control for bisphenol A varies from endpoint
to endpoint and reflected more negatively on a
study in the NTP evaluation when the predicted
effect on reproductive tissue or function was not
observed at dose levels that should be sufficiently
high to produce an effect. In addition, although
potent estrogens are used as positive controls for
bisphenol A, as discussed earlier an increasing
number of molecular or cell-based studies sug-
gest that interpreting the toxicological effects of
bisphenol A solely within the context of their
consistency with a classic estrogenic mechanism
of action is overly simplistic.

HUMAN STUDIES

Only a very small number of studies have looked
at associations between bisphenol A exposure
and disorders of reproduction or developmental
effects in humans [(12, 99, 100), studies prior to
mid-2007 reviewed in (2, 3)]. The human studies
have looked at the relationship between urine or
blood concentrations of total or free bisphenol A
and a variety of health measures including levels
of certain hormones that help regulate repro-
duction (32, 101), markers of DNA damage
(102), miscarriage (103), chromosomal defects
in fetuses (104), fertility and obesity in women
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(16, 99, 105), effects on the tissue that lines the
uterus (“endometrium”) (99, 106), polycystic
ovary syndrome (101, 105), and birth outcomes
and length of gestation (12, 100).

In these studies, there are reports of associations
between higher urine or blood concentrations of
bisphenol A and lower levels of follicle—stim-
ulating hormone in occupationally exposed
men (32), higher levels of testosterone in men
and women (7101, 105), polycystic ovary syn-
drome (101, 105), recurrent miscarriage (103),
and chromosomal defects in fetuses (104). In
addition, one study reported that patients with
endometrial cancer and complex endometrial
hyperplasia had lower blood levels of bisphenol
A than healthy women and women with simple
endometrial hyperplasia (106). Bisphenol A
was not associated with decreased birth weight
or several other measures of birth outcome
in two recent studies (72, 100). Drawing firm
conclusions about potential reproductive or
developmental effects of bisphenol A in humans
from these studies is difficult because of factors
such as small sample size, cross-sectional design,
lack of large variations in exposure, or lack of
adjustment for potential confounders. However,
the CERHR Expert Panel on Bisphenol A (2)
concluded that several studies collectively sug-
gest hormonal effects of bisphenol A exposure
(32, 101, 105) including one in occupationally
exposed male workers likely exposed through
multiple routes including inhalation (32).

The NTP concurs with findings of the recent
evaluations (2, 3) that while these studies may
suggest directions for future research, there is
currently insufficient evidence to determine if
bisphenol A causes or does not cause reproduc-
tive toxicity in exposed adults. There is also
insufficient evidence from studies in humans to
determine if bisphenol A does or does not cause
developmental toxicity when exposure occurs
prenatally or during infancy and childhood.



LABORATORY ANIMAL STUDIES

In contrast to the limited literature evaluating
possible effects of bisphenol A in humans, the sci-
entific literature on the toxic effects of bisphenol
A in laboratory animals is extensive and expand-
ing. For example, between February 2007 (the
cut-off date for literature included in the CERHR
Expert Panel Report on Bisphenol A) and April
11, 2008, more than 400 new articles related to
bisphenol A were identified by PubMed search.
All new studies related to the potential reproduc-
tive and developmental effects of bisphenol A
were considered during preparation of the NTP
Brief on Bisphenol A. However, only those stud-
ies that were considered the most informative
for developing NTP conclusions are cited in
the Brief. In addition to the new literature cited,
many key studies reviewed in the expert panel
report are cited herein.

Reproductive Toxicity Studies

The reproductive toxicity studies of bisphenol
A include assessment of fertility, sperm counts,
estrous cycling, and growth or cellular damage
in reproductive tissues. Reproductive toxicity
can be studied in animals exposed during adult-
hood, during development, or both. Conclusions
on reproductive toxicity presented in this section
of the NTP Brief on Bisphenol A are limited to
the assessment of fertility in laboratory animals,
regardless of when exposure occurred, and other
indicators of reproductive effects in animals
exposed only during adulthood. Assessments of
aspects of the reproductive system other than
fertility in animals exposed during development
are discussed under the headings of “High”
Dose and “Low” Dose Developmental Toxicity
Studies below.

Studies show that bisphenol A does not reduce
fertility in laboratory animals exposed in adult-
hood and/or during development at dose levels
up to 500 mg/kg bw/day in rats (37, 107). Fertil-
ity may be negatively impacted at higher dietary
doses (=875 mg/kg bw/day) in mice exposed
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as adults as indicated by a decreased number
of litters per breeding pair (40), although two
multigenerational reproductive toxicity studies
did not report effects on fertility in mice at doses
up to 1669—1988 mg/kg bw/day (39, 41). There
are occasional reports of decreased fertility in
smaller sample size studies of rodents exposed
to much lower dose levels of bisphenol A dur-
ing adulthood, such as oral treatment with 0.025
and 0.100 mg/kg bw/day in male mice (108). In
the Al-Hiyasat et al. study, decreased pregnancy
rates and increased incidence of resorptions in
untreated female mice were attributed to effects
in treated adult males, i.e., reductions in the
number of testicular or epididymal sperm and
hypothesized impaired sperm quality. However,
the magnitude of the impact on weight—cor-
rected testicular or epididymal sperm number,
~16 to 37%, is not generally considered severe
enough to account for the observed pregnancy
rate decrease of ~33 to 40%.’

At high oral dose levels, adult exposure to
bisphenol A caused reproductive toxicity in
the form of altered estrous cycling in female
rats (=600 mg/kg bw/day)!? (110) and cellular
effects on the testis of male rats (235 mg/kg
bw/day) (111). In addition, more subtle effects
on maternal behavior, i.e., decreased duration
of licking and grooming of pups, are reported
at a lower oral dose in treated adult female rats
(0.04 mg/kg bw/day) (112).

“High” Dose Developmental Toxicity
Studies (>5 mg/kg bw/day)

Results from developmental toxicity studies
in mice and rats show adverse effects on pup

Sperm counts in laboratory rodents and rabbits
generally have to be severely impacted to cause
infertility. Rats may still be fertile with a 90%
reduction in sperm count (709).

19Animals were treated with 1000 mg/kg bw/day
for 1-week and then the dose was reduced to 600
mg/kg for 22—25 additional days.
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survival and growth following maternal expo-
sure to dose levels of bisphenol A defined by
the NTP as “high” (>5 mg/kg bw/day). In rats,
a ~20-36% decrease in the number of pups
per litter is reported following maternal dosing
with =500 mg/kg bw/day (36, 37). Increases in
fetal death and post-implantation loss are seen
in rats treated with 1000 mg/kg bw/day during
pregnancy (36). Reductions in fetal weight or
growth during postnatal life occur at oral dose
levels of =300 mg/kg bw/day in rats (36, 37).
In mice, developmental toxicity is generally
reported at higher oral doses in the form of fetal
death, decreased number of live pups, reduced
fetal or pup body weight at > 875 mg/kg bw/day
(38—40), and reductions in body weight dur-
ing postnatal life in the F1 generation (but not
the F2 generation) at 600 mg/kg bw/day (41).
Fetal death in mice has also been observed in
a recent study that reported embryo lethality
following subcutaneous dosing with 10 mg/kg
bw/day bisphenol A to pregnant mice (713).
Occasionally, decreases in pup survival have
been reported at much lower oral dose levels,
such as 0.0024 mg/kg bw/day in mice (114).
However, this effect is not typically reported at
oral doses in this range even in studies from the
same laboratory using a similar dosing regimen
and the same source of mice (115).

Delayed onset of puberty (assessed by day of
vaginal opening) has been reported in the female
offspring of rats orally treated with bisphenol A
at 50 mg/kg bw/day during gestation (43) or 500
mg/kg bw/day during gestation and lactation
(37). In the study by Tyl et al. (37), this effect
has been attributed to a decrease in body weight
also observed at that dose and has not necessar-
ily been considered a direct developmental effect
(27). However, decreased body weight was not
observed in females at the dose where delayed
vaginal opening was reported by Tinwell et al.
(43). This high dose effect of delayed vaginal
opening is not the predicted effect of exposure
to an estrogenic compound. It is worth noting
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that Tinwell et al. (43) did not detect any dif-
ference in onset of puberty in female rats when
age at first estrus assessed by vaginal smear was
used as the marker of puberty. Other “high” dose
studies report no effect on onset of puberty in
female rats exposed during gestation and lacta-
tion at maternal oral doses ranging from 3.2 to
~1000 mg/kg bw/day (116—119). One “high”
dose study reported an accelerated onset of
puberty in female rats following subcutaneous
injection of bisphenol A during early postnatal
life at 105 and 427 mg/kg bw/day (120). Delayed
puberty in male rats treated during development
has also been reported at oral doses of =50 mg/
kg bw/day (37, 42). This effect was associated
with decreased body weight in the study by Tyl
etal. (37), but not in the study by Tan et al. (42).
A delay in puberty of 1.8 days has also been
reported in male mice at 600 mg/kg bw/day in a
2-generation reproductive toxicity study (41).

With the exception of a possible morphologi-
cal alteration of the urethra (discussed below)
(54), bisphenol A has not been shown to cause
malformations, such as skeletal birth defects or
abnormally shaped or absent organs, in rats or
mice at oral doses up to 1000 and 1250 mg/kg
bw/day, respectively (36, 38). An indication of a
possible developmental delay, apparent delayed
bone formation (“ossification”), was reported at
an oral dose level of 1000 mg/kg bw/day (36). A
more subtle effect, cellular changes in the liver,
in developmentally exposed animals has been
reported at =50 mg/kg bw/day (41).

“Low” Dose Developmental Effects
(=5 mg/kg bw/day)

Neural and Behavioral Alterations

The NTP concurs with the CERHR Expert Panel
on Bisphenol A that there is a sufficiently consis-
tent body of literature to suggest that perinatal or
pubertal exposure to “low” doses of bisphenol A
causes neural and behavioral alterations in rats
and mice, especially related to the development



of normal sex-based differences between males
and females (“sexual dimorphisms” or “sexually
dimorphic”).

Research on the effects of bisphenol A on the
brain and behavior does not have as long a his-
tory as the assessment of reproductive tissues,
but is now an active area of study that has been
growing quickly in the past few years. Cur-
rently, the literature is composed of a collection
of findings based on behavioral assessments,
morphometric and cell-based measurements of
the brain of laboratory animals, and in vitro
studies to identify molecular and cellular targets
and mechanisms of action. From these studies,
themes are emerging that suggest exposures to
bisphenol A can produce a loss or reduction of
sexual dimorphisms in non-reproductive behav-
iors and in certain regions of the brain as well
as effects on the dopaminergic system. Neural
effects are also implicated from mechanistic
studies that show bisphenol A can interfere with
thyroid hormone signaling.

Sexual dimorphisms include differences in the
size, cellular composition, or molecular expres-
sion patterns of specific regions or structures
in the brain. The studies detecting bisphenol
A-induced changes in sexually dimorphic brain
structures generally report a reduction or loss of
sexual dimorphisms, for example, in the locus
ceruleus (LC; a brain region involved in medi-
ating responses to stress) (121, 122), and the
bed nucleus of the stria terminalis (involved in
regulating emotional behavior) (1/23). Similar
effects are reported in some, but not all, studies
(124—126) of the anteroventral periventricular
nucleus (AVPV), a brain region that provides
input to gonadotropin-releasing hormone neu-
rons involved in regulating ovulation. The lowest
administered doses delivered to either pregnant
dams or neonatal animals associated with these
effects range from ~0.03 mg/kg bw/day (oral)
(122), 0.000025 mg/kg bw/day (subcutane-
ous mini-pump) (125) to ~100 mg/kg bw/day
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(subcutaneous injection) (724). Changes are not
reported for all sexually dimorphic structures.
One well-known sexually dimorphic structure
reportedly not affected even at doses up to 320
mg/kg bw/day in rats is the sexually dimorphic
nucleus in the preoptic area (SDN-POA), a brain
region that has a homologue in humans and is
known to be modified by gonadal hormones
during perinatal life (116, 118, 121, 122, 126,
127). Interpreting the potential human health or
behavioral significance of effects on sexually
dimorphic brain regions can be difficult. For
example, the bed nucleus of the stria terminalis
is described as being responsive to reproductive
hormones and generally involved in regulating
emotional behavior (728), but the specific func-
tions of this brain region in rats, and therefore
the impact of loss of sexual dimorphism, remain
unclear.

Effects on behavior have been assessed by a
wide variety of experimental tests. Reported
behavioral changes in rats or mice relate to play
(129), maternal behavior (44, 112), aggression
(130, 131), cognitive function (132), motor activ-
ity (133, 134), exploration (46), novelty-seeking
(45, 46,135), impulsivity (135), reward response
(45, 135—137), pain response (138), anxiety and
fear (46, 48, 50, 139), and social interactions
(140). Many of these behaviors, including activ-
ity, anxiety, exploration, and novelty seeking are
sexually dimorphic to some degree. The lowest
oral dose associated with behavioral changes is
0.01 mg/kg bw/day (via treatment to the preg-
nant dam) (44—46) and a number of behavioral
changes have been reported following develop-
mental exposure to oral doses between 0.01 and
1 mg/kg bw/day (48, 50, 112, 129—-132, 135,
138, 140—-142).

With the exception of a study that showed a
slight increase in receptive behavior in females
and an impairment of sexual performance
in males (730), the loss of behavioral sexual
dimorphisms does not relate to reproductive
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behavior (116, 122, 143). For instance, responses
to novelty and exploratory behavior are sexually
dimorphic behaviors where female mice tend to
display more of these behaviors than males (46,
135). Bisphenol A seems to dampen this sex-
difference by reducing the expression of these
behaviors in female mice (“defeminization” or
“masculinization”) exposed during development,
either through gestation via the dam with oral
doses of 0.01 mg/kg bw/day or through gestation
until weaning at 0.04 mg/kg bw/day (46, 135).

While a loss of sexual dimorphism seems to
be one general trend observed in the behavior
literature, findings for other effects can be more
difficult to interpret. A number of studies have
looked at the relationship between develop-
mental exposure to bisphenol A and increased
activity. The studies that most directly support an
effect of increased activity administered bisphe-
nol A directly into the brain (133, 134, 144, 145).
This route of administration limits the ability to
interpret these studies in relation to human expo-
sure levels as well as to compare the findings to
results from other studies that use more typical
routes of administration. Other studies using
similar behavior assessments have not reported
differences in spontaneous motor activity in the
offspring of dams orally treated with a range of
doses from 0.1-400 mg/kg bw/day (50, 146).
Indications of increased activity based on other
types of behavioral tests are also mixed. Some
studies report no impact of bisphenol A treatment
on activity (107, 142, 147), increased morphine-
induced locomotion in animals treated during
development with bisphenol A (136, 148), no
difference between control and bisphenol A
treated animals in response to methylphenidate,
a drug used to treat attention deficit hyperac-
tivity disorder (ADHD) (747), and decreased
amphetamine-induced activity in bisphenol A-
treated male rats (46). The literature provides
more consistent support for a loss of sexual
dimorphism in locomotor activity. Bisphenol
A exposure during development eliminated sta-
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tistically significant sex differences observed in
control animals where females are more active
than males (722, 125), or caused significant
differences in activity consistent with a loss of
sexual dimorphism, i.e., increased activity in
male, but not female rats (749).

Certain behavioral effects such as alterations in
locomotor activity, reward behavior, response
to novelty, motivation, cognition, and attention
can display some degree of sexual dimorphism
but also implicate involvement of the dopami-
nergic system, a monoaminergic neurotransmit-
ter. Interactions with the dopaminergic system
are supported by findings that bisphenol A can
alter the gene expression of D1, D3, and D4
dopamine receptors (137, 145, 150) and dopa-
mine transporters (145, 151, 152). In addition,
several studies report that perinatal exposure to
bisphenol A can alter (usually decrease) expres-
sion of the rate—limiting enzyme for dopamine
synthesis, tyrosine hydroxylase (TH), that cata-
lyzes the conversion of tyrosine to a pre-cursor
of dopamine, dihydroxyphenylalanine (DOPA),
in several regions of the brain including the sub-
stantia nigra (145, 153), the anteroventral peri-
ventricular nucleus of the hypothalamus (AVPV)
(124), midbrain (151), limbic area (152), and
rostral periventricular preoptic area (125).

Additional support for the brain as a target of
bisphenol A is provided by a number of stud-
ies that report neural alterations at the cellular
level including interactions with or changes in
measures of expression of a number of recep-
tors involved in brain function, such as estrogen
receptors ERa and ERf (47, 154—156), gamma-
aminobutyric acid type A (GABA,) (157, 158),
progesterone (159, 160), aryl hydrocarbon recep-
tor (AhR), retinoic acid receptor (RAR) alpha,
retinoid X receptor (RXR) alpha (161—163),
and thyroid receptors (82—86). Other studies
report effects on neuronal migration or organi-
zation (164, 165), synaptogenesis (166, 167),
GABA-induced currents (758), neuronal cell



death (168), synaptic plasticity (169); thyroid
receptor-mediated differentiation of oligoden-
drocytes (170), and reduced proliferation of
neural progenitor cells (171).

The NTP concurs with the CERHR Expert Panel
on Bisphenol A that the results of neurological
and behavioral studies of exposures of labora-
tory animals to bisphenol A during development
raise questions about possible risks to human
development. Although the technical merit of the
scientific literature on brain and behavior varies,
a number of the “low” dose studies have been
considered by various evaluation groups to be
experimentally well-conducted.!! For example,
the CERHR Expert Panel on Bisphenol A clas-
sified the studies by Kwon et al. (116), Negishi
et al. (50), Della Seta et al. (49), Palanza et al.
(44), and Ryan and Vandenbergh (48) as having
“high utility” in its evaluation.

The NTP also concurs with the CERHR Expert
Panel on Bisphenol A that additional research
is needed to more fully assess the functional,
long-term impacts of exposures to bisphenol A
on the developing brain and behavior. Overall,
the current literature cannot yet be fully inter-
preted for biological or experimental consis-
tency or for relevance to human health.'? Part
of the difficulty for evaluating consistency lies
in reconciling findings of different studies that
use different experimental designs and different
specific behavioral tests to measure the same
dimension of behavior.

"The studies by Negishi 2004 et al. (50), Carr et
al. (132), Ryan and Vandenberg (48), and Adri-
ani et al. (135) were described as sufficiently
reliable for regulatory use in a minority opinion
expressed by Denmark, Sweden, and Norway in
the latest European Union risk assessment (6).
Dr. Michael Baum, an ad hoc reviewer in the
NTP Board of Scientific Counselors peer review,
considered the studies by Ryan and Vandenberg
(48), Gioiosa et al. (46), and Rubin ef al. (125)
to be exceptionally well-conducted.

20

For some of the reported effects, there is some
degree of consistency in the rodent studies (96).
For example, Rubin ef al. (125) reported that
perinatal exposure to low doses of bisphenol
A significantly reduced the number of tyrosine
hydroxylase (dopaminergic) neurons in the
AVPV of female mice to the values observed in
control and bisphenol-treated males. Because
the AVPV is involved in regulating ovulation in
rodents this finding is consistent with an earlier
study by this same group that reported disrupted
estrous cyclicity in adult female mice following
perinatal exposure to bisphenol A (173). How-
ever, the manifestation or translation of these
effects to primates or humans is unclear because
there is no homologous hypothalamic structure
to the AVPV in humans.

Another issue that complicates translation of
the rodent findings to primates and humans is
species differences in the role of estradiol in
regulating sexual differentiation of the brain

12The following “low” dose studies were cited in
the “Characterization of Risk to Human Health”
section of the Health Canada Draft Screening
Assessment for Bisphenol A (172): Palanza et
al. 2002 (44), Laviola et al. 2005 (45), Gioiosa
et al. 2007 (46), Farabollini er al. 2002 (130),
Della Seta et al. 2005 (112), Adriani et al. 2003
(135), Negishi et al. 2004 (50), and Carr et al.
2003 (132). From these studies, Health Canada
concluded that “While collectively these studies
provide evidence that exposure to bisphenol A
during gestation and early postnatal life may be
affecting neural development and some aspects
of behaviour in rodents, the overall weight of ev-
idence was considered limited from the perspec-
tive of rigour (e.g., study design limitations such
as conduct of behavioural assessments at a single
time point); power (e.g., limited number of ani-
mals per test group), corroboration/consistency
(limited consistency of studies) and biological
plausibility (e.g., certain studies involve use of a
single dose, lack of dose response relationship).
These limitations make it difficult to determine
actual significance of findings to human health
risk assessment.”
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(96). In brief, estradiol has a clearer role in
regulating male-typical brain and behavioral
sexual differentiation in rodents compared to
primates and humans. The sexual dimorphism
of a number of the neural and behavioral end-
points affected by bisphenol A exposure, i.e.,
AVPV and LC volume/cell number, locomotor
activity, exploration in the plus maze, have been
shown to depend on estradiol formed perina-
tally in the male rodent brain via aromatiza-
tion of testosterone secreted from the fetal and
neonatal testes. To the extent that these effects
of bisphenol A are due to its interactions with
the estrogen receptor the translation of these
findings to humans is not clear because there
is currently no evidence that estrogen receptor
signaling plays an essential role in male-typical
brain and behavioral sexual differentiation in
primates including humans (96).

However, as discussed previously a number of
studies suggest that bisphenol A may also exert
biological effects by mechanisms that do not
involve estrogen receptor binding. For this reason,
future neural and behavioral studies of bisphenol
A should not focus exclusively on estrogen recep-
tor-mediated endpoints. For example, a number of
male-typical brain and behavioral sexual dimor-
phisms in rodents depend on androgen receptor
signaling, i.e., spinal nucleus of the bulbocav-
ernosus, the posterodorsal medial amygdalar
nucleus, the ventromedial hypothalamic nucleus,
the suprachiasmatic nucleus, forebrain response
to pheromones, play fighting and the preference
of males to seek out female vs same-sex (male)
urinary odors. These androgen receptor-mediated
behaviors are considered to have more direct
relevance to humans and should be more thor-
oughly assessed following bisphenol A exposure
given suggestions that bisphenol A can modulate
androgen receptor activity or expression levels.

In addition, several studies suggest that bisphenol
A may interfere with the dopaminergic system.
The CERHR Expert Panel on Bisphenol A did
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not consider most of these studies useful in
the evaluation by due to experimental design
limitations and/or use of a non-oral route of
administration. Additional research that includes
assessment of dopaminergic-related endpoints to
address the limitations in the current literature
would be helpful.

Future studies should also take precautions to
distinguish between “organizational” and “acti-
vational” effects of hormones. Organizational
effects are permanent and induced by hormones
during perinatal life whereas activational effects
are acute, generally reversible, and occur
throughout life (1/74). Many sexual and other
behaviors reflect both organizational and activa-
tional influences of hormones (175). Observed
behavioral effects of perinatal bisphenol A
could reflect organizational changes in the brain
accomplished during the normal perinatal period
of brain sexual differentiation or, alternatively,
they could simply reflect group differences in
plasma levels of circulating sex hormones at the
time of adult testing. Only a small number of the
studies in the bisphenol A literature controlled
for the influence of differences in plasma levels
of circulating sex hormones at the time of testing,
for example by testing ovarectomized females,
using females at the same stage of the estrous-
cycle, or conducting assessments on pre-pubertal
animals (46, 48, 125).

Mammary Gland

There is evidence from rodent studies suggesting
that perinatal exposure to bisphenol A via sub-
cutaneous mini-pump at administered doses of
0.0025 to 1 mg/kg bw/day causes tissue changes
(“lesions”) in the mammary gland that may signal
an increased susceptibility to develop mammary
gland tumors later in life (52, 53). Although these
lesions have been described as preneoplastic, cur-
rently no data are available that assess whether the
reported lesions progress to invasive carcinoma.
For this reason, the evidence is not sufficient to
conclude that bisphenol A is a rodent mammary



gland carcinogen or that bisphenol A presents a
breast cancer hazard to humans.

While bisphenol A has not been shown to cause
cellular changes or cancer of the mammary gland
in female rats and mice exposed as adults (176),
two recent studies suggest that exposure of rats
to bisphenol A during gestation may lead to the
development of “preneoplastic” lesions in adult-
hood, ductal hyperplasia and carcinoma in sifu,
that may potentially progress to tumors (52, 53).

[7Technical comment: During preparation and
peer review of the draft NTP Brief on Bisphe-
nol A a number of pathologists questioned the
classification of the lesions with cribriform-like
structures described as carcinoma in situ in the
studies by Murray ef al. and Durando ef al. In
addition, the degree of hyperplasia reported
in these studies was described during the peer
review as being of a relatively mild form and
not necessarily of the type that presents the
most concern for development of invasive breast
cancer in women, i.e., focal areas of atypical
hyperplasia (see the Peer Review Report for Bis-
phenol A (96) for additional discussion)].

In the study by Murray et al. (53), rats were
treated with 0.0025—1 mg/kg bw/day bisphenol
A during pregnancy by subcutaneous mini-pump.
Significant increases in the incidence of hyper-
plastic ducts were reported in all dose groups of
female offspring on postnatal day 50 and only in
the lowest dose group of 0.0025 mg/kg bw/day
on postnatal day 95 (sample sizes range from
4—-6). Lesions described as carcinoma in sifu
were reported in female offspring in the 0.25
and 1 mg/kg bw/day groups on postnatal day 50
(25% incidence for both treatment groups) and
postnatal day 95 (33% incidence for both treat-
ment groups). These findings are supported by a
study by Durando ef al. (52)'3 where pregnant
rats were treated with 0.025 mg/kg bw/day, again
using a subcutaneous mini-pump. In this study,
the percent of hyperplastic ducts was significantly
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increased in the female offspring at both postnatal
days 110 and 180 (~2—5-fold). A non-significant
increase in the incidence of ductal carcinoma in
situ was noted following adult treatment with
a subcarcinogenic dose of N-nitroso-N-methyl-
urea, a chemical used in cancer research to assess
susceptibility to carcinogens (2/15 compared to
0/10 in control animals).

These findings are generally consistent with
other reports of changes in mammary gland
growth and development following perinatal
exposure to bisphenol A that are related to an
altered rate of maturation, e.g., advanced fat pad
maturation, delayed lumen formation, enhanced
duct growth, adoption of a pregnancy-like state,
enhanced responsiveness to secondary estrogenic
exposures, and potentially increased susceptibil-
ity to carcinogenesis, e.g., increased number or
density of terminal end buds and ducts (52, 53,
177—183). These findings have been interpreted
by some authors as indicating that developmen-
tal exposure to bisphenol A causes effects on
breast tissue maturation that may lead to a pre-
disposition to disease onset later in life (52, 53,
181—-183, 191).

3The study by Durando et al. (52) implied that
99.9% DMSO was used in the mini-pump
[“Pumps are designed to deliver 25 bisphenol
A (Sigma-Aldrich de Argentina S.A., Buenos
Aires, Argentina) or only DMSO (99.9% mo-
lecular biology grade, Sigma-Aldrich de Argen-
tina S.A.)”’]. The manufacturer of the mini-pump
does not recommend use of DMSO concentra-
tions greater than 50% because it can degrade
the pump reservoir material and potentially result
in tissue inflammation and edema. For this rea-
son, the CERHR Expert Panel on Bisphenol A
considered this study critically flawed (2). The
NTP concurs that use of a high concentration
of DMSO is a technical short-coming, but is
not convinced that this factor could account for
the observed results. The NTP also considered
the possibility that potential pump degradation
could result in variations in administered dose,
but concluded that the study was still useful to
consider in the context of other findings.
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With the exception of an oral dosing study con-
ducted by Moral ef al. (183) that reported an
increased number of mammary gland terminal
ducts in the female offspring of rats treated
during gestation with 0.250 mg/kg/day, the
cellular and tissue-level effects on the mam-
mary gland occurred in studies where bisphenol
A was administered by subcutaneous treatment
via mini-pump at doses of 0.000025 to 10 mg/
kg/day (52, 53, 177, 179—-182).

Certain aspects of mammary gland cancer differ
between rats and humans, e.g., metastases are
uncommon in rodents, but ductal hyperplasia
and carcinoma in situ, are generally recognized
as intermediary steps in chemical-induced mam-
mary gland cancer in the rat and as preneoplastic
lesions in the human (7184—187). The appear-
ance of ductal hyperplasia and carcinoma in situ
are similar enough between rats and humans that
these findings in the rat are considered relevant
to humans (/85). In humans, a greater than
mild degree of ductal hyperplasia and ductal
carcinoma in situ are associated with increased
relative risk of developing invasive breast car-
cinoma. It is important to note that the devel-
opment of these lesions does not guarantee the
formation of tumors or cancer in rats or humans
and they are most appropriately interpreted as
risk factors. If similar changes occur in women,
the increased relative risks for developing inva-
sive breast cancer range from 1.5 to 5-fold for
moderate and atypical ductal hyperplasia and
8.0 to 10.0-fold for ductal carcinoma in situ
(188). The relative risk is based on a comparison
to women of the same age in the general popu-
lation. For example, a 50-year old woman has
a 1 in 39 chance of developing invasive breast
cancer in the next 10 years. If a 50-year woman
has atypical ductal hyperplasia, a form of ductal
hyperplasia associated with a moderate level of
increased relative risk (4 to 5-fold), then her
chance of developing invasive breast cancer in
the next 10 years increases to approximately 1
in10to 11in 8.
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The current literature is not sufficient to establish
the reproducibility of the ductal lesion findings
by multiple independent investigators. Bisphe-
nol A was not shown to induce neoplastic or
non-neoplastic lesions in the mammary gland of
female rats (~74 and 135 mg/kg bw/day) or mice
(650 and 1300 mg/kg bw/day) in two-year dietary
cancer bioassays where exposure was initiated
in young adult animals (5-weeks of age) (176).
However, these studies did not include perinatal
exposure and the NTP recognizes that adult-only
exposure may not be sufficient to detect chemi-
cal carcinogens in hormonally-responsive tissues
such as the mammary gland (/87). Most of the
toxicology studies of bisphenol A that included
assessment of females following developmental
exposure either (1) did not report examination
of the mammary gland (37, 43, 120, 189, 190),
or (2) collected mammary gland tissue but did
not prepare the tissue in a manner that would
readily reveal these changes, i.e., whole mounts
(41, 107). The limited assessment of the mam-
mary gland in these studies is critical because it
is not clear that, if present, intraductal epithelial
proliferations would have been detected during
the routine histopathologic examinations. More
severe mammary lesions were not reported in
these studies. Although severe lesions or tumors
could be detected during routine necropsy, the
studies by Ema et al. (107) and Tyl et al. (41)
were primarily designed to detect effects on
reproduction and development and not tumor
incidence. Animals were not followed up for a
sufficiently long period of time to necessarily
expect to observe tumors in control animals or
differences in tumor incidence between treat-
ment groups. In both of these studies, mammary
gland tissues in the parental (FO) and F1 gen-
erations of females were only examined after
weaning of their pups and the animals would
have been well under one year of age at the time
of tissue collection.

The NTP concurs withrecentreviews (2, 191) that
additional data are needed to more completely



understand the possible long-term consequences
of disrupting mammary gland development in
animals by bisphenol A exposure and its signifi-
cance for human health. Namely, long-term fol-
low-up studies with sufficient statistical power
should be conducted to evaluate if the ductal
hyperplasia and carcinoma in situ progress to
mammary gland tumors, preferably without the
use of a secondary chemical challenge in adult-
hood. In addition, conducting the appropriate
pharmacokinetic studies to better understand the
distribution of bisphenol A to target tissues with
the subcutaneous mini-pump would aid in inter-
preting the results. While researchers predict that
circulating levels of total and free bisphenol A
in the subcutaneous mini-pump studies would
be quite low based on the administered dose (<1
mg/kg bw/day), the lack of supporting pharma-
cokinetic information limits the ability to make
comparisons to human exposures.

Prostate Gland and Urinary Tract

There is some evidence that perinatal exposure to
bisphenol A in rodents may alter prostate gland
and urinary tract development and predispose the
prostate to develop hormonally-induced pre-neo-
plastic lesions later in life. The evidence is not
sufficient to conclude that bisphenol A is a rodent
prostate gland carcinogen or that bisphenol A
presents a prostate cancer hazard to humans.

In mice, exposure of pregnant dams to bisphe-
nol A at an oral dose of 0.010 mg/kg bw/day
has been shown in one study to alter prostate
development in offspring by increasing the
number of prostatic ducts, ductal volume, and
the proliferation of a cell population implicated
in the development of prostate cancer (basal
epithelial cells) in one or more regions of the
prostate (54, 192). This study also reported a
urinary tract deformation where the urethra
narrows near the neck of the bladder, an effect
that, if permanent, could contribute to urine flow
disorders. These effects were observed in fetal
mice and it is unclear if they persist into adult-

24

hood or relate to a clear adverse health outcome.
It is important to note that other studies have not
reported severe consequences of urinary tract
constriction in adult animals exposed during
development that might be predicted based on
the finding by Timms ef al. including bladder
stones, hydronephrosis, hydroureter, or other
indications of kidney toxicity.

In Sprague-Dawley rats, subcutaneous injec-
tion of neonates with 0.010 mg/kg bisphenol
A followed by adult hormone treatment'*
was reported to cause 100% of the animals to
develop “low” grade (3/10 animals) or “high”
grade (7/10 animals) prostate intraepithelial
neoplasia (57).!>16 The incidence of prostate
intraepithelial neoplastic (PIN) lesions in ani-
mals that did not receive the adult hormone

“Animals were given Silastic capsule implants
packed with estradiol and testosterone that result
in serum concentrations of ~75 pg/ml estradiol
and 3 ng/ml testosterone. This hormone treat-
ment is intended to mimic the ratio of estradiol
to testosterone in the aging male.

The classification scheme of “low” and “high”
grade PIN lesions used by Ho et al. (2006) ap-
pears to be their own (96).

160One other study assessed bisphenol A’s ability to
predispose the prostate to develop prostate intra-
epithelial neoplasia lesions and tumors (7193). In
this study, female F344 rats were orally dosed
with 0.05, 7.5, 30, or 120 mg/kg bw/day of bi-
sphenol A during pregnancy and lactation. In or-
der to induce prostate lesions and tumors, male
offspring were treated with a chemical carcino-
gen, 3,2’-dimethyl-4-aminobiphenyl (DMAB).
No statistically significant changes in prostate
intraepithelial neoplasia lesions or carcinomas
were observed. Differences between this study
and the report of Ho et al. may be related to age
at exposure (fetal versus neonatal and fetal), rat
strain (F344 versus Sprague—Dawley), carcino-
genic insult (DMAB versus estradiol +testos-
terone), route of administration (subcutaneous
versus oral to dams), or other factor such as
animal husbandry and housing.
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treatment was not significantly different from
controls (2/6 versus 1/9 in control animals). Pro-
posed biological mechanisms to account for the
effects of bisphenol A on the prostate include an
epigenetic mode of action exemplified as altered
DNA methylation patterns in genes that help
regulate prostate development and growth as an
epigenetic mode of action (57, 194). PIN lesions
in the male rodent have similar histopathology
to PIN lesions in men, and evidence of high
grade PIN lesions in men is considered a risk
factor for developing prostate cancer (96). The
use of adult hormone treatment to promote the
development of prostate intraepithelial neopla-
sia lesions complicates the interpretation of this
study when considering its relevance to human
bisphenol A exposure. However, as discussed in
more detail below, rodents are normally resis-
tent to developing prostate cancer and the use of
hormone treatment, chemical treatment, or other
alternative animal model to obtain a more sensi-
tive rodent model is considered an acceptable
and recommended strategy in prostate cancer
research (187).

The findings of Ho et al. (51) are consistent
with a recent report of increased expression of
cytokeratin 10 (CK10), a cell-marker associated
with squamous differentiation, in adult male
offspring of pregnant mice orally treated with
0.020 mg/kg bw/day bisphenol A during gesta-
tion (195). Chronic exposure to high doses of
potent estrogens, such as diethylstilbestrol, leads
to squamous metaplasia of the prostate, a tissue
change characterized by a multilayering of pros-
tatic basal epithelial cells. Squamous metaplasia
is associated with benign prostatic hyperplasia
or long-term estrogen treatment in patients
with benign or malignant prostatic disease. The
induction of CK 10 expression in basal epithelial
cells is an early indicator of changes leading to
estrogen-induced squamous metaplasia. While
the long-term health consequences of such an
alteration are unclear, prostatic basal epithelial
cells are important for normal growth and devel-
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opment and are implicated in the initiation and
early progression of prostate cancer due to their
function in maintaining ductal integrity and reg-
ulating the differentiation of luminal epithelial
cell differentiation (792). It is important to note
that prostates in the Ogural et al. study appeared
morphologically the same as control animals
based on the staining technique normally used in
pathology (hematoxylin and eosin, or H&E). A
stain specific for squamous keratin was required
to detect the change. Thus, it is unclear whether
similar changes in basal epithelial cell phenotype
were present in other studies that evaluated the
prostate using only an H&E stain.

The NTP concurs with the CERHR Expert Panel
on Bisphenol A (2) and another recent evalua-
tion (191) that additional studies are needed to
understand the effects of bisphenol A on the
development of the prostate gland and urinary
tract. Studies should attempt to confirm these
findings and include longer periods of follow-up
to understand the significance of the structural
and cellular effects observed in fetuses and to
clarify the relevance of prostate intraepithelial
neoplastic lesions resulting from bisphenol A
exposure to the development of prostate can-
cer in these animals. Future research to clarify
the role of bisphenol A in the development of
prostate cancer presents a scientific challenge.
Unlike humans where prostate cancer is com-
mon, it is the most common non-skin cancer
in American men (/87), rodents rarely develop
prostate cancer. Of the almost 4,550 rats and
mice used as controls in NTP 2-year inhalation
or feed studies conducted during the last decade,
only 1 cancerous tumor and 17 benign tumors
(“adenoma”) of the prostate gland were detected
(187). No substances, including bisphenol A
(176), have been identified as causing prostate
tumors in NTP studies (7/87). The NTP has long
recognized the limits of the traditional rodent
cancer bioassay for detecting chemical-induced-
prostate tumors and organized a workshop in
May 2006 to address this issue (187). Suggested



strategies to improve the sensitivity of rodent
models for detecting prostate cancer included
using alternative models, e.g., genetically modi-
fied, and/or initiating exposure in perinatal life.
In addition, NTP workshop participants sug-
gested a more detailed histopathologic evalu-
ation of the prostate because the assessment
of human carcinogenic potential may be better
determined based on chemical-induced preneo-
plastic changes rather than tumor incidence.

During its evaluation of bisphenol A exposure
and prostate development, the NTP also consid-
ered a number of studies in rats or mice that have
detected increased prostate weight at low doses
(115, 196) or failed to detect this effect (37,
41, 43,107, 116, 122, 193, 197—-201). Prostate
weight effects have taken on a special signifi-
cance in the controversy surrounding bisphenol
A because elevated prostate weight was the first
“low” dose finding reported in laboratory ani-
mals (115) and prompted numerous follow-up
studies. Attempts to understand the basis for
discordant findings has generated consider-
able scientific discussion and debate including
their review at the NTP Low-Dose Peer Review
workshop mentioned earlier (97). In brief, the
NTP believes that the overall conclusions of the
Bisphenol A Subpanel of the NTP Low-Dose
Peer Review remain valid with respect to “low”
dose effects on prostate weight, i.e., increased
prostate weight cannot be considered a general
or reproducible finding.

More importantly, it is not clear that prostate
weight should continue to be considered a criti-
cal endpoint in risk evaluations of bisphenol A
given the relative crudeness of this measure.
Changes in organ weight may be useful to iden-
tify potential target tissues, but become less
important when additional data relating to struc-
tural, cellular, or functional integrity are avail-
able. Prostate enlargement does not correlate
with the development of prostate histopathology
or cancer in rodents, and the evaluation of pros-
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tate weight without corresponding assessment of
histopathologic changes is not considered useful
for determining carcinogenic potential (202).

In addition, changes in prostate weight are not
necessarily observed in the same bisphenol
A studies that report prostatic cellular or tis-
sue-level changes. For example, no effects on
prostatic lobe weight were observed in studies
that reported (1) increased incidence and sus-
ceptibility to develop prostate intraepithelial
neoplastic lesions (57), (2) changes in the pros-
tatic periductal stroma and decreases in andro-
gen-receptor positive stromal cells and epithe-
lial cells positive for prostatic acid phosphatase
(PAS), an enzyme produced by the prostate that
can be found in higher amounts in men with
prostate cancer (203), and (3) increased expres-
sion of CK10 in adult mice exposed as fetuses
to 0.020 mg/kg bw/day via treatment of the dam
or during adulthood to high doses of bisphenol
A (2—-200 mg pellets implanted under the skin
for 3-weeks) (195).

Puberty and Sexual Maturation

NTP concurs with the CERHR Expert Panel on
Bisphenol A that limited data are available at low
doses to suggest an effect of accelerating the onset
of puberty in female mice. In humans, early onset
of puberty in girls is associated with elevated risk
of developing breast cancer, early bone age matu-
ration, and psychosocial impacts that include
influencing age at first sexual intercourse and
increasing risk for certain adolescent risk behav-
iors (204—206). Depending on the magnitude of
the effect, early onset of puberty in laboratory
animals can be considered an “adverse” effect
in reproductive toxicology (204).

The consistency of the literature on “low” dose
effects of bisphenol A related to puberty in
female rodents is different in rats and mice. Of
the eight studies in rats evaluated by the NTP,
seven were interpreted as being “negative” (37,
43, 53, 107, 122, 173, 207) and one study was
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considered “positive” (52). Overall, the NTP
considered the rat data to indicate that “low”
doses of bisphenol A do not affect the onset
of puberty in female rats. A total of six “low”
dose mouse studies were identified and evalu-
ated by the NTP. Of these, two reported effects
consistent with accelerated puberty and one
showed an alteration in events related to sexual
maturation in females and were interpreted as
“positive” and the other three were considered
“negative.”

The NTP strategy for evaluating the entire “low”
dose literature on puberty in female rodents was
to first conduct a detailed assessment of the
mouse studies to determine whether any aspect
of study design could account for the apparently
contradictory results in this species. The most
consistent difference between the “positive” and
“negative” studies in mice is the approach used
to measure a puberty-related event. Age at first
estrus is the most accurate indicator of puberty in
rodents. This occurs at the same time as vaginal
opening in rats. However, in mice, vaginal open-
ing does not correlate well with puberty and the
first day of detecting cornified cells in a vaginal
smear, a sign of first estrus, is the preferred mea-
sure used to indicate the onset of puberty (208).
Although accelerated vaginal opening is an
expected response to estrogens in mice, the lack
of simultaneous occurrence of vaginal opening
and first estrus suggests that these events may be
differentially regulated even though they are both
estrogen responsive. Thus, the NTP considers
vaginal opening to be a marker of sexual matu-
ration, but not a surrogate measure of puberty,
i.e., first estrus. The three mouse studies that
reported effects consistent with an acceleration
of a puberty-related event used first estrus as the
marker of puberty (48, 55, 189). In contrast, the
“negative” studies used vaginal opening (41, 178,
197). Each study also has its own limitation that
complicates a straight-forward interpretation of
the results, e.g., small sample size, positive con-
trol response, or use of subcutaneous injection
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to pregnant dams. Based on the analysis outlined
below, the NTP concluded that the “positive”
mouse studies provided limited evidence of an
acceleration of puberty.

In contrast, the NTP concluded that the rat stud-
ies do not indicate an effect on puberty at “low”
doses. The differences in outcomes cannot be
attributed to the use of an insensitive strain
or stock because a variety of rat models were
used in the “negative” studies: Sprague-Dawley,
Wistar, Wistar-Furth rats, Wistar-derived Alder-
ley Park, CD, and Donryu. Moreover, three of
the “negative” rat puberty studies reported other
“low” dose effects (53, 122, 173). The effects of
bisphenol A on puberty in rats at “high” doses
are more inconsistent than the “low” dose stud-
ies. Only one study has reported an effect on
puberty in the predicted direction, i.e., accelera-
tion following subcutaneous treatment on post-
natal days 0 to 9 (120). Other studies reported
no effect (116—119) or a delay in puberty at =50
mg/kg bw/day (37, 43). Four of these studies
used a positive control group (43, 116, 118, 120).
In these studies, responses to potent estrogens
based on age at vaginal opening ranged from no
effect (116), to a statistically significant small or
moderate acceleration [1.7 days (43); 2.4 days
(120); 3.6 days (118, 119)].

Mouse Studies
“Positive” Mouse Studies
* The largest magnitude of effect on puberty

in female mice was reported by Ryan et al.
(48). In this study, age at first estrus was ac-
celerated by 4.5 days in C57BL/6 mice whose
dams were orally dosed with 0.2 mg/kg/day
bisphenol A during gestation and lactation
(GD3—-PND21) (48). Acceleration in puber-
ty of approximately 6 days was reported in
the ethinyl estradiol positive control group.
The major limitation of this study was the
relatively small sample sizes used for this
endpoint (4—5 dams per treatment group).



Howdeshell et al. (55) reported that female
CF-1 offspring of dams orally-treated with
0.0024 mg/kg/day of bisphenol A during
gestation (GD11-17) had a 2.5 day short-
er interval between age at vaginal opening
and first estrus. This study also evaluated
whether fetal response to prenatal bisphenol
A treatment differed based on intrauterine
position (IUP). In some rodent species, fe-
males surrounded by 2 females in utero (0
male or OM) have higher serum concentra-
tions of estradiol and lower serum concen-
trations of testosterone compared to females
surrounded by 2 males (2M). Intrauterine
position effects have been reported for some
behaviors or physiological characteristics,
mostly in mice but also other rodents and
swine (209). The shorter interval of ~2.5
days between vaginal opening and first es-
trus in control and bisphenol A-treated ani-
mals was primarily attributed to a 5-day
shortening of this interval in the OM females
leading the authors to hypothesize that ani-
mals with higher background exposures to
estradiol may be more sensitive to bisphenol
A exposure. The most significant limitation
of this study is the interpretation of the in-
terval between vaginal opening and first es-
trus. No effect was observed on age at first
estrus in bisphenol A-treated mice!” or age
at vaginal opening. A shortening of the in-
terval between these two events should not
be interpreted as an acceleration in the onset
of puberty and is more appropriately charac-
terized as a alteration in the timing of events
related to sexual maturation.

The findings of Ryan et al. (48) and Howde-
shell et al. (55) are supported by a subcuta-
neous injection study that noted a statisti-
cally significant 1-day earlier onset of first

estrus and vaginal opening in female ICR/Jcl
mice whose mothers were treated with 0.02
mg/kg bw/day bisphenol A during gestation
(GD11-17) (189). Although the reported
magnitude of the effect in the bisphenol A-
treated animals was small, ~1-day, the au-
thors also reported that females in both the
0.002 and 0.02 treatment groups had sig-
nificantly longer estrous cycles (a “classic”
estrogenic response) compared to control an-
imals. Accelerations in vaginal opening and
puberty and lengthened estrous cycles were
also observed in the diethylstilbestrol posi-
tive control groups. The interpretation of this
study is limited by the small magnitude of
an effect on age at first estrus and use of sub-
cutaneous injection as the route of adminis-
tration to pregnant dams.

“Negative” Mouse Studies
* Ashby et al. (197) did not detect an effect

of bisphenol A on vaginal opening in the
female offspring of CF-1 mice dosed orally
with 0.002 or 0.02 mg/kg bw/day. The in-
terpretation of this study is complicated by
the response in the positive control group
where diethylstilbestrol (0.0002 mg/kg bw/
day) caused a significant 3.6-day delay in
the age of vaginal opening compared to the
vehicle control group. A delay in puberty is
inconsistent with the predicted estrogenic
effect of accelerated puberty for the diethyl-
stilbestrol group.

Markey et al. (178) did not report an effect
of bisphenol A on age at vaginal opening in
female CD-1 mice whose dams were dosed
with 0.000025 or 0.00025 mg/kg bw/day via
subcutaneous mini-pump. The authors not-
ed that a portion of the mice showed partial
vaginal opening approximately 4 days earli-
er than control animals. In addition, both bi-
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17Age at first estrus was significantly accelerated

for OM females versus controls in post hoc anal-
yses (personal communication Frederick vom
Saal, August 13, 2008)
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sphenol A groups had longer estrous cycles
than control animals.
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* Tyl et al. (41) reported no effect of bisphenol
A on age at vaginal opening in CD-1 mice
using a multigenerational study design at
dietary doses that ranged from 0.003 to 600
mg/kg bw/day. The positive control group
used in the bisphenol A study, 17p-estradiol
(0.08 mg/kg bw/day) caused the expected ef-
fect of accelerated vaginal opening. However,
the experimental model used in this study did
not appear to be sensitive in detecting estro-
genic effects at low doses. In a separate multi-
generational study designed to characterize
the response in CD-1 mice to 17f3-estradiol
(0.0002-0.1 mg/kg bw/day), the authors did
not report any effect on vaginal opening at
doses below ~0.03 mg/kg/day (210). In ad-
dition, estrous cycle length was unaffected
at all doses. Thus, detecting an estrogenic ef-
fect of a weaker estrogen such as bisphenol A
at very low doses (= ~0.03 mg/kg bw/day)
would not be expected in this animal model.

Species Differences

There are other indications of species differ-
ences between rats and mice that may contrib-
ute to the inconsistent literature for bisphenol
A. Research on the effects of pheromones in
regulating puberty suggests that puberty may
be more easily perturbed in mice compared to
rats. Puberty in female mice can be accelerated
when the mice are exposed to urine from a male.
This effect has been reported more often and
more consistently for mice than for rats (271,
212). In addition, the IUP effect, which was an
important factor in the Howdeshell ez al. study,
is better documented in mice compared to rats
suggesting that this effect may be more robust
in mice (209). IUP was not considered in other
studies in the bisphenol A literature, but it is
worth noting that the studies by Markey et al.
(178) and Ryan et al. (48) also show indica-
tions of a subpopulation of mice that may be
more responsive to bisphenol A. As discussed
earlier, Markey et al. commented that a portion
of mice exhibited partial vaginal opening ~4
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days earlier than control animals. In the Ryan
et al. study, two of the five animals in the 0.200
mg/kg bw/day group that had a ~4.5 day statisti-
cally significant acceleration in puberty showed
a much greater acceleration than the other ani-
mals in that group, i.e., ~ 10 days early onset of
first estrus compared to the mean of the control
group (public comment on the draft NTP Brief
from Dr. Earl Gray, received May 23, 2008).

Other Effects Considered

A variety of other effects in laboratory animals
have been linked to “low” dose bisphenol A expo-
sure during development, including decreased
sperm quantity or quality, obesity, disruption
of meiosis, changes in reproductive hormone
levels, or cellular effects in reproductive tissues.
These effects had less impact in shaping NTP’s
conclusions on potential risks to humans from
bisphenol A exposure than the developmental
effects observed at “high” doses on survival and
growth and the “low” dose effects on brain and
behavior, mammary gland, prostate gland, and
onset of puberty in females described above.

In some cases, the relationship between a
specific cellular- or tissue-level finding and a
potential health effect in the whole organism is
unclear. This is because there is often uncer-
tainty about the functional impact of a cellular or
mechanistic finding, such as the altered level of
a receptor protein or change in enzyme activity.
For example, the potential health impact that
may result from uterine changes characterized
by altered ERa and ERf} expression and from
an increase in the number and appearance of
uterine epithelial cells is unclear (213).

In other cases, the literature is not sufficiently
developed. Newbold et al. (214) recently
described a number of morphological changes
in the ovaries and uteri of 18-month old mice
that had received subcutaneous injections of
bisphenol A at doses of 10, 100, or 1000 pug/kg
on days 1-5 of life. Increases in cystic ovaries



and cystic endometrial hyperplasia were statisti-
cally significant in the 100 pg/kg dose group but
not at 1000 pg/kg. Non-statistically significant
increases in the incidence of a variety of other
ovarian and uterine proliferative lesions and
cysts were also reported. Replication of these
findings and further study of the linkage of early
and late occurring events will be important in
establishing a better understanding of any long-
term consequences of exposures of the develop-
ing organism to bisphenol A.

As mentioned earlier, NTP Briefs are not meant
to serve as comprehensive reviews of the sci-
entific literature. Only key study findings and
issues that relate to NTP conclusions on con-
cerns for potential reproductive and develop-
mental health effects in humans are typically
presented. However, three reported “low” dose
health effects (obesity, decreased sperm count
or quality, and abnormalities of meiosis) that
ultimately had less impact in determining the
NTP’s conclusions are briefly discussed below
in order to illustrate the interpretive challenges
associated with this literature. Two examples
of such effects, obesity and impacts on sperm,
demonstrate findings that are not reported con-
sistently enough to be considered reproducible.
The third example relates to abnormalities of
meiosis and is presented to demonstrate that
effects predicted from in vitro studies are not
necessarily observed in the in vivo studies.

Obesity

There is currently insufficient evidence to con-
clude that bisphenol A exposure during develop-
ment predisposes laboratory animals to develop
obesity or metabolic diseases such as diabetes,
later in life. Obesity and metabolic disruption
have become a research focus for bisphenol A
based on several reports of increased postnatal
growth following “low” dose exposure during
development and several in vitro and in vivo
studies that report effects related to altered car-
bohydrate and lipid regulation.
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The NTP concurs with the CERHR Expert Panel
on Bisphenol A that the effects of bisphenol A
on body weight at “low” doses are inconsistent
(2). A number of studies in rats and mice report
increases in postnatal growth following devel-
opmental exposure to bisphenol A at oral doses
of 0.0024—1.2 mg/kg bw/day (55, 155, 173,
215) or a subcutaneous dose of 0.5 mg/kg bw/
day (179). Other “low” dose (<5 mg/kg bw/day)
studies in rats and mice have either not detected
any significant effect on body weight (43, 48,
50,52, 107, 116, 122, 200, 214, 216) or reported
growth reductions (37, 115, 146, 189, 217).
Differences in study outcomes cannot easily be
attributed to the use of a potentially insensitive
rodent model or experimental protocol because
several studies that did not detect any significant
difference in body weight reported other effects
at “low” dose levels (48, 50, 52, 122, 217). The
bases for the inconsistent findings are unclear,
but may relate to factors such as diet and differ-
ences in experimental design or analysis.

The data are currently too limited to conclude
that developmental exposure to bisphenol A
causes diabetes or other metabolic disorders
later in life. Two studies in laboratory animals
have assessed endpoints related to carbohydrate
or lipid regulation. In adult male mice, a single
subcutaneous dose 0f 0.010 or 0.100 mg/kg bw/
day bisphenol A caused decreased blood glucose
and increased plasma insulin (2/8). Addition-
ally, increased pancreatic insulin content and
insulin resistance were reported at 0.100 mg/kg
bw/day (administered orally or by subcutaneous
injection) after a slightly longer period of dosing
(4-days) (218). A recent study by Miyawaki et
al. (215) assessed a variety of endpoints related
to carbohydrate and lipid regulation in 1-month
old mice that were exposed through maternal
treatment during gestation and lactation with
0.001 or 0.010 pg/ml bisphenol A in drinking
water (~0.26 and 2.42 mg/kg bw/during gesta-
tion). Endpoints included body weight, adipose
tissue weight, and blood concentrations of leptin,
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total cholesterol, triglycerides, non-esterified
fatty acid and glucose. Body weight and total
cholesterol were significantly increased in
female offspring in both dose groups although
adipose tissue weight and leptin levels were only
significantly increased in the 1 pg/ml treatment
group. Male offspring in the high dose group
of 10 pg/ml were significantly heavier and had
increased adipose tissue weight. Leptin levels
were not associated with either of these effects
in males. Significantly increased triglycerides
and non-esterified fatty acid and decreased
glucose were observed in male offspring in the
low dose group of 1 pg/ml. Although this study
addresses the hypothesis that developmental
exposure to bisphenol A can affect carbohydrate
and lipid metabolism in postnatal life, the incon-
sistent pattern of effects on serum lipid levels,
leptin, and glucose and lack of control for litter
effects'® makes the study on its own insufficient
to draw any conclusion.

More research in this area is warranted. Sev-
eral in vitro studies report effects of bisphenol
A related to carbohydrate and lipid regulation
including effects on pancreatic cells that govern
the release of insulin (-cells) and glucagon (a-
cells), altered differentiation of fibroblast cells
into adipocytes, and altered glucose transport
in adipocytes (2/9—223). Some of the effects
on pancreatic cells are very rapid, e.g., altered
frequency of glucose-induced calcium oscil-
lations in a- and B-cells, activation of cAMP
response element binding protein, and appear
to be mediated by ncmER (63, 65, 224). Effects
mediated through the ncmER are of interest
because bisphenol A has been shown to activate
this receptor in vitro at a concentration of 1 nM,
which is similar to the active concentration of
diethylstilbestrol (63, 65).

1816—25 males or females were reported for each
treatment group however these animals were
derived from only 3 litters per treatment group
(215).
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Decreased Sperm Count and Sperm Quality
There is currently insufficient evidence to con-
clude that bisphenol A exposure during devel-
opment or adulthood causes decreased sperm
count or sperm quality. A large number of stud-
ies have addressed this issue but the literature is
inconsistent and not easily reconciled.

Exposure during development

There are some indications that treatment with
“high” oral doses of bisphenol A during devel-
opment or young adulthood can impact sperm
quantity in laboratory rats (37, 42, 43). Tan et al.
(42) reported that 33% of rats did not show any
evidence of having a spermatogenic cycle after
treatment in young adulthood with 100 mg/kg
bw/day of bisphenol A. Other reported decreases
in measures of testicular or epididymal sperm
count and sperm production were more modest
and ranged from 10 to 19% at doses of 50 and
500 mg/kg bw/day (37, 43). In addition, in the
three-generation rat study conducted by Tyl et
al. (37), significant decreases in sperm param-
eters were only observed in certain generations
of similarly exposed males in the high dose
group of 500 mg/kg bw/day: ~18% decrease in
epididymal sperm concentration in F1 males,
~19% decrease in testicular daily sperm produc-
tion in F3 males and no significant effects in the
FO or F2 generations. Testicular or epididymal
histopathology was not detected in any treatment
group (37). Significantly decreased sperm motil-
ity and an increased percentage of abnormal
sperm was also reported following “high” dose
subcutaneous injection, ~25 mg/kg bw/day,'” to
neonatal mice in a study conducted by Aikawa et
al. (225). Again, these effects were not associ-
ated with testicular histological alterations.

Effects on sperm parameters have been reported
at lower doses administered orally or by sub-

19 Administered dose was 0.050 mg/pup. This is
approximately equal to 25 mg/kg/day assuming
that a neonatal mouse weighs 0.002 kg



cutaneous injection.?’ vom Saal et al. (226)
reported a ~19% decrease in testicular daily
sperm production in adult male mice exposed
to bisphenol A as fetuses via maternal dosing
with 0.02 mg/kg bw/day (higher dose levels
were not tested). Toyama et al. (227) observed
increased incidences of several measures of
abnormal sperm morphology (40—80% com-
pared to <0.3% in controls) in mice treated with
>0.17 mg/kg or rats treated with >0.33 mg/kg by
subcutaneous injection?! of bisphenol A every
other day during postnatal days 2 to 12.

However, a number of larger studies have not
reported effects on sperm parameters following
exposure during development at “high” or “low”
dose levels (0.0002—600 mg/kg bw/day) (41,
107, 199-201, 228).

Exposure during adulthood only

Several studies have reported effects on sperm
parameters in mice or rats exposed to “low”
doses of bisphenol A only during adulthood. In
rats, these effects are reported following oral
dosing of 0.02—-200 mg/kg bw/day for six days
(~24—-32% decreased daily sperm production
per gram tissue) (229), 0.0002—-0.02 mg/kg
bw/day for 45 days (~23-41% decrease in epi-
didymal sperm motility; ~18—27% decrease in
epidiymal sperm count at 0.002—0.02 mg/kg

20Talsness et al. (217) reported effects on sperm
quantity in rats exposed during gestation to 0.1
and 50 mg/kg bw/day but this study is not includ-
ed in the discussion because (1) reported effects
included an increase in sperm number which was
opposite the effect observed in the positive control
group, and (2) effects on daily sperm production
appeared inconsistent over time and across dose.

2 Administered doses were =0.001 mg/pup in the
mouse and =0.01 mg/pup in the rat. These doses
are approximately equal to 0.17 to 0.5 mg/kg
in the mouse and 0.33—1.33 mg/kg in the rat
assuming that body weight between postnatal
days 2 to 12 ranges from 0.002 to 0.006 kg in
the mouse and 0.0075 and 0.03 kg in the rat.
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bw/day) (230), and 0.0002—-0.02 mg/kg bw/day
for 60 days (~30-45% decrease in epididymal
sperm motility; ~12—40% decrease in epidi-
ymal sperm count at 0.002—0.02 mg/kg bw/
day) (231). In adult mice, “low” dose effects on
sperm are observed at oral doses of 0.025—-0.1
mg/kg bw/day for 30 days (~16—37% decrease
in weight corrected testicular or epididymal
sperm count) (108) and subcutaneous dosing
with 0.02 and 0.2 mg/kg bw/day for 6 days
(abnormal sperm morphology) (232).

Other larger studies have not reported effects
in adult animals at these doses. The 2-genera-
tion mouse study conducted by Tyl et al. (41)
reported a 15% decrease in epididymal sperm
concentration in FO generation animals at the
highest dose tested of 600 mg/kg bw/day but
not at lower doses of 0.003 to 50 mg/kg bw/day.
Ema et al. (107) also did not detect an effect
on sperm measures in the FO generation in a rat
multigeneration study at oral doses of 0.0002 to
0.2 mg/kg bw/day. The finding by Sakaue et al.
(229) of a ~24—32% decrease in sperm produc-
tion in adult Sprague-Dawley rats (obtained from
CLEA Japan, Inc.) was not reproduced in a study
using larger sample sizes of Sprague-Dawley rats
obtained from Charles River UK (233).

The basis for the inconsistent findings is not
clear. One proposed explanation is that rodent
species, strains, and breeding stocks differ in
their responsiveness to estrogens (59). Species
and strain differences in response to estrogen
have been documented, but animal model
sensitivity varies depending upon the specific
trait being assessed [discussed in (2, 59, 200)].
Studies that include sperm assessment in the
bisphenol A literature are too varied in terms of
periods of dosing, use of positive control, e.g.,
none used, ethinyl estradiol, or 173-estradiol,
and other aspects of experimental conduct to
determine if differences in sensitivity of the
animal model can account for the inconsistent
findings on sperm quantity and quality.
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Chromosome and Meiosis Abnormalities
Disruption of the processes that distribute chro-
mosomes during meiosis or mitosis can result in
aneuploid cells, i.e., germ cells that have more
or fewer chromosomes than the normal haploid
number or somatic cells that have more or fewer
chromosomes than the normal diploid number.
When this happens in eggs or sperm of humans,
it can lead to such conditions as Down Syn-
drome in which the fetus ends up with 3 copies
of chromosome 21, rather than two copies, or a
range of syndromes associated with abnormal
numbers of sex chromosomes (normal is XX
for females, XY for males) such as Klinefelter
Syndrome (XXY males) or Turner Syndrome
(XO females). If a chemical exposure is capable
of inducing aneuploid eggs or sperm, affected
individuals would be expected to exhibit prob-
lems in achieving or maintaining pregnancy, or
to produce aneuploid offspring. While the body
of evidence from both in vitro and in vivo studies
provides evidence that bisphenol A can disrupt
certain aspects of cell division involving both
mitotic and meiotic processes, breeding studies
in laboratory animals exposed to bisphenol A do
not present results consistent with such effects.
Thus, the significance of the reported effects on
meiosis and mitosis for mammalian reproduc-
tion is not yet clear.

Two in vivo studies (234, 235) reported that
short-term oral exposure to low doses of bis-
phenol A (=0.020 mg/kg bw/day) in peripubertal
or pregnant mice can interfere with meiotic
divisions in development of female germ cells
(“egg” or “oocyte”). An increase in hyperploid
(aneuploid) metaphase II oocytes was observed
following treatment with 0.020 mg/kg bw/day.
There was not a significant increase in aneuploid
embryos. Two subsequent in vivo studies (236,
237) attempted to replicate these findings. Con-
sistent with the previous findings, they detected
no significant effects of bisphenol A exposure on
the frequency of aneuploidy in “zygotes” (fertil-
ized oocytes) produced from female mice treated
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before puberty or as adults with a similar range
of doses. In addition, Eichenlaub-Ritter et al.
(236) found no effects of bisphenol A exposure
on aneuploid oocytes and Pacchierotti et al.
(237) found no increase in aneuploid or dip-
loid sperm following exposure of male mice
to bisphenol A.

A number of in vitro studies using cultured
mammalian somatic cells have also looked at the
potential for bisphenol A to cause aneuploidy.
Earlier studies (238—240) consistently reported
the induction of aneuploidy in various cell lines
including SHE, V79, and MCL-5 at concentra-
tions of bisphenol A between 50 and 200 uM
(14.4 and 57.6 pg/ml). Recent in vitro studies
reported effects of bisphenol A on maturation,
but not induction of aneuploidy, in mouse oocytes
(236, 241) or cultured mammalian somatic cells
(242, 243), increased frequency of mitotic cells
with aberrant spindles (243), and various effects
on cellular and nuclear division in fertilized sea
urchin eggs (244). Although these new studies
provide further evidence of bisphenol A’s effects
on meiotic and mitotic cell division using a vari-
ety of in vitro systems and treatment concentra-
tions, no impact of such effects on reproduction
is reported in animal breeding studies and the sig-
nificance of these findings with regard to human
health hazards is not clear. If aneuploid eggs or
sperm were induced by bisphenol A, it would be
expected to result in reduced litter sizes following
exposure of one or both parents to bisphenol A.
Such an effect is not seen in reproductive toxicity
studies of bisphenol A in rats or mice except at
very high exposure levels (500 mg/kg bw/day or
higher) where other types of toxicities are mani-
fest (37, 40, 41), including in the F2 generation
(37, 41). Findings of significantly decreased litter
size or pregnancy loss are reported occasionally
at lower doses of bisphenol A (114, 245), but in
general, most “low” dose studies do not report
this outcome including a number of those that
report other effects of bisphenol A exposure (44,
48,52, 53, 115, 125, 189).



ARE CURRENT EXPOSURES TO
BISPHENOL A HIGH ENOUGH TO
CAUSE CONCERN?

Possibly. The “high” dose effects of bisphenol A
in laboratory animals that provide clear evidence
for adverse effects on development, i.e., reduced
survival, birth weight, and growth of offspring
early in life, and delayed puberty in female rats
and male rats and mice, are observed at levels
of exposure that far exceed those encountered
by humans. However, estimated exposures in
pregnant women and fetuses, infants, and chil-
dren are similar to levels of bisphenol A associ-
ated with several “low” dose laboratory animal
findings of effects on the brain and behavior,
prostate and mammary gland development, and
early onset of puberty in females. When consid-
ered together, these laboratory animal findings
provide limited evidence that bisphenol A has
adverse effects on development (Figure 2b).

Exposures in humans and laboratory animals can
be compared using approaches based on either
estimated daily intake (based on aggregating
sources of exposure or back calculating from
biomonitoring data) or measured blood concen-
trations of free bisphenol A. Each approach has
aunique set of assumptions and limitations. The
conclusion of similarities between exposures of
certain human populations and laboratory ani-
mals treated with “low” doses of bisphenol A
is supported by multiple approaches. For this
reason, the possibility that human development
may be altered by bisphenol A at current expo-
sure levels cannot be dismissed.

SUPPORTING EVIDENCE

A considerable amount of research has been
directed towards understanding the levels of
human exposure to bisphenol A, either by esti-
mating daily intake or by measuring bisphenol A
concentrations in human blood, urine, breast milk,
or other tissue. An overarching issue relevant to
the bisphenol A biomonitoring studies in both
humans and laboratory animals is the accuracy
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of the laboratory methods used to measure the
compound (see Appendix A). There is concern
that measurements of bisphenol A, especially
free bisphenol A, may be too high due to prob-
lems related to sample preparation or storage and
the analytical technique employed [reviewed in
(2, 13)]. The NTP recognizes the possibility that
the published values of free bisphenol A may, in
some cases, not accurately represent the “true”
concentrations of free bisphenol A in the blood
or body fluids of humans or laboratory animals.
However, because of the similarity among values
reported with different analytical methods, with
the exception of studies that use an enzyme-
linked immunosorbent assay (ELISA), the NTP
accepts the published values as sufficiently reli-
able for use in this evaluation.

DAILY INTAKE EXPOSURE ESTIMATES
The vast majority of bisphenol A exposure is
through the diet, estimated at ~99% (1); there-
fore, estimates of daily intake in humans can be
compared to oral doses used in laboratory animal
studies where effects considered relevant to human
health were observed. Estimates of daily intake are
derived using two general approaches. Researchers
can use information on the amount of bisphenol A
detected in various sources of exposure (i.e., food,
food packaging, air, water, dust, etc.) and sum, or
aggregate, the measurements to estimate a total
daily intake (“‘aggregating sources of exposure”
method). Alternatively, biomonitoring informa-
tion, such as the concentration of bisphenol A in
urine, can be used to estimate, or “back calculate”,
a total intake that reflects all sources of exposure,
both known and unknown. Both approaches for
estimating daily intake rely on various assump-
tions and default values such as average body
weight, amount of food or beverage consumed,
daily volume of urine output, or ability of a single
measurement to characterize exposure.

Infants & children less than 6 years of age
For infants and children less than 6 years of age,
estimates of daily intake were based on aggregat-
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ing sources of exposure (Table 1). No biomoni-
toring data, i.e., blood or urine concentration of
bisphenol A, are available for these life stages
[reviewed in (2)]. An estimated daily intake of ~1
pg/kg bw/day for both breast-fed and formula-
fed infants was calculated by the CERHR Expert
Panel for Bisphenol A (2). Higher “worst case”
daily intake estimates of 11—13 pg/kg bw/day
during the first year of life have been calculated
for infants (25). In children 1.5 to 6 years of age,
the range of estimated daily intakes based on
aggregating sources of exposure is 0.043—-14.7
pg/kg bw/day, with 14.7 ug/kg bw/day represent-
ing a worst case scenario (27, 29).

Although biomonitoring data are not available
for infants and children less than 6 years of age,
blood and urine levels of free bisphenol A are
predicted to be higher in these age groups com-
pared to pregnant women or other adult popu-
lations. This is based on information related to
age-specific differences in daily intake of bis-
phenol A and in the ability to metabolize the
chemical. More specifically, it is based on ob-
servations of (1) higher urinary measurements
of total bisphenol A in children (6—11 years of
age) compared to adolescents and adults (8), (2)
higher estimated daily intakes of bisphenol A
for infants and children (2, 25, 27) compared
to estimated daily intakes for adults (2, 25, 35),
and (3) predicted higher blood concentrations of
free bisphenol A in infants compared to adults
at a given daily intake level based on less ef-
ficient metabolism of bisphenol A in rat fetuses
and neonates (/8—20), and very low or absent
activities in human fetuses and premature or
full-term infants of the isozymes that govern
glucuronidation (246—248).

Adults and children aged

6 years and above

Daily intake estimates for adults and children
aged 6 years and older are based on (1) back cal-
culations from the most recent CDC NHANES
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data on urinary concentrations of total bisphenol
and (2) aggregating sources of exposure (Table
1 and Table 3). Of these estimates, the NTP has
more confidence in the estimates based on back
calculating from urinary biomonitoring data
because all sources of exposure are integrated
into the fluid measurement and thus do not have
to be identified in advance. However, it is worth
noting that the estimates for non-occupationally
exposed adults based on aggregating sources
of exposure encompass the range estimated
from back calculating from urine [aggregating
sources of exposure: 0.008—1.5 pg/kg bw/day
(Table 1); and back calculating based on urine:
0.233-0.289 ng/kg bw/day for various catego-
ries of adults ages 20+ at the 95th percentile
(35)]. Fewer studies have estimated daily intakes
for children older than 6 years of age and ado-
lescents. In Japanese children and adolescents
between the ages of 7 and 19 years, the range
of estimated daily intakes based on aggregating
sources of exposure is 0.36 to 0.55 pg/kg bw/day
(30), which is only slightly higher than the esti-
mated range of daily intakes for American chil-
dren and adolescents based on back calculating
from urinary concentration of total bisphenol A
[0.311-0.348 pg/kg bw/day for children ages
6—11 and 12—19 at the 95th percentile (35)/.

Estimated daily intake based

on blood biomonitoring

The NTP also considered the appropriateness of
estimating daily intake based on back calcula-
tions from free bisphenol A measured in human
blood and concluded that the scientific uncer-
tainties are currently too large to support this
exercise (see Appendix A). In brief, estimated
daily intakes in adults based on this approach
are much greater (~500 pg/kg—1.54 mg/kg bw/
day for a 65 kg human) (3, 249) than estimates
of daily intake based on aggregating routes of
exposure (0.008—1.5 pg/kg bw/day) (23, 31) or
from back calculating from urinary data (adults
aged 20—60-+: medians 0.0563—-0.0334 pg/kg



bw/day; 95th percentiles 0.289—-0.233) (35). In
addition, data from an intentional dosing study
conducted by Tsukioka ef al. (250)** provides
further support for daily intakes in humans of
<1 pg/kg. Several explanations have been pro-
posed to account for the discrepancy between
estimated intake based on blood and urine but
they are not sufficient to fully explain it.

EXPOSURE COMPARISONS

BASED ON DAILY INTAKE

The “high” dose effects of bisphenol A that
represent clear evidence for adverse effects on
development, i.e., reduced survival (=500 mg/
kg bw/day) (36—40), reduced birth weight and
growth of offspring early in life (=300 mg/kg
bw/day) (36—39, 41), and delayed puberty in
female rats and male rats and mice (=50 mg/
kg bw/day) (37, 41—43), are observed at dose
levels that are more than 3,500-times higher
than “worst case” daily intakes of bisphenol A
in infants and children less than 6 years of age
(=50 mg/kg bw/day versus 0.008—0.0147 mg/
kg bw/day). The differences in exposures are
much greater, more than 160,000-times differ-
ent, when the high oral dose level is compared to
estimated daily intakes for children ages 6—11
and adult women (as an indicator of exposure for
pregnant women) at the 95th percentile of 0.311
and 0.271 pg/kg bw/day, respectively (35).

However, a number of “low” dose developmen-
tal effects have been reported in mice treated
orally with bisphenol A including effects on
behavior (=10 pg/kg bw/day) (44—50), prostate

2Tsukioka et al. (250) used GC/MS with tri-
methylsilyation (TMS) derivatization (LOQ 0.1
mg/L). Brock et al. (251) report that use of TMS
may produce interfering peaks in the chromato-
gram. Sample workup included glucuronidase
treatment, solvent extraction, and solid phase
clean-up. Few details were presented in the
Tsukioka et al. (250) study on sample prepara-
tion process, such as storage temperature.
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gland and urinary tract development (10 pg/kg
bw/day) (54), and early onset of puberty (2.4
and 200 pg/kg bw/day) (48, 55). In addition,
subcutaneous injection with 10 ug/kg bw/day of
bisphenol A during neonatal life in rats results
in development of hormonally induced preneo-
plastic lesions in the prostate later in life (51).2
This non-oral study is considered relevant for
comparing exposures because, as discussed pre-
viously, the differences in the rate of bisphenol
A metabolism seen in adult rats based on route
of administration (oral versus non-oral) appear
to be greatly reduced in neonatal rats and mice
(18, 92). As stated earlier, these findings, when
considered together, provide limited evidence
for adverse effects of bisphenol A exposure on
development in laboratory animals (Figure 2b).

In infants, the doses of 2.4 and 10 pg/kg bw/
day are 2.4—10 times higher than the estimated
daily intake of ~1 pg/kg bw/day calculated by
the CERHR Expert Panel for Bisphenol A (2).
Higher “worst case” daily intakes have been cal-
culated for infants by the European Food Safety
Authority of 11—-13 pg/kg during the first year
of life (25). To the extent these estimates are
accurate, then dose levels of 2.4 and 10 pg/kg
bw/day slightly exceed (1.1 to 5.4-times) worst
case estimates. The doses of 2.4 and 10 pg/kg
bw/day are approximately 7.7—32 and 8.9-37
times higher than the estimated daily intakes of
0.311 pg/kg bw/day for children (ages 6—11
years) and 0.271 pg/kg bw/day for adult women
at the 95th percentile (35).

Z3Preneoplastic lesions in the mammary gland, i.e.,
ductal hyperplasia and carcinoma in situ, have
been reported in rats treated as fetuses with 2.5
ug/kg bw/day via a subcutaneous pump implant-
ed in the dam (52, 53); however, as discussed
previously, studies that administer bisphenol A
via subcutaneous pump are considered informa-
tive for identifying potential biological effects of
bisphenol A, but not for quantitatively comparing
exposures in laboratory animals and humans.
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EXPOSURE COMPARISONS BASED
ON BLOOD CONCENTRATIONS OF
FREE BISPHENOL A

No studies in laboratory animals have measured
circulating levels of free bisphenol A in the
blood following a dosing schedule that mimics
human exposures, i.e., long-term dietary low-
dose exposure occurring numerous times dur-
ing the day. However, a number of studies have
detected quantifiable levels of free bisphenol A
in the blood of adult rodents following a single
oral administration of bisphenol A, typically at
doses considered high when compared to esti-
mated human daily intakes (500—1,000,000
pg/kg for rodents versus < 14.7 ng/kg bw/day
for humans) (3, 27, 35, 249). These studies were
used by Vandenberg et al. (3) to estimate circu-
lating blood levels of free bisphenol A in rodents
at a lower oral dose of 50 pg/kg based on the
assumption of linear proportionality between
administered dose and circulating concentration
of free bisphenol A. The estimated peak blood
levels of free bisphenol A in the first 30 min-
utes after dosing at 50 pg/kg ranged from 0.01
to 1.14 pg /L (median 0.11 pg /L) (3). Based
on this estimate, peak concentrations of free
bisphenol A in mice or rats treated with 2.4 or
10 pg/kg bw/day of bisphenol A are projected
to be lower than the free blood concentrations
measured in humans, including pregnant women
(12, 15). See Appendix A for further details on
these calculations.
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NTP CONCLUSIONS

The NTP reached the following conclusions on
the possible effects of exposure to bisphenol A
on human development and reproduction. Note
that the possible levels of concern, from lowest to
highest, are negligible concern, minimal concern,
some concern, concern, and serious concern.

The NTP has some concern for effects on the
brain, behavior, and prostate gland in fetuses,
infants, and children at current human expo-
sures to bisphenol A.

The NTP concurs with the conclusion of the
CERHR Expert Panel on Bisphenol A that the
scientific evidence supports a conclusion of
some concern for exposures in fetuses, infants,
and children based on a number of laboratory
animal studies reporting that “low” level expo-
sure to bisphenol A during development can
cause changes in the brain and behavior. In addi-
tion, the NTP has some concern for exposures
to these populations based on effects on the
prostate gland observed in laboratory animals.
This level of concern for effects on the prostate
gland is higher than that expressed by the Expert
Panel and is based primarily on new supportive
data related to (1) the interpretation of studies
that use a non-oral route of administration in
neonatal rodents, and (2) an additional publi-
cation reporting subtle cellular changes in the
prostate gland. These reports were not published
when the Expert Panel completed its delibera-
tions. These studies in laboratory animals pro-
vide only limited evidence for adverse effects
on development and more research is needed to
better understand their implications for human
health. However, because these effects in animals
occur at bisphenol A exposure levels similar to
those experienced by humans, the possibility
that bisphenol A may alter human development
cannot be dismissed.
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The NTP has minimal concern for effects on the
mammary gland and an earlier age for puberty
for females in fetuses, infants, and children at
current human exposures to bisphenol A.

The NTP concurs with the conclusion of the
CERHR Expert Panel on Bisphenol A that
the scientific evidence supports a conclusion
of minimal concern for exposures in fetuses,
infants, and children based on a number of
laboratory animal studies reporting that “low”
level exposure to bisphenol A during develop-
ment can alter the timing of events related to
sexual maturation in females. In addition, the
NTP has minimal concern for exposures to these
populations based on effects on the mammary
gland observed in laboratory animals. This
level of concern for effects on the mammary
gland is higher than that expressed by the Expert
Panel and is based primarily on (1) information
received through public comments and (2) a
new supportive study reporting subtle changes
in the undifferentiated structures of the mam-
mary gland. These studies in laboratory animals
provide only limited evidence for adverse effects
on development and more research is needed to
better understand their implications for human
health. However, because these effects in animals
occur at bisphenol A exposure levels similar to
those experienced by humans, the possibility
that bisphenol A may alter human development
cannot be dismissed.

The NTP has negligible concern that exposure of
pregnant women to bisphenol A will result in fetal
or neonatal mortality, birth defects, or reduced
birth weight and growth in their offspring.

The NTP concurs with the conclusion of the
CERHR Expert Panel on Bisphenol A that there
is negligible concern that exposure of pregnant
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women to bisphenol A will result in fetal or
neonatal mortality, birth defects or reduced
birth weight and growth in their offspring. In
laboratory animals, exposure to very high lev-
els of bisphenol A during pregnancy can cause
fetal death and reduced birth weight and growth
during infancy. These studies provide clear evi-
dence for adverse effects on development, but
occur at exposure levels far in excess of those
experienced by humans. Two recent human stud-
ies have not associated bisphenol A exposure in
pregnant women with decreased birth weight or
several other measures of birth outcome. Results
from several animal studies provide evidence
that bisphenol A does not cause birth defects
such as cleft palette, skeletal malformations, or
grossly abnormal organs.

The NTP has negligible concern that exposure
to bisphenol A will cause reproductive effects in
non-occupationally exposed adults and minimal
concern for workers exposed to higher levels in
occupational settings.

The NTP concurs with the conclusion of the
CERHR Expert Panel on Bisphenol A that there
is negligible concern that exposure to bisphenol
A causes reproductive effects in non-occupa-
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tionally exposed adults and minimal concern
for workers exposed to higher levels in occu-
pational settings Data from studies in humans
are not sufficient to determine if bisphenol A
adversely affects reproduction when exposure
occurs during adulthood. A number of studies,
when considered together, suggest a possible
effect on reproductive hormones, especially in
men exposed to higher levels of bisphenol A in
the workplace. Laboratory studies in adult ani-
mals show adverse effects on fertility, estrous
cycling, and the testes at exposure levels far in
excess of those experienced by humans. A num-
ber of other effects, such as decreased sperm
counts, are reported for the reproductive system
at lower doses in animals exposed only during
adulthood, but these effects have not been shown
to be reproducible. Laboratory animal studies
consistently report that bisphenol A does not
affect fertility.

These conclusions are based on
information available at the time this
brief was prepared. As new information
on toxicity and exposure accumulates,
it may form the basis for either lowering
or raising the levels of concern
expressed in the conclusions.




APPENDIX A:
INTERPRETATION OF BLOOD BIOMONITORING STUDIES

Free bisphenol A has been measured in the
blood of pregnant women at concentrations
up to 22.4 ng/L (12). How to account for the
detection of free bisphenol A in human blood is
an area of scientific debate. In a controlled and
intentional dosing study in humans, free bisphe-
nol A was not detected in the blood or urine of
a small number of adult subjects (n=9) orally
dosed with 5 mg/person bisphenol A, ~54—-90
pg/kg (252). This dose range is approximately
200 to 400-fold higher than the estimates of
daily intake based on urinary biomonitoring
data for adults (95th percentile of 0.233—-0.289
pg/kg bw/day) (35). The findings by Volkel et
al. (252) lead to the prediction that the capacity
for conjugation reactions is so large in humans
that free bisphenol A should not be present in
detectable concentrations in the blood of non-
occupationally exposed adults. However, bio-
monitoring studies of the general population
report detecting free bisphenol A in the blood,
including from pregnant women (72, 15), urine
(253), and breast milk (5). Despite the relatively
high limit of detection of the analysis method
for free bisphenol A of 2.28 pg/L (10 nM) for
blood in the 2002 study by Volkel et al. (252),
it is a source of scientific uncertainty why free
bisphenol A was not detected in this study in
light of reports of mean blood concentrations
of free bisphenol A up to 4.4 ug/L (15) and 5.9
pg/L (12) in pregnant women in the general
population.

This discrepancy has contributed to the concern
expressed by some scientists that the reported
detections of free bisphenol A are artifacts
of problems related to sample preparation or
storage and the analytical technique employed
(2, 13). Ideally, methods should measure only
bisphenol A and not other compounds (“speci-
ficity”). There is scientific consensus that mea-
surements of bisphenol A based on the enzyme-

linked immunosorbent assay (ELISA) are the
least reliable and non-specific due to potential
cross-reactivity with structurally-similar com-
pounds (2, 3, 13).2* Analytical methods should
also be able to detect bisphenol A at low con-
centrations (“sensitivity”). In addition, measure-
ments of free bisphenol A should be based on
analytical methods that accurately distinguish
between the concentrations of free bisphenol A
and its conjugated metabolites.

There is concern that current measurements of
free bisphenol A may be too high (2, 73). This
could occur, for example, if the method used
misidentified other chemicals as bisphenol A
or if there was background contamination from
laboratory ware. Alternatively, the procedures
used to process the samples could introduce bias
in measurement even if the analytical method
employed is high quality. Measurements of free
bisphenol A could be overestimated if the sam-
ples were processed in a manner that allowed the
conjugated metabolites to revert back to the free
form of bisphenol A. For example, conjugated
bisphenol A in urine only appears to be stable
when stored at room temperature for ~24 hours.
After 2—4 days at this temperature conjugated
bisphenol A begins to degrade and the percent
detected in samples decreases ~8 to 30%, i.e.,
higher concentrations of free bisphenol A would
be detected over time (254).

However, free bisphenol A has been detected in
10% of human urine samples [range =< limit of
detection (0.3)—0.6 pg/L; n=30] (253) and in

24 Analytical techniques used to measure bisphe-
nol A include gas chromatography/mass spec-
trometry (GC/MS), liquid chromatography/mass
spectrometry (LC/MS), high performance liquid
chromatography (HPLC) with fluorescence or
electrochemical detection, and enzyme-linked
immunosorbent assay (ELISA).
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60% of breast milk samples [mean=1.3 pg/L;
median=0.4 pg/L; range=<limit of detection
(0.3)-6.3 ng/L; n=20] (5) by researchers at
the CDC who use analytical methods consid-
ered by many scientists to be very accurate. A
recent analytical methods report by the CDC
provides further support that the ratio of free to
total bisphenol A may be higher in breast milk
compared to other biological media. In this small
study which used only 4 human milk samples,
free bisphenol A was detected in all samples and
ranged from 49 to 99% of the total concentration
(255). A proposed explanation to account for the
detection of free bisphenol A in breast milk is
that the free form of bisphenol A is more lipo-
philic than the conjugated forms and therefore
more likely to sequester in breast milk (35, 255).

In addition, Tsukioka et al. (250) were able to
detect free bisphenol A in the urine of all human
subjects treated with~0.83 pg/kg, whereas Volkel
etal. (252) wasunable to detect any free bisphenol
A in subjects treated with doses 65—108-times
higher, ~54—90 pg/kg. It cannot be definitively
determined if the detection of free bisphenol A
in urine in the study by Tsukioka et al. (250) was
due to the analytical method employed or partial
cleavage of glucuronide during sample storage,
preparation or analysis. However, Tsukioka et
al. (250) also detected total and free bisphenol
A in the urine of subjects that were not intention-
ally treated [total bisphenol A: 0.82 pg/L (range
0.14—5.47; n=91); free bisphenol A: 0.08 pg/L
(range 0.01-0.27 ng/m; n=11)], and these val-
ues are lower than CDC measurements of total
[2.6 ug/L for all subjects in the NHANES study
(8)] and free bisphenol A [10 of 30 subjects at
<LOD(0.3)-0.6 pg/L (253)].

CDC researchers recently published an ana-
lytical methods study that reported detecting
bisphenol A in only one of the 15 commercial
samples tested (the concentrations of total and
free in the one sample were similar, 1.5 ng/ml)
(256). However, caution should be exercised in
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interpreting this information for exposure analy-
sis because information on sample collection,
handling and storage protocols is not available
for these commercial samples. The NTP consid-
ers it noteworthy that the studies reporting the
highest blood concentrations of bisphenol A in
humans using non-ELISA analytical methods
both relied on samples collected from pregnant
women in the process of delivery (12, 15). The
use of bisphenol A in polyvinyl chloride plastic
has been documented (6) and, if still occurring,
could result in exposures in medical settings such
as in women during delivery who are often con-
nected to an IV. If such a scenario were occurring
then the reported concentrations of bisphenol
A in pregnant women may be accurate but not
necessarily reflective of exposures throughout
gestation or to the general population.

In summary, the NTP recognizes the possibil-
ity that the published values of free bisphenol
A may, in some cases, not accurately represent
the “true” concentrations of free bisphenol A in
the blood or body fluids of humans or labora-
tory animals. However, because of the similarity
among values reported with different analytical
methods, with the exception of ELISA-based
studies, the NTP accepts the published values as
sufficiently reliable for use in this evaluation.

Comparison of measured human blood
concentrations of free bisphenol A with
estimated concentrations in laboratory
rodents at low doses

More than 10 toxicokinetic and metabolism
studies have detected quantifiable levels of free
bisphenol A in the blood of adult rodents, mostly
rats, following oral administration of doses that
are considered high when compared to estimated
human daily intakes (500—1,000,000 pg/kg for
rodents versus < 14.7 ug/kg bw/day for humans)
(3, 27, 35) (Table 1 and Table 2). These studies
were used by Vandenberg et al. (3) to estimate
circulating blood levels of free bisphenol A in
laboratory rodents at a lower oral dose of 50



ng/kg bw/day based on the assumption of linear
proportionality between administered dose and
circulating concentration of free bisphenol A.
The estimated peak blood levels of free bis-
phenol A achieved in the first 30 minutes after
dosing ranged from 0.01 to 1.14 pg/L (3).

Using the estimates provided by Vandenberg et
al. (3) for peak blood levels of free bisphenol A
at 50 pg/kg and relying on the assumption of
linear proportionality, the NTP estimated the
range of peak concentrations of free bisphenol A
at 10 pg/kg, a dose where a number of “low”
dose effects are reported, to be five times lower,
i.e., 0.002 to 0.228 pg/L. These values are 2950
to 25.9 times lower than the mean blood concen-
tration of free bisphenol A detected in pregnant
women in Michigan (5.9+0.94 ng/L; range 0.5
to 22.4) (12).

The appropriateness of extrapolating from higher
dose studies to predict blood levels of free bisphe-
nol A at lower dose levels rests on the validity of
the assumption of proportionality. This assump-
tion is warranted if, for example, blood levels
of free bisphenol A are approximately 10 times
lower following dosing with 10 mg/kg than after
dosing with 100 mg/kg. Three studies are avail-
able that used non-ELISA methods to measure
concentrations of free bisphenol A following
oral dosing with 10 and 100 mg/kg bisphenol
A in adult rats (93, 257, 258). In these studies,
the peak, or Cmax, blood concentrations of free
bisphenol A were 4.8-times (257), 22.7-times
(258), and 57-times (93) lower in rats treated
with a 10 mg/kg dose compared to rats treated
with 100 mg/kg.

Directly evaluating proportionality at lower oral
doses (<10 mg/kg) has not been possible in adult
animals because blood concentrations of free
bisphenol A are below the limits of detection for
the analytical methods employed. One strategy
that can be used to address the assumption of
proportionality at low doses is to rely on stud-

ies that have dosed young rodents because they
have higher peak blood concentrations of free
bisphenol A compared to adults treated with the
same dose (18). Two studies have measured con-
centrations of free bisphenol A in young rodents
at more than one dose level (18, 92). In 3-day old
female mice orally treated with 0.035 and 0.395
mg/kg bisphenol A, Taylor et al. (92) found that
the peak blood concentration of free bisphenol
A at 0.035 mg/kg was 8.3-times lower than the
peak concentration at 0.395 mg/kg (difference
between administered does is 11.3-times). The
study by Domoradzki et al. (18) treated neonatal
rats orally with higher doses of bisphenol A than
those used by Taylor et al. (92). In 4-day old
female and male rats, the peak concentrations of
free bisphenol A were 170 to 1610-times lower
at 1 mg/kg compared to 10 mg/kg bisphenol A.
This finding, coupled with data for 21-day old
rats presented in Domoradzki et al. (18) and the
comparisons presented above from Tominaga et
al. (258), and Pottenger et al. (93), suggest that
rodents, and presumably humans, can more effi-
ciently metabolize lower doses of bisphenol A
compared to high doses. These data also suggest
that extrapolating from higher dose levels in the
mg/kg range may overestimate the circulating
concentrations of free bisphenol A following
administration of oral doses in the low pg/kg
range.

Any extrapolation and use of assumptions
involves some degree of uncertainty. However,
the conclusion outlined above of similar blood
levels in the general population and in laboratory
animals at “low” doses would still hold even if
the estimated blood levels of free bisphenol A
in laboratory rodents were overestimated by a
factor of 100 or 1000, i.e., the “real” peak blood
values in laboratory animals range from 0.2 to
22.8 or 2 to 228 ng/L instead of the estimated
0.002 to 0.228 pg/L.

This possibility that blood concentrations of free
bisphenol A in humans could be significantly
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higher, as much as ~3000 times greater, than
the estimated peak concentrations in laboratory
animals where biological changes are observed
is a point of intense scientific controversy. In
brief, although the theoretical plausibility of
receptor-mediated effects at “low” doses has
been described (259, 260), many scientists
expect that a compound with a significant degree
of biological “activity” at low doses would show
more profound impacts on overall toxicity at
lower doses than that observed for bisphenol A.
With bisphenol A, “low” dose developmental
effects can be observed at 0.0024 to 0.010 mg/kg
bw/day but indications of severe developmental
toxicity in rats and mice, i.e., fetal or neonatal
death are not observed except when doses are
used that are 50,000—200,000-times higher at
>500 mg/kg bw/day (36—40).

Estimated daily intake based on back
calculating from blood and urine

Based on parameters derived from laboratory
animal studies, estimated daily intakes based
on back calculations from free bisphenol A
measured in human blood are much greater
(~500 pg/kg—1.54 mg/kg bw/day for a 65 kg
human) (3, 249) than estimates based on any
other approach. In contrast, there is a degree of
concordance in estimates of daily intake based
on other approaches. For these reasons, the NTP
has less confidence in daily intake estimates
based on blood biomonitoring data compared
to other estimates, particularly those based on
urine biomonitoring data.

Estimates of daily bisphenol A intake in adults
based on aggregating routes of exposure fall
within the range of 0.008—1.5 pg/kg bw/day
(25, 31) (Table 1) with most estimates falling
within a range that spans one order of magni-
tude, 0.183—1.5 pg/kg bw/day (24—27, 30).
Daily intakes estimated from the CDC NHANES
biomonitoring data are similar and range from
0.289-0.233 pg/kg bw/day for adults aged
20—-60+ years at the 95th percentile (35). The
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NTP considered the possibility that the assump-
tions used to derive these intakes could under-
estimate human exposures. For estimates based
on aggregating sources of exposure, one con-
cern is that too much emphasis has been placed
on diet as the predominant route of exposure.
For estimates based on the total concentration
of bisphenol A in urine, it is assumed that the
daily excretion of bisphenol A is a reasonable
surrogate for daily intake. Deviations from the
assumptions used to derive current estimates
could increase the daily intake estimates, but
still result in estimated intakes in the very low
ng/kg bw/day range rather than near 1 mg/kg
bw/day as predicted from the blood biomonitor-
ing data in adult humans.

Data from an intentional dosing study conducted
by Tsukioka et al. (250) provides further support
for daily intakes of <1 pg/kg. Tsukioka et al. gave
15 volunteers (12 men and 13 women) 50 pg of
bisphenol A by mouth (~ 0.83 ng/kg for a 65 kg
person) and collected urine samples for 5 hours.
The average concentration of total bisphenol A
was 57.2 pg/L (range 26.5—80 pug/L) and free
bisphenol A was 1.13 pg/L (range 0.13-5.8
ug/L). The administered dose, ~0.83 pug/kg, and
urinary concentration of total bisphenol A, 57.2
ng/L, are ~14.8-times and 18.5-times higher,
than the estimated median intake of 0.056 ug/
kg bw/day for adults aged 20—39 years based
on a median urinary concentration of 3.1 pg/L
calculated by Lakind et al. (35). Extrapolating
downward for administered dose and urinary
concentrations of total bisphenol A from the
data provided by Tsukioka et al. (250) would
give values that are consistent with the daily
intake calculated by Lakind et al. (35) based on
the CDC urinary measurements ().

Exposure Assessment Research Needs

The NTP concurs with the CERHR Expert Panel
on Bisphenol A that more measurements in
humans are needed of free and total bisphenol A,
its glucuronide conjugate, and other metabolite



concentrations from maternal, fetal, and neona-
tal tissues or fluids (i.e., placenta, amniotic fluid,
breast milk, urine, serum). These data would
provide further insight into the roles of metabo-
lism and exposure route on internal dose and
provide a firmer foundation for extrapolations of
risks to humans from the wealth of animal stud-
ies available. Available data demonstrate that a
large fraction of children and adults have detect-
able levels of bisphenol A, or its metabolites,
in their urine. Duplicate diet studies to identify
in detail the sources and routes of exposure
of bisphenol A would be useful. For example,
while research suggests diet is the major source
of bisphenol A for infants and young children
in the United States, the detailed analysis of
bisphenol A levels has primarily focused on
polycarbonate baby bottle leachates and canned
food. The contributions of non-canned food and
drinking water routes of exposure for youth and
adults not occupationally-exposed to bisphenol
A remain unknown and in need of further study.
Levels of bisphenol A in residential drinking
water wells and community water sources have
not been systematically studied. Also unknown
is the impact of landfill leachates on levels of
bisphenol A in U.S. drinking well waters and
whether chlorinated congeners of bisphenol A
are found in municipal water supplies.

More research is needed to characterize the toxi-
cokinetics of bisphenol A in developing animals
under exposure scenarios that better mimic the
low-level chronic exposures experienced by
humans. Currently, only single or “acute” dos-
ing kinetic studies in laboratory animals are
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available for predicting the metabolism and fate
of bisphenol A following long-term, daily expo-
sure, or for comparing apparent differences in
the metabolism and fate of bisphenol A in labo-
ratory rodents and humans. Repeated adminis-
tration of many compounds has been shown to
alter the capacity of the animal to metabolize and
excrete the compound. Further characterization
of the ability of repeated exposures to bisphenol
A to change rates and extent of metabolism and
excretion in laboratory animals and humans is
a critical research need.

In addition, it is clear that there are differences
in the pharmacokinetics of bisphenol A, particu-
larly between rats and humans, which compli-
cate using the rat data to interpret the human
biomonitoring data. For example, the excretion
profiles of bisphenol A differ in rodents and
humans. In humans, the major route of elimi-
nation is via the urine in the form of bisphenol
A glucuronide (261). In contrast, the major
elimination routes in rodents are as bisphenol
A in the feces, as bisphenol A glucuronide in the
bile, and to a lesser extent, in the urine [reviewed
in (2)]. Also, in rats bisphenol A glucuronide
can remain in the bile and be recirculated back
to the liver (“enterohepatic circulation”). To
address these uncertainties the NTP is pursuing
studies of absorption, distribution, metabolism,
and excretion in experimental animals (rodents
and non human primates) as well as the kinetics
associated with these processes, following expo-
sures to bisphenol A from the perinatal period
through adulthood, over a wide range of doses,
by multiple routes of administration.
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APPENDIX I. NTP-CERHR BISPHENOL A EXPERT PANEL

A 12—member panel of scientists covering dis-
ciplines such as toxicology, epidemiology, and
medicine was recommended by the CERHR
Core Committee and approved by the Associate
Director of the National Toxicology Program.
Prior to the expert panel meeting, the panelists
critically reviewed articles from the scientific
literature, as well as a variety of other relevant
documents. Based on this material, they identi-
fied key studies and issues for discussion. At
public meetings held on March 5—7, 2007 and
August 6-8, 2007, the expert panel discussed
these studies, the adequacy of available data, and
identified data needed to improve future assess-
ments. The expert panel reached conclusions on

whether exposure to bisphenol A might result
in adverse effects on human reproduction or
development. Panel conclusions were based on
the scientific evidence available at the time of
the public meeting. The NTP-CERHR released
the final expert panel report for public comment
on November 26, 2007 and the deadline for pub-
lic comments was January 25, 2008 (Federal
Register Vol. 72, No. 230, pp. 67730—67731,
November 30, 2007). The NTP-CERHR Expert
Panel Report on Bisphenol A is provided in
Appendix II. The expert panel report is also
available on the CERHR website (http.//cerhr.
niehs.nih.gov).
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NTP-CERHR Expert Panel Report on the Reproductive
and Developmental Toxicity of Bisphenol A
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Preface

The National Toxicology Program (NTP)' established
the NTP Center for the Evaluation of Risks to Human
Reproduction (CERHR) in June 1998. The purpose of the
CERHR is to provide timely, unbiased, scientifically
sound evaluations of the potential for adverse effects on
reproduction or development resulting from human
exposures to substances in the environment. The NTP-
CERHR is headquartered at NIEHS, Research Triangle
Park, NC, and is staffed and administered by scientists
and support personnel at NIEHS.

Bisphenol A is a high-production volume chemical
used in the production of epoxy resins, polyester resins,
polysulfone resins, polyacrylate resins, polycarbonate
plastics, and flame retardants. Polycarbonate plastics are
used in food and drink packaging; resins are used as
lacquers to coat metal products such as food cans, bottle
tops, and water supply pipes. Some polymers used in
dental sealants and tooth coatings contain bisphenol A.
Exposure to the general population can occur through
direct contact with bisphenol A or by exposure to food or
drink that has been in contact with a material containing
bisphenol A. CERHR selected bisphenol A for evaluation
because of (1) high production volume; (2) widespread
human exposure; (3) evidence of reproductive toxicity in
laboratory animal studies; and (4) public concern for
possible health effects from human exposures.

Relevant literature on bisphenol A was identified from
searches of the PubMed (Medline) and Toxline databases

INTP is an interagency program headquartered in Research Triangle Park,
NC, at the National Institute of Environmental Health Sciences, a
component of the National Institutes of Health.

through February 2007 using the term “bisphenol” and
the bisphenol A CAS RN (80-05-7). References were also
identified from databases such as REPROTOX, HSDB,
IRIS, and DART, from the bibliographies of the literature
reviewed, by members of the expert panel, and in public
comments.

CERHR convened a 12-member, independent panel of
government and non-government scientists to evaluate
the scientific studies on the potential reproductive and
developmental hazards of bisphenol A. The expert panel
met publicly on March 5-7, 2007 and August 6-8, 2007.
The Expert Panel Report on Bisphenol A is intended to
(1) interpret the strength of scientific evidence that
bisphenol A is a reproductive or developmental toxicant
based on data from in vitro, animal, or human studies; (2)
assess the extent of human exposures to include the
general public, occupational groups, and other sub-
populations; (3) provide objective and scientifically
thorough assessments of the scientific evidence that
adverse reproductive and developmental health effects
may be associated with such exposures; and (4) identify
knowledge gaps to help establish research and testing
priorities to reduce uncertainties and increase confidence
in future evaluations. This report has been reviewed by
members of the expert panel and by CERHR staff
scientists. Copies of this report have been provided to

*Correspondence to: Michael D. Shelby, PhD, NIEHS EC-32, PO Box
12233, Research Triangle Park, NC 27709.
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the CERHR Core Committee” and will be made available
to the public for comment.

Following the public comment period, CERHR will
prepare the NTP-CERHR Monograph on the Potential
Human Reproductive and Developmental Effects of
Bisphenol A. This monograph will include the NTP
Brief, the Expert Panel Report, and all public comments
received on the Expert Panel Report. The NTP-CERHR
Monograph will be made publicly available and trans-
mitted to appropriate health and regulatory agencies.

Reports can be obtained from the web site (http://
cerhr.niehs.nih.gov) or from: Michael D. Shelby, PhD,
NIEHS EC-32, PO Box 12233, Research Triangle Park, NC
27709. E-mail: shelby@niehs.nih.gov

1.0 CHEMISTRY, USE AND HUMAN
EXPOSURE

1.1 Chemistry

Section 1 is based initially on secondary review
sources. Primary study reports are addressed by the
Expert Panel if they contain information that is highly
relevant for determining the effect of exposure on
developmental or reproductive toxicity or if the studies
were released subsequent to the reviews.

1.1.1 Nomenclature. The CAS RN for bisphenol A
is 80-05-7. Synonyms for bisphenol A listed in Chem
IDplus (ChemIDplus, 2006) include: 2-(4,4'-Dihydroxy-
diphenyl)propane; 2,2-Bis(4-hydroxyphenyl)propane;
2,2-Bis(hydroxyphenyl)propane; 2,2-Bis(p-hydroxyphe-
nyl)propane; 2,2-Bis-4’-hydroxyfenylpropan [Czech];
2,2-Di(4-hydroxyphenyl)propane; 2,2-Di(4-phenylol)pro-
pane; 4,4'-(1-Methylethylidene)bisphenol; 4,4’-Bisphenol
A; 4,4-Dihydroxydiphenyl-2,2-propane; 4,4'-Dihydroxy-
diphenyldimethylmethane; 4,4'-Dihydroxydiphenylpro-

*The Core Committee is an advisory body consisting of scientists from
government agencies. Agencies currently represented are: Environmental
Protection Agency, Centers for Disease Control and Prevention, Food and
Drug Administration, Consumer Product Safety Commission, National
Institute for Occupational Safety and Health, and National Institute of
Environmental Health Sciences.

Prepared with the Support of CERHR Staff: NTP/NIEHS, Michael D.
Shelby, Ph.D. (Director, CERHR), Paul M.D. Foster, Ph.D. (Deputy
Director, CERHR), Kristina Thayer, Ph.D. (CERHR), Diane Spencer, M.S.
(CERHR), John Bucher, Ph.D. (Associate Director, NTP), Allen Dearry,
Ph.D. (Interim Associate Director, NTP), Mary Wolfe, Ph.D. (Director, NTP
Office of Liaison, Policy & Review), Denise Lasko (NTP Office of Liaison,
Policy & Review); Sciences International, Inc., Anthony Scialli, M.D.
(Principal Scientist), Annette Iannucci, M.S. (Toxicologist), Gloria Jahnke,
D.V.M. (Toxicologist), and Vera Jurgenson, M.S. (Research Assistant).
This report is prepared according to the Guidelines for CERHR Panel
Members established by NTP/NIEHS. The guidelines are available from the
CERHR web site (http://cerhr.niehs.nih.gov/). The format for this report
follows that of CERHR Expert Panel Reports including synopses of studies
reviewed, and an evaluation of the Strengths/Weaknesses and Utility
(Adequacy) of the study for a CERHR evaluation. Statements and
conclusions made under Strengths/Weaknesses and Utility evaluations
are those of the expert panel members and are prepared according to the
NTP/NIEHS guidelines. In addition, the report includes comments or
notes limitations of the study in the synopses. Bold, square brackets are
used to enclose such statements. As discussed in the guidelines, square
brackets are used to enclose key items of information not provided in a
publication, limitations noted in the study, conclusions that differ from
authors, and conversions or analyses of data conducted by CERHR.

The findings and conclusions of this report are those of the Expert
Panel and should not be construed to represent the views of the
National Toxicology Program. Members of this panel participated in
the evaluation of bisphenol A as independent scientists. The findings
and conclusions in this report are those of the authors and do not
necessarily represent the views of their employers.

pane; 4,4-Isopropylidene diphenol; 4,4’-Isopropylidene-
bisphenol; 4,4'-Isopropylidene diphenol; Biphenol A;
Bis(4-hydroxyphenyl) dimethylmethane; Bis(4-hydroxy-
phenyl)dimethylmethane; Bis(4-hydroxyphenyl)propane;
Bisferol A [Czech]; Bisphenol. Bisphenol A; DIAN; Diano;
Dimethyl bis(p-hydroxyphenyl)methane; Dimethylbis
(p-hydroxyphenyl)methane; ~ Dimethylmethylene-p,p’-
diphenol; Diphenylolpropane; Ipognox 88; Isopropylide-
nebis(4-hydroxybenzene); Parabis A, Phenol; (1-methy-
lethylidene)bis-, Phenol; 4,4'-(1-methylethylidene)bis-;
Phenol, 4,4'-dimethylmethylenedi-; Phenol, 4,4'-isopropy-
lidenedi-; Pluracol 245, Propane; 2,2-bis(p-hydroxyphe-
nyl)-; Rikabanol; Ucar bisphenol A; Ucar bisphenol HP;
beta,beta’-Bis(p-hydroxyphenyl)propane;  beta-Di-p-hy-
droxyphenylpropane; p,p’-Bisphenol A; p,p’-Dihydroxy-
diphenyldimethylmethane; p,p’-Dihydroxydiphenylpro-
pane; p,p’-Isopropylidenebisphenol; and p,p’-Isopropyli-
denediphenol.

1.1.2 Formula and molecular mass. Bisphenol A
has a molecular mass of 228.29 g/mol and a molecular
formula of C;5H;40, (European-Union, 2003). The struc-
ture for bisphenol A is shown in Figure 1.

1.1.3 Chemical and physical properties. Bi-
sphenol A is a white solid with a mild phenolic odor
(European-Union, 2003). Physicochemical properties are
listed in Table 1.

1.1.4 Technical products and impurities. Purity
of bisphenol A was reported at 99-99.8%, and common
impurities observed were phenol and ortho and para
isomers of bisphenol A [reviewed in (European-Union,
2003)]. Terasaki et al. (2004) used reversed phase
chromatography and nuclear magnetic resonance spec-
troscopy to characterize the composition of 5 commercial
bisphenol A samples. The nominal purity of the samples
was 97 or 98%. Actual purities were 95.3 to >99%. Up to
15 contaminants were identified among which were: 4-
hydroxyacetophenone; 4,4'-(1,3-dimethylbutylidene) bi-
sphenol; p-cumylphenol; 4-hydroxyphenyl isobutyl
methyl ketone; 2,4*-dibhydroxy-2,2-diphenylpropane;
2,4'-dibhydroxy-2,2-diphenylpropane; 2,4-bis(4-hydroxy-

CHs3
HO OH

CHs3

Fig. 1. Structure for bisphenol A.

Table 1
Physicochemical Properties of Bisphenol A®

Property Value

Odor threshold
Boiling point
Melting point 150-157°C

Specific gravity 1.060-1.195g/mL at 20-25°C

Solubility in water 120-300mg/L at 20-25°C

Vapor pressure 8.7 x107'% -3.96 x 10" mm Hg at 20-25°C
Stability /reactivity No data found

Log Kow 2.20-3.82

Henry constant 1.0 x 10~ "?atm m®/mol

No data found
220°C at 4mm Hg; 398°C at 760 mm Hg

“Staples et al. (1998).
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cumyl)phenol;  2,3-dihydro-3-(4'-hydroxyphenyl)-1,1,3-
trimethyl-1H-inden-5-0l;  2-(4’-hydroxyphenol)-2,2,4-tri-
methylchroman; and  4-(4-hydroxyphenol)-2,2,4-tri-
methylchroman (Terasaki et al., 2005).

No information on trade names for bisphenol A was
located.

1.1.5 Analytical considerations. Measurement of
bisphenol A in environmental and biologic samples can
be affected by contamination with bisphenol A in plastic
laboratory ware and in reagents (Tsukioka et al., 2004;
Volkel et al., 2005). Accuracy is also affected by
measurement technique, particularly at the very low
concentrations that can now be measured. Enzyme-
linked immunosorbent assay (ELISA) has poor correla-
tion with the LC-ECD method and also the different
ELISA kits correlate poorly with each other. ELISA
methods may overestimate bisphenol A in biologic
samples due to lack of specificity of the antibody and
effects of the biologic matrix (Inoue et al., 2002; Fukata
et al., 2006). Although high performance liquid chroma-
tography (HPLC) with ultraviolet, fluorescence, or
electrochemical detection can be sensitive to concentra-
tions <0.5ng/ml (Sajiki et al., 1999; Inoue et al., 2000;
Kuroda et al., 2003; Sun et al., 2004), these methods are
unable to make definitive identification of bisphenol A
or bisphenol A glucuronides, because similar retention
times may occur for the metabolites of other endogenous
and exogenous compounds (Volkel et al., 2005). Use of
LC-mass spectrometry (MS) with and without hydrolysis
of bisphenol A glucuronide permits determination of
free and total bisphenol A with a limit of quantification
of 0.1 for MS (Sajiki et al., 1999) and 1 pg/L for MS/MS
(Volkel et al., 2005). Gas chromatography (GC)/MS has
been used with solid phase extraction after treatment
with glucuronidase and derivatization to measure total
bisphenol A with a limit of detection of 0.05 pg/L for MS
(Tan and Mohd, 2003) and 0.1 pg/L for MS/MS (Calafat
et al., 2005). Some of the variability in studies cited in this
and subsequent sections may be due to differences in
measurement techniques and to contamination. Bisphe-
nol A glucuronidate can be an unstable product that can
be degraded in acidic and basic pH solutions and can be
hydrolyzed to free bisphenol A at neutral pH and room
temperature in diluted rodent urine, placental and fetal
tissue homogenates at room temperature. However,
conjugates in urine are stable for at least 7 days when
stored at —4°C and at least 180 days when stored at
—70°C (Waechter et al., 2007; Ye et al., 2007).

1.2 Use and Human Exposure

1.2.1 Production information. Bisphenol A is
manufactured by the acid catalyzed condensation of
phenol and acetone (SRI, 2004).

In 1998, members of the Society of the Plastics Industry
Bisphenol A Task Group [assumed manufacturers of
bisphenol A] included Aristech Chemical Corporation,
Bayer Corporation, Dow Chemical Company, and Shell
Chemical Company (Staples et al, 1998). Current
manufacturers of bisphenol A in the U.S. are Bayer
MaterialScience, Dow Chemical Company, General Elec-
tric, Hexion Specialty Chemicals, and Sunoco Chemicals
(SRI, 2004) (S. Hentges, public comments, February 2,
2007). There are currently six bisphenol A and four
polycarbonate plants in the U.S. (S. Hentges, personal
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communication, October 30, 2006); three of four poly-
carbonate plants are located within bisphenol A plants.
In 2000, there were 13 epoxy plants in the U.S., but was
not clear if all of the plants manufactured bisphenol
A-containing epoxy resins.

In mid-2004, U.S. bisphenol A production volume was
reported at 1.024 million metric tons [~2.3 billion
pounds] (SRI, 2004). A production volume of 7.26 billion
g [16 million pounds] was reported for bisphenol A in
1991 (reviewed in HSDB, 2003). United States bisphenol
A consumption was reported at 856,000 metric tons
[~1.9 billion pounds] in 2003 (SRI, 2004); 2003 con-
sumption patterns included 619,000 metric tons [~1.4
billion pounds] used in polycarbonate resins, 184,000
metric tons [ ~406 million pounds] used in epoxy resins,
and 53,000 metric tons [~117 million pounds] used in
other applications.

1.2.2 Use. In 1999 and 2003, it was reported that
most bisphenol A produced in the U.S. was used in the
manufacture of polycarbonate and epoxy resins and
other products [reviewed in (Staples et al., 1998; SRI,
2004)]. Polycarbonate plastics may be used in the
manufacture of compact discs, “solid and multi wall
sheet in glazing applications and film,” food containers
(e.g., milk, water, and infant bottles), and medical devices
[reviewed in (European-Union, 2003)]. Bisphenol A may
have been used at one time in Europe in polyvinyl
chloride cling film and plastic bags, but that use is
believed to have been discontinued (European Food
Safety Authority, 2006). Contact with drinking water may
occur through the use of polycarbonate for water pipes
and epoxy-phenolic resins in surface coatings of drinking
water storage tanks [reviewed by (European Food Safety
Authority, 2006)].

Polycarbonate blends have been used to manufacture
injected molded parts utilized in alarms, mobile phone
housings, coil cores, displays, computer parts, household
electrical equipment, lamp fittings, and power plugs.
Automotive and related uses for polycarbonate blends
include light reflectors and coverings, bumpers, radiator
and ventilation grills, safety glazing, inside lights, and
motorcycle shields and helmets. Epoxy resins are used in
protective coatings, structural composites, electrical
laminates, electrical applications, and adhesives. The
European Union (2003) reported that smaller volumes of
bisphenol A are used in production of phenoplast,
phenolic, and unsaturated polyester resins, epoxy can
coatings, polyvinyl chloride (PVC) plastic, alkoxylated
bisphenol A, thermal paper, and polyols/polyurethane.
Other uses reported for products manufactured from
bisphenol A included protective window glazing, build-
ing materials, optical lenses, and development of dyes
[reviewed in (Staples et al, 1998)]. A search of the
National Library of Medicine Household Products
Database (NLM, 2006) revealed that bisphenol A-based
polymers are used in coatings, adhesives, and putties
available to the general pubic for use in automobiles,
home maintenance and repair, and hobbies, but only 3
epoxy products, used for crafts and hobbies, contain
bisphenol A itself.

Some polymers manufactured with bisphenol A are
Food and Drug Administration (FDA)-approved for use
in direct and indirect food additives and in dental
materials, as reported in the Code of Federal Regulations
(CFR) (FDA, 2006). In the CFR, bisphenol A is often
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referred to as 4,4'-isopropylidnediphenol. Polymers
manufactured with bisphenol A are FDA-approved for
use as anoxomers and in coatings, adhesives, single and
repeated food contact surfaces, and tooth shade resin
materials.

The European Union (2003) noted that resins, poly-
carbonate plastics, and other products manufactured
from bisphenol A can contain trace amounts of residual
monomer and additional monomer may be generated
during breakdown of polymer. The American Plastics
Council reports that residual bisphenol A concentrations
in polycarbonate plastics and epoxy resins are generally
<50 ppm (S. Hentges, personal communication, October
30, 2006). Polymer hydrolysis can occur at elevated
temperature or extreme pH. An example of potential
human exposure is migration of bisphenol A from a food
container into the food. Exposure to bisphenol A through
food is discussed in detail in Section 1.2.3.2.

1.2.3 Occurrence

1.2.3.1 Environmental fate and bisphenol A levels in
environment: Bisphenol A may be present in the
environment as a result of direct releases from manu-
facturing or processing facilities, fugitive emission dur-
ing processing and handling, or release of unreacted
monomer from products (European-Union, 2003). Ac-
cording to the Toxics Release Inventory database, total
environmental release of bisphenol A in 2004 was 181,768
pounds, with releases of 132,256 pounds to air, 3533
pounds to water, 172 pounds to underground injection,
and 45,807 pounds to land (TRI, 2004).

Bisphenol A released to the atmosphere is likely
degraded by hydroxy radicals (European-Union, 2003).
Half-life for the reaction between bisphenol A and
hydroxy radicals was estimated at 0.2 days. It was also
noted that photolysis and photodegradation of bisphenol
A in the atmosphere is possible and photo-oxidation half-
lives of 0.74-7.4 hr were estimated [reviewed in (Staples
et al., 1998; European-Union, 2003)]. The European
Union (2003) noted that because of its low volatility
and relatively short half-life in the atmosphere, bisphenol
A is not likely to enter the atmosphere in large amounts.
Removal by precipitation and occurrence in rain water
were thought likely to be negligible. Because of its short
half-life in the atmosphere, bisphenol A is unlikely to be
transported far from emission points.

Based on vapor pressure and Henry constant (Table 1),
the European Union (2003) and Staples et al. (1998)
concluded that bisphenol A is of low volatility and not
likely to be removed from water through volatilization.
Both groups concluded that hydrolysis of bisphenol A in
water is unlikely. However, there was disagreement on
potential for photo-oxidation of bisphenol A in water.
Based on physical and chemical properties, the European
Union concluded that photolysis of bisphenol A in water
is unlikely. Staples et al. (1998) noted that bisphenol A is
able to absorb ultraviolet light, especially in a basic
solution. Therefore, it was concluded that photolysis
from surface water is possible, depending on conditions
such as pH, turbidity, turbulence, and sunlight. Photo-
oxidation half-life of bisphenol A in water was estimated
at 66hr to 160 days [reviewed in (Staples et al., 1998)].
Rapid biodegradation of bisphenol A from water was
reported in the majority of studies reviewed by the
European Union (2003) and Staples et al. (1998). A
biodegradation half-life of 2.5-4 days was reported in a

study measuring bisphenol A concentrations in surface
waters near the receiving stream of a bisphenol A
manufacturer [reviewed in (Staples et al., 1998)].

When the Staples et al. (1998) review was published,
soil sorption constants had not been measured but were
estimated at 314-1524. Based on such data, the European
Union (2003) and Staples et al. (1998) concluded that
bisphenol A adsorption to soils or sediments would be
“modest” or “moderate.” Based on data for degradation
of bisphenol A in water, the European Union (2003)
predicted that bisphenol A would be degraded in soil
and estimated a half-life of 30 days for degradation of
bisphenol A in soil. Subsequent to the Staples et al. (1998)
and European Union (2003) reviews, a study examining
fate of "*C-bisphenol A in soils through laboratory soil
degradation and batch adsorption tests was released by
Fent et al. (2003). In that study, e -bisphenol A was
dissipated and not detectable in 4 different soil types
within 3 days. Soil distribution coefficients were deter-
mined at 636-931, and based on those values, the study
authors concluded that bisphenol A has low mobility in
soil. The study authors concluded that bisphenol A is not
expected to be stable, mobile, or bioavailable from soils.

In studies reviewed by the European Union (2003) and
Staples et al. (1998), bioconcentration factors for fish were
measured at 3.5-68 and were found to be lower than
values estimated from the K., Both groups concluded
that potential for bioconcentration of bisphenol A is low
in fish. Higher bioconcentration factors (134-144) were
determined for clams [reviewed in (European-Union,
2003)].

Two studies examining aggregate exposures in pre-
school age children in the U.S. used GC/MS to measure
bisphenol A concentrations in environmental media
(Wilson et al., 2003, 2006). In the first study (Wilson
et al., 2003), bisphenol A concentrations were measured in
air outside 2 day care centers and the homes of 9 children.
Bisphenol A was detected in 9 of 13 outdoor air samples at
<0.1004.72ng/m’ (mean Concentratlon 2.53 ng/ m’ at
day care centers; 1.26 ng/m?> at home). In indoor air from
day care centers and homes, b1sphenol A was detected in
12 of 13 samples at <0.100-29 ng/m> (mean concentra-
tion = 6.38ng/m> at day care centers; 11.8ng/m’ at
home). At those same locations, bisphenol A was detected
in all of 13 samples of floor dust at means (range) of 1.52—
1.95 (0.567-3.26) ppm (ug/g) and play area soils at means
(range) of 0.006-0.007 (0.004-0.014) ppm (ug/g). In the
second study (Wilson et al., 2006), bisphenol A concentra-
tions were measured inside and outside at least 222 homes
and 29 daycare centers. Bisphenol A was detected in 31—
44% of outdoor air samples from each locatlon concen-
trations ranged from <LOD (0.9) to 51. 5ng/ m’. Medians
were <limit of detection (LOD). Indoor air samples (45—
73%) contained detectable concentrations of bisphenol A
concentrations were reported at <LOD (0.9)-193ng/m°.
Median values were <LOD-1.82ng/m?’. Bisphenol A was
detected in 25-70% of dust samples; concentrations were
reported at <LOD (20) to 707 ng/g. Median values were
<LOD-30.8ng/g.

A second US. study used a GC/MS method to
measure bisphenol A concentrations in dust from 1
office building and 3 homes and in air from 1 office
building and 1 home (Rudel et al., 2001). Bisphenol A
was detected in 3 of 6 dust samples (reporting limit
>0.01 ng/extract) at concentrations of 0.25-0.48ug/g
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Table 2
Concentrations of Bisphenol A Detected in Water

Detection Detection

Concentration

Sample type method  rate (%) (ng/L) range [median] Reference

Surface water
German rivers GC-MS 100 0.005-0.014 [3.8] Kuch and Ballschmiter (2001)
Louisiana, U.S. GC-MS 0 <MDL 0.1 Boyd et al. (2003)
U.S. streams GC-MS 412 [0.14] max 12 Kolpin et al. (2002)

Netherlands GC-MS 78-93

Drinking water

Louisiana, U.S. GC-MS 0

Ontario, Canada GC-MS 0

Germany GC-MS 100
Landfill leachate

Japan GC-MS 100

Japan GC-MS  70% sites
Sewage treatment works

Germany GC-MS 94

Louisiana, U.S. GC-MS 0

Max marine 0.33 Belfroid et al. (2002)

Max fresh 21

<MDL 0.1
<MDL 0.1
0.005-0.002 [1.1]

Boyd et al. (2003)
Boyd et al. (2003)
Kuch and Ballschmiter (2001)

740 Kawagoshi et al. (2003)
1.3-17, 200 [269] Yamamoto et al. (2001)

0.005-0.047 [10]
<MDL 0.1

Kuch and Ballschmiter (2001)
Boyd et al. (2003)

Table 3
Bisphenol A Concentrations in Human Breast Milk
Free (ng/ml) Total (ng/ml) Detection
Source (n) Method LOD mean +SD (range) mean+SD (range) rate (%)  Reference
Japanese (23) HPLC-F1 0.11ng/ml 0.614+0.20 100 Sun et al. (2004)
(0.28-0.97)
Japanese (101) ELISA NA 3.41+0.13 (1-7) 100 Kuruto-Niwa et al.
(colostrum 3 days (2007)
after delivery)
United States (200 ~ HPLC-MS/MS  0.3ng/ml 1.3 (<0.3-6.3) 1.9 (<0.3-7.3) 60 free Ye et al. (2006)
90 total
Japanese (3) GC-MS 0.09ng/g 0.46 (<0.09-0.65) 67 Otaka et al. (2003)
Us. (32) NA NA NA 147 NA Calafat et al. (2006)

“Estimated from a graph.

dust. In indoor air samples collected from offices and
residences, bisphenol A was detected in 3 of 6 samples
(detection limit= ~0.5ng/m’) at concentrations of
0.002-0.003 pg/m>. In another study using a GC/MS
technique, bisphenol A concentrations in indoor air from
120 U.S. homes were below reporting limits (0.018 pg/
m’) (Rudel et al, 2003). Median (range) bisphenol A
concentration in dust in this study was 0.821 (<0.2-
17.6) ug/g, with 86% of samples above the reporting
limit.

Limited information is available for bisphenol A
concentrations in U.S. water (Table 2). In 1996 and/or
1997, mean bisphenol A concentrations were reported at
4-8ug/L in surface water samples near 1 bisphenol A
production site but bisphenol A was not detected
(<1pg/L) in surface water near 6 of 7 bisphenol A
production sites in the U.S. (Staples et al., 2000).
Bisphenol A was detected at a median concentration (in
samples with detectable bisphenol A above the reporting
limit of 0.09ug/L) of 0.14pg/L and a maximum
concentration of 12 ug/L in 41.2% of 85 samples collected
from U.S. streams in 1999 and 2000 (Kolpin, 2002). In
2001 and 2002, bisphenol A was not detected (<0.001 pg/
L) in effluent from a wastewater treatment plant in
Louisiana, and concentrations were not quantifiable
[quantification limit not defined] in samples collected
from surface waters in Louisiana and in drinking water
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at various stages of treatment at plants in Louisiana and
Ontario, Canada (Boyd et al.,, 2003). In water samples
collected in Europe and Japan from the 1970s through
1989, bisphenol A concentrations were <1.9 ug/L and in
most cases were <0.12pg/L [reviewed in (European-
Union, 2003)].

1.2.3.2 Potential exposures from food and water:
The European Union (2003) noted that the highest
potential for human exposure to bisphenol A is through
products that directly contact food. Examples of food
contact materials that can contain bisphenol A include
food and beverage containers with internal epoxy resin
coatings and polycarbonate tableware and bottles, such
as those used to feed infants.

In addition to commercial food sources, infants
consume breast milk. Calafat et al. (2006) reported a
median bisphenol A concentration of ~1.4pg/L [as
estimated from a graph] in milk from 32 women
(Table 3). Bisphenol A was measured after enzymatic
hydrolysis of conjugates. Ye et al. (2006) found measur-
able concentrations of bisphenol A in milk samples from
18 of 20 lactating women. Free bisphenol A was found in
samples from 12 women. The median total bisphenol
concentration in milk was 1.1 ug/L (range: undetectable
to 7.3 pg/L). The median free bisphenol A concentration
was 0.4 ug/L (range: undetectable to 6.3 ug/L). Sun et al.
(2004) used an HPLC method to measure bisphenol A
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concentrations in milk from 23 healthy lactating Japanese
women. Bisphenol A concentrations ranged from 0.28-
0.97 ug/L, and the mean +SD concentration was reported
at 0.61+£0.20pg/L. No correlations were observed
between bisphenol A and triglyceride concentrations in
milk. Values from 6 milk samples were compared to
maternal and umbilical blood samples reported pre-
viously in a study by Kuroda et al. (2003). Bisphenol A
values were higher in milk, and the milk/serum ratio
was reported at 1.3. Bisphenol A values in milk were
comparable to those in umbilical cord serum. [It was not
clear whether milk and serum samples were obtained
from the same volunteers in the two studies.]

Studies have measured migration of bisphenol A from
polycarbonate infant bottles or containers into foods or
food simulants. Results of those studies are summarized
in Table 4. Analyses for bisphenol A were conducted by
GC/MS or HPLC. The European Union (2003) group
noted that in many cases bisphenol A concentrations
were below the detection limit in food simulants. When
bisphenol A was detected, concentrations were typically
<50ug/L in simulants exposed to infant bottles and

<5pg/kg in simulants exposed to polycarbonate table-
ware. An exception is one study that reported bisphenol
A concentrations at up to ~192pug/L in a 10% ethanol
food simulant and 654 pug/L in a corn oil simulant (Onn
Wong et al., 2005). In the study, cut pieces of bottles were
incubated, and the study authors acknowledged that
bisphenol A could have migrated from the cut edges.
[The Expert Panel notes that incubations were at 70 or
100°C for 240hr, representing conditions not antici-
pated for normal use of baby bottles.] One study
conducted with actual infant food (formula and fruit
juice) reported no detectable bisphenol A (Mountfort
et al, 1997). Some studies examining the effects of
repeated use of polycarbonate items noted increased
leaching of bisphenol A with repeated use (Earls, 2000;
Brede et al., 2003; CSL, 2004). It was suggested that the
increase in bisphenol A migration was caused by damage
to the polymer during use. Results from other reports
suggested that leaching of bisphenol A decreased with
repeated use, and it was speculated that available
bisphenol A was present at the surface of the product
and therefore removed by washing (Biles et al., 1997b;

Table 4
Examination of Bisphenol A in Polycarbonate Food Contact Surfaces

Bisphenol A concentration in

Sample (location) Procedure simulant Reference
Commercially available Common use: bottles were boiled for ND (LOD 5ppb [pg/L]; FDA (1996)
infant bottles containing 5min, filled with water or 10% ethanol, corresponding to a food
residual bisphenol A and stored at room temperature for up concentration of 1.7 ppb) following
concentrations of 7-46 to 72 hr Worst case use: bottles were either procedure
ppm (U.S) boiled for 5min, filled with water or
10% ethanol, heated to 100°C for 0.5 hr,
cooled to room temperature, and
refrigerated for 72 hr
21 new and 12 used (1-2- Bottles were pre-washed, steam sterilized, ND (LOD 10 ug/L) [ppb] from new Earls et al.
year-old) infant bottles filled with boiling water or 3% glacial bottles; ND (<10 pg/L ) to 50 ug/L (2000)
(UK) acetic acid, refrigerated at 1-5°C for from used bottles exposed to either
24 hr, and heated to 40°C before simulant [mean not given]
sampling
Infant bottles with residual Bottles were sterilized with hypochlorite, ND (LOD 0.03 mg/kg) [ <30 pg/kg or Mountfort

bisphenol A
concentrations of 26 mg/
kg [number tested not
indicated] (U.K.)

6 infant feeding bottles
(country of purchase not
known)

14 samples of new infant
feeding bottles and
tableware including a
bowl, mug, cup, and dish
recalled because residual
bisphenol A and other
phenol concentrations
exceeded 500 ppm [mg/
kgl (Japan)

Discs prepared from
commercial food-grade
polycarbonate resins

in dishwasher, or by steam; filled with
infant formula, fruit juice, or distilled
water; microwaved for 30 sec and left to
stand for 20 min (1 cycle); samples were
analyzed after 3, 10, 20, or 50 cycles;
other bottles were filled with distilled
water and left to stand for 10 days at
40°C

Bottles were filled with water at 26°C and
left to stand for 5 hr or filled with water
at 95°C and left to stand overnight

Products were exposed to n-heptane,
water, 4% acetic acid, or 20% ethanol; in
some cases simulant was heated to 60
or 95°C; in other cases, the object was
boiled for 5 min; analyses were usually
conducted after a 30-min contact period

Materials exposed to water, 10% ethanol,
or Miglyol (fractionated coconut oil) at
100°C for 6 hr or water, 3% acetic acid,

ppbl under any condition

etal. (1997)

ND (LOD 2 ppb [pg/L]) in bottles Hanai (1997)*
filled with water at 26°C and 3.1-

55 ppb [pg/L] in bottles filled with
water at 95°C.

Up to 40 ppb [pg/kg] from recalled Kawamura
products and ND (LOD 0.2) to et al.
5pg/kg from commercially (1999)**
available products.

ND (LOD 5 ppb [pg/L]) under all Howe and
conditions. Borodinsky

(1998)

Birth Defects Research (Part B) 83:157-395, 2008


http:0.6170.20

BISPHENOL A 163
Table 4
Continued
Bisphenol A concentration in
Sample (location) Procedure simulant Reference
(residual bisphenol A at 10% ethanol, or Migloyl at 49°C for 6-
8800 to 11,200 pg/kg) 240 hr
from U.S. manufacturers
2 infant bottles from Japan In three repeated tests, boiling water was Below quantification limit (LOD Sun et al.
added to bottles; bottles were incubated 0.57 ppb [pg/L]) to mean (2000)
at 95°C for 30 min and cooled to room concentrations of 0.75 ppb before
temperature; before repeating the test a brushing and <0.57 to 0.18 ppb
fourth time, the bottles were scrubbed after brushing.
with a brush
4 new different brands of Bottles were exposed to distilled water, 1.1-2.5ppb [pg/L]. D’Antuono

infant bottles (Argentina)

12 infant bottles (Norway)

18 infant bottles (12 tested)
(UK.

28 brands of new infant
bottles (residual
bisphenol A
concentrations of <3 to
141 mg/kg)
manufactured in Europe
or Asia (Singapore)

22 new infant bottles and 20
used (3-36 months)
bottles (Netherlands)

New unwashed infant
bottles (number not
indicated) (Japan)

5-gallon water carboys

3% acetic acid, or 15% ethanol at 80°C
for 2min or distilled water at 100°C for
0.5 min

Bottles were tested before washing and
following 51 and 169 dish washings;
bottles were occasionally brushed (13
times by second test and 23 times by
third test) and boiled (12 times by
second testing and 25 times by third
testing); unwashed bottles were rinsed
with boiling water before testing; for
testing, bottles were filled with hot
water and incubated at 100°C for 1 hr

Bottles were tested before and after 20 and
50 dish washings; bottles were brushed
after every 2 wash cycles; bottles were
sterilized with boiling water, filled with
3% acetic acid, or 10% ethanol, and
incubated at 70°C for 1hr

Bottles were cut and pieces were exposed
to 10% ethanol at 70°C or corn oil at
100°C for 8-240hr

Bottles were immersed in boiling water
for 10 min before testing and filled with
distilled water or 3% acetic acid and
incubated at 40 °C for 24 hr

Bottles were exposed to water at 95°C for
30min

Water was stored in the carboys for 3, 12,
or 39 weeks, temperature not indicated

Mean (range) ug/L [ppbl: 0 washes:
0.23 (0.11-0.43) 51 washes: 8.4 (3.7
17) 169 washes: 6.7 (2.5-15)

Before washing: ND (LOD 1.1 ppb
orpg/L) in 10% ethanol and ND
(LOD 0.34 ppb orpg/L) in 3%
acetic acid; 20 washes: ND to
4.5ppb in 10% ethanol and ND to
0.51 ppb in 3% acetic acid; 50
washes: ND to 3.1 ppb in 10%
ethanol and ND to 0.7 ppb in 3%
acetic acid

ND (LOD 0.05) to 1.92 pg/in* [<5-
192 pg/L or ppb] in 10% ethanol
and ND (LOD 0.05) to 6.54 pg/in®
[<5-654pg/L] in corn oil over the
240-hr exposure period

ND in new bottles (<2.5ug/L (LOD)
[ppbl in distilled water and
<3.9ug/L (LOD) in 3% acetic
acid) or in used bottles exposed to
3% acetic acid; not detected to non-
quantifiable (<5 ug/L) in distilled
water from used bottles.

ND (LOD 0.05pg/L [ppb]) to
39ug/L.

0.1-0.5ug/L [ppb] at 3 and 12 weeks
and. 4.6-4.7 pg/L at 39 weeks®

et al. (2001)

Brede et al.
(2003)

CSL (2004)

Onn Wong
et al. (2005)

FCPSA (2005)

Japanese
studies
reviewed
in
Miyamoto
and Kotake
(2006)

Biles et al.
(1997b)

*Reviewed by European Union (2003).
PReviewed by Haighton et al. (2002).
“The authors of this study identified an error in the units reported in their study and that the correct concentrations are 1000-fold higher
than indicated in the article, the correct values are indicated in table above (T. Begley, email communication, August 6, 2007).

ND, not detected.

Kawamura et al., 1999; Haighton et al., 2002; European
Union, 2003). One study (Kawamura et al., 1999) showed
higher concentrations of bisphenol A in simulants
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exposed to products that had been recalled because of
unacceptable residual concentrations of bisphenol A and
other compounds. The study by Biles et al. (1997b)
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Table 5
Surveys of Bisphenol A Concentrations in Canned Infant Formulas or Food

Bisphenol A concentration pg/kg

Food (no. sampled)* orpg/L Country Reference
Infant formula (14) Mean 5 (0.1-13.2 ppb [pg/L]); when us. Biles et al. (1997a) FDA (1996)
diluted with water to make
prepared formula mean
concentrations would be 2.5 (0.05-
6.6)
Infant formula (4) ND (LOD 2 ug/kg) UK. Goodson et al. (2002) UKFSA (2001)
Infant formula (5) 44-113 ug/kg Taiwan Kuo and Ding (2004)
Infant dessert (3) 18.9-77.3 ng/kg UK. Goodson et al. (2002)

Infant vegetable food (4)
Infant dessert (3)

<LOQ (LOQ 10 pg/kg)
<LOQ (LOQ 10 ug/kg)

New Zealand Thomson and Grounds (2005)

*Values before and after heating in can and from non-dented and dented cans; values did not differ under the various conditions and

were presented together.
ND, not detected.

demonstrated that infant bottles exposed to 50 or 95%
ethanol at 65°C for 240hr leached bisphenol A at
concentrations exceeding residual monomer concentra-
tions, and it was suggested that hydrolysis of the
polymer had occurred.

High molecular weight, heat-cured bisphenol A-based
epoxy resins are used as protective linings in cans for
food and beverages and may be used in wine storage
vats (European-Union, 2003). Residual bisphenol A
monomer can migrate from the coatings to foods or
beverages contained within cans. Studies were con-
ducted to measure actual concentrations of bisphenol A
in commercially available foods or to measure concen-
trations of bisphenol A leaching from can linings into
food simulants. Because the actual measurement of
bisphenol A concentrations in canned foods represents
the most realistic situation, the CERHR review will focus
on those data. Studies conducted with simulants will not
be reviewed, with the exception of one study by Howe
et al. (1998) that was considered by the FDA (1996) in
their estimates of bisphenol A intake.

Bisphenol A concentrations detected in infant foods
are summarized in Table 5, and bisphenol A concentra-
tions detected in non-infant foods are summarized in
Table 6. With the exception of isolated cases in which
bisphenol A concentrations were measured at up to
~0.8mg/kg food, most measurements were below
0.1 mg/kg. The European Union also noted an extraction
study conducted with an epoxy resin that is occasionally
used to line wine vats. Based on that study, a worst-case
scenario of 0.65mg/L bisphenol A in wine was used. The
European Union noted that the value represents a very
worst-case exposure scenario but decided to use that
number in risk estimates because no other value was
available. [The Expert Panel notes that a study of
bisphenol A in wine (Brenn-Struckhofova and Cichna-
Markl, 2006) identified a maximum concentration of
2.1pg/L (Table 6).]

In one study, empty cans were filled with soup, beef,
evaporated milk, carrots, or 10% ethanol (Goodson et al.,
2004). The cans were then sealed, processed at 5, 20, or
40°C, and sampled at 1 or 10 days or 1, 3, or 9 months.
Half the cans processed according to each condition were
dented. It was determined that 80-100% of the bisphenol
A migrated to food immediately after processing, and
that bisphenol A concentrations did not change during

storage or as a result of denting. The study authors
concluded that most migration occurred during can
processing. Boiling the cans or heating to 230°C did not
increase migration of bisphenol A, but that finding
appears to contrast with findings of others. Kang et al.
(2003) examined the effects of temperature, duration of
heating, glucose, sodium, and oil on migration of
bisphenol A from cans. In cans filled with water, heating
to 121°C compared to 105°C increased migration of
bisphenol A but the duration of heating had no
significant effect. Compared to cans filled with water,
increased amounts of bisphenol A migrated from cans
filled with 1-10% sodium chloride, 5-20% glucose, or
vegetable oils and heated to 121°C. Takao et al. (2002)
reported increased leaching of bisphenol A from cans
into water when the cans were heated to >80°C.

A study examining aggregate exposures of U.S.
preschool age children measured bisphenol A concentra-
tions in liquid food and solid food served to the children
at home and at child care centers (Wilson et al., 2003).
Duplicate plates of food served to nine children were
collected over a 48-hr period. GC/MS analyses were
conducted on four liquid food samples and four solid
food samples from the child care center and nine liquid
food samples and nine solid food samples from home.
Bisphenol A was detected in all solid food samples, three
liquid food samples from the child care center, and two
liquid food samples from the home. Concentrations of
bisphenol A ranged from <0.100-1.16ng/g [pg/kgl in
liquid foods and from 0.172-4.19ng/g [pg/kgl in solid
food.

The study examining aggregate exposures of U.S.
preschool age children was repeated with a larger sample
and again measured bisphenol A concentrations in liquid
food and solid food served to the children at home and at
child care centers (Wilson et al., 2006). Bisphenol A
concentrations were measured by GC/MS in food served
over a 48-hr period to at least 238 children at home and 49
children at daycare centers. Bisphenol A was detected in
83-100% of solid food samples; concentrations were
reported at <LOD (0.8) to 192ng/g [pg/kgl. Sixty-nine to
80% of liquid food contained detectable concentrations of
bisphenol A; concentrations were reported at <LOD (0.3)-
17.0ng/mL in liquid food. Data were also collected for
hand wipes of 193 children at daycare centers and 60
children at home. Bisphenol A was detected in 94-100% of
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Table 6
Surveys of Bisphenol A Concentrations in Canned or Bottled Foods or Food Simulants
Bisphenol A concentration (range in pg/kg Country of
Food (no. sampled) unless specified) purchase® Reference
Vegetables with liquid (6) Mean (range) 16 (4-39) us. FDA (1996)
Liquids from canned vegetables 42+4.1 (SD) 229+8.8ug/can [12+ Spain, U.S. Brotons et al. (1995)
or mushrooms (10) 12-76 £29 pug/kgl
Coffee (13) ND-213 [median = 11] (LOD 2) Japan Kawamura et al. (1999)
(reviewed in
European-Union, 2003;
English abstract
available)
Black tea (9) ND-90 [median = <2] (LOD 2)
Other tea (8) ND-22 [median =5.7] (LOD 2)
Alcoholic beverages (10) ND except for 1 sample with 13 (LOD 2)
Soft drinks (7) ND (LOD 2)
Vegetables (10) 9-48 [median = 21] UK. Goodson et al. (2002)
UKFSA (2001)
Desserts (5) ND (LOD 2)-14 [median = 10]
Fruits (2) 19 and 38
Pastas (5) ND-41 [median = 11] (LOD 7)
Meats (5) 16-422° [median = 52]
Fish (10) ND-44 [median = 16.8] (LOD 2)
Non-alcoholic or alcoholic ND except for 1 sample above LOD (LOD 2)
beverages (11) but below LOQ (7)
Soups (10) ND-21 [median = <2] (LOD 2)
Vegetables, fruits, or mushrooms ND (LOD 10)-95.3 in solid portion; ND (LOD Yoshida et al. (2001)
(14) 0.005ug/mL)-0.004 pg/mL in liquid
portion; ND-11.1 pg/can [85 pg/kg] total
Meat froductsd 2) 8.6-25.7 UK. Goodson et al. (2004)
Pasta® (1) 67.3-129.5
Vegetables or beans®(2) 11.3-14.4
Soup® (1) 18.5-39.1
Pudding® (3) 3.8-53.2
Pudding® (1) 18.5-28.1
Grains and potatoes® 0" —75 [mean not given] Japan Miyamoto and Kotake
(2006)
Sugar, sweets, snacks® 0°~4 [mean not given]
Fats® of
Fruits (including canned drinks), 0%-450 [mean not given]
vegetables, mushrooms,
seaweeds®
Seasoning and beverages® 0213 [mean not given]
Fish 9-480 [mean not given]
Meat and eggs® 12.5-602 [mean not given]
Milk and dairy products® 0°-6 [mean not given]
“Other” [not specified further]® 36-310 [mean not given]
Canned fish (7) 1-23 [median = 6] Japan Sajiki et al. (2007)
Canned meat (5) 4-20 [median = 10]
Canned fruit (3) ND (LOD 0.2)
Canned vegetables (13) 3-78 [median = 15]
Canned soup (12) 1-156 [median = 15]
Canned sauce (6) ND (LOD 0.2)-842 [median = 220]
Canned coconut milk 56-247
Drinks in plastic containers (3) ND (LOD 0.2) to 1 [median = 0.3] Japan Sajiki et al. (2007)

Cookies in plastic containers (4)
Soup in plastic containers (2)
Fast food sandwiches (3)

Food in paper containers (16)
Fruits and vegetables (38)

Fish (8)

Soup (4)

Sauces (4)

Meat (6)

Pasta (4)

Dessert (2)
Coconut cream (3)

1-14 [median = 3.5]

ND (LOD 0.2) and 3

3 (all values)

ND (LOD 0.2)-1 [median = <0.2]
ND (LOQ 10)-24 [median = <10]

ND (LOQ 20)-109 [median = <20-24]
ND (LOQ 10)-16 [median = <20]
ND (LOQ 10) -21 [median = 16]

ND (LOQ 20)-98 [median = <20]

ND (LOQ 10)

ND (LOQ 20)

ND (LOQ 20)-192 [median = 29]
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New Zealand

Thomson and Grounds
(2005)
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Table 6
Continued
Bisphenol A concentration (range in pg/kg Country of

Food (no. sampled) unless specified) purchase® Reference

Soft drinks (4) ND (LOQ 10)

Beverages (7) ND (LOD 0.9)-3.4 [median = 0.4] Austria Braunrath et al. (2005)

Vegetables (6) (only solid portion 8.5-35 [median = 26]
was analyzed, with the
exception of tomatoes)

Fruits (4) 5-24 [median = 6.6]

Canned fat-containing products 2.1-37.6 [median = 20.7]
such as soups, meats, and
cream (9)

Tuna (9) <ND (LOQ 7.1)-102.7 [median = 11.2] Mexico Munguia-Lépez et al.

(2005)

Beverage/beer cans exposed to ND (LOD 5) uUs. Howe et al. (1998) FDA
10% ethanol at 150°F [65.6°C] (1996)
for 30 min and then 120°F
[48.9°C] for 10 days

Food cans exposed to 10 or 95% ND (LOD 5)-95 (mean = 37)8
ethanol at 250°F [121°C] for 2 hr
and then 120°F [48.9°C] for 10
days or at 212°F [100°C] for
30min and then 120°F [48.9°C]
for 10 days

Honey (107 samples; ~90% ND (LOD 2)-33.3 [median = <2] Japan Inoue et al. (2003b)
imported in epoxy-lined
drums)

Wine stored in steel, wood, or <LOQ (0.2ng/mL) to 2.1 ug/L; mean 0.58 in Austria Brenn-Struckhofova and
plastic vats, filled into glass samples above the LOQ Chichna-Markl (2006)
bottles, or purchased in local
markets (59)

Solid food (309) ND (< ~0.8 )-192 [median = 3.52-4.32] us. Wilson et al. (2006)

Liquid food (287) ND (< ~ 0.3)-17.0 [median = 0.45-0.79] us. Wilson et al. (2006)

®Although cans were purchased in one or two countries for each study, most studies reported that cans were packaged in various

locations throughout North America, Europe, or Asia.

"The UKFSA noted that the higher concentrations of bisphenol A detected in one meat product likely resulted from the use of bisphenol

A as a cross-linking agent in the resin at that time.

“Values were obtained from heated and non-heated cans but presented together because it could not be determined if heating resulted in

differing extraction rates.

dyalues were determined before and after heating in can and from non-dented and dented cans; because the values did not differ under

the various conditions, they were presented together.
“Total number of samples analyzed was not reported.
fAs reported by study authors; detection limits not specified.

8A maximum concentration of 121 ppb reported in the first phase of the study was determined to have resulted from analytical

interference.
ND, not detected.

handwipe samples; concentrations ranged from <LOD
[not defined] to 46.6 ng/cm”. Bisphenol A was detected in
85-89% of food preparation surface wipes from homes;
concentrations were reported at <LOD [not defined] to
0.357 ng/cm?.

A review by Miyamoto and Kotake (2006) reported
bisphenol A concentrations of 0.011-0.086 mg/kg in non-
canned foods such as fats, fruits, fish, meat, and eggs.
However, one study used GC-MS to examine bisphenol
A in 14 types of produce purchased in southern Italy
(Vivacqua et al., 2003). Bisphenol A concentrations were
below the detection limit [not reported] in 5 produce
samples. In the remaining samples, bisphenol A was
detected at concentrations of 0.25+0.02 (SD) to
1.11£0.09mg/kg. [These concentrations are equal to
or higher than those found in canned foods, where the

presumption is that the source is the epoxy liner of the
container.]

Bisphenol A has been found in recycled paper
products used for food processing at 10 or more times
the concentrations found in non-recycled paper products
[reviewed by the (European Food Safety Authority,
2006)]. Bisphenol A concentrations were up to 26 ug/g
paper. Migration to food was not discussed.

Epoxy paints are used to coat the insides of residential
drinking water storage tanks. Bisphenol A has been
shown to migrate from painted concrete and stainless
metallic plates; however, a water sample from a recently
painted reservoir showed no detectable bisphenol A
(Romero et al., 2002). When exposed to chlorine disin-
fectant, bisphenol A disappears within 4hr, but the
chlorinated bisphenol A congeners that are formed can
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remain in solution up to 20 hr when low chlorine doses
are used (Gallard et al.,, 2004). The toxicity of these
chlorinated bisphenol A congeners is unknown; how-
ever, there is some evidence that estrogenic activity and
receptor binding remains after chlorination (Hu et al.,
2002).

1.2.3.3 Potential migration from dental material: Bi-
sphenol A is used in the manufacture of materials found
in dental sealants or composites (i.e., fillings) (European-
Union, 2003). Examples of bisphenol A-derived materials
used in dental sealants include bis-glycidyldimethacry-
late and bisphenol A-dimethyl acrylate. Bisphenol A
could potentially be present as an impurity or be released
during degradation of the dental materials. Sealants are
comprised of an organic matrix, while composites
contain inorganic filler in addition to the organic matrix.
According to the British Dental Association, filled
composites would possibly produce lower exposure to
bisphenol A than sealants, because they contain propor-
tionately less resin than sealants [reviewed in (European-
Union, 2003)]. During dental procedures, resin mixtures
are applied as fluid monomers and polymerized in situ
by ultraviolet or visible light. According to the European
Union (2003), patients can be exposed to bisphenol A
during the polymerization stage.

In a review of in vitro studies examining bisphenol A
migration from dental sealants, the European Union
(2003) concluded that release of bisphenol A is likely to
occur only with degradation of the parent monomer. The
data suggested that bis-glycidyldimethacrylate does not
degrade; therefore, release of bisphenol A is only likely to
occur with bisphenol A-dimethyl acrylate use. In vivo
studies measuring bisphenol A in saliva following
sealant application were reviewed in detail by CERHR
because they provide the most relevant human exposure
information.

Olea et al. (1996) measured saliva concentrations of
bisphenol A for 1hr before and 1hr after application of
50mg bis-glycidyldimethacrylate- and bisphenol A-di-
methyl acrylate-based sealant across 12molars of 18
patients. Concentrations of bisphenol A in saliva were
measured by GC/MS and HPLC. Following treatment,
saliva contained ~90-931 pg bisphenol A. Based on an
assumed saliva production rate of 0.5mL/min, a saliva
concentration of 3-30 ug/mL was estimated by the study
authors. With the exception of 1 patient who was
excluded from the study, bisphenol A was not detected
in saliva before sealant application.

Arenholt-Binslev (1999) measured bisphenol A in
saliva of 8 adult patients who each had four molars
treated with 38 mg of 1 of 2 sealants, Delton LC or Visio-
seal. Saliva was collected before, immediately after, and
at 1 or 24hr following treatment for measurement of
bisphenol A concentrations by HPLC. Bisphenol A was
detected at 0.3-2.8 ppm immediately after application of
Delton LC sealant [bisphenol A-dimethyl acrylate sealant
according to the European Union (2003)] but was not
detected 24 hr later (detection limit= 0.1 ppm [mg/L]).
Bisphenol A was not detected in saliva of patients who
received the Visio-seal sealant (bis-glycidyldimethacry-
late sealant, according to the European Union). It was
noted that saliva bisphenol A concentrations were much
lower than those reported by Olea et al. (1996). Possible
reasons for the inconsistencies in results between the 2
studies were stated to be differences in the amount of
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sealant used and co-elution of compounds that could
have confounded bisphenol A analysis.

Fung et al. (2000) measured salivary bisphenol A
concentrations in 40 patients treated with a dental sealant
(Delton Opaque Light-cure Pit and Fissure Sealant) that
was understood to contain bisphenol A-dimethyl acry-
late, according to the European Union (2003). Eighteen
patients in the low-dose group received 8mg dental
sealant on 1 tooth, and 22 patients in the high-dose group
received 32 mg sealant on 4 teeth. Saliva and blood were
collected for HPLC analysis before the procedure and at
1 and 3hr and 1, 3, and 5 days after the procedure. More
details of this study are included in Section 2.1.1.1.
Analysis of the dental sealant revealed that bisphenol A
concentrations were below the detection limit of 5ppb.
At Thr following treatment, Bisphenol A was detected
only in saliva samples from 3 of 18 volunteers in the low-
dose group and 13 of 22 samples from volunteers in the
high-dose group. At 3 hr post-treatment, bisphenol A was
detected in samples from 1 of 18 volunteers in the low-
dose group and 7 of 22 volunteers from the high-dose
group. Concentrations of bisphenol A in saliva at 1 and
3hr following exposure were reported at 5.8-105.6 ppb
[ng/L]. No bisphenol A was detected in saliva samples at
24 hr after treatment or in serum samples at any time
point. Differences in bisphenol A concentrations and the
presence of bisphenol A in saliva of the low-dose
compared to the high-dose group at 1 and 3 hr achieved
statistical significance. The European Union (2003) noted
that the concentrations of saliva bisphenol A reported by
Fung et al. (2000) were >250 times lower than those
reported by Olea et al. (1996).

Sasaki et al. (2005) used ELISA to examine salivary
bisphenol A concentrations in 21 patients before and
after 1 cavity was filled with 0.1 g of composite resin. The
resins consisted of bisphenol A diglycidylether metha-
crylate (i.e., bis-glycidyldimethacrylate), triethylene gly-
col dimethacrylate, and/or urethane dimethacrylate.
Saliva was collected before treatment, during the 5min
following treatment, and then immediately after gargling
with water. Following treatment, saliva bisphenol A
increased [from <2 to ~15-100pg/L]. Gargling reduced
bisphenol A to near pretreatment concentrations [ <5 pg/
L] in most patients, with the exception of 1 patient with
the highest bisphenol A concentration [reduced from
~100 to 18 pg/L]. [An increase in saliva bisphenol A
concentrations was noted in 1 of 2 patients receiving a
composite consisting solely of urethane dimethacry-
late.] The study authors noted that cross-reactivity is
possible with the ELISA technique, but that cross
reactivity between bisphenol A diglycidylether metha-
crylate and triethylene glycol dimethacrylate is low.
Therefore, the study authors thought it possible that they
were measuring only bisphenol A. [As discussed in
Section 1.1.5, ELISA may overestimate bisphenol A.]

Joskow et al. (2006) examined bisphenol A in urine and
saliva of 14 adults treated with dental sealants. The
volunteers received either Helioseal F (1 =5) or Delton
LC (n=9) sealant. Only the Helioseal F sealant was
noted to carry the American Dental Association Seal of
Acceptance. Sealant was weighed before and after
application to determine the amount applied, and the
numbers of treated teeth were recorded. The mean
number of teeth treated was 6/person and the mean
total weight of sealant applied was 40.35 mg/person. In a
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comparison of the two different sealants, no differences
were reported for the number of teeth treated or amount
of sealant applied. Saliva samples were collected before,
immediately after, and 1hr after sealant application.
Urine samples were collected before and at 1 and 24 hr
after sealant placement. A total of 14-15 saliva samples
and 12-14 urine samples were collected at each time
point. Samples were treated with B-glucuronidase and
analyzed for bisphenol A concentrations using selective
and sensitive isotope-dilution-MS-based methods. Saliva
concentrations were highest immediately following
treatment; mean concentrations were reported at
42.8ng/mL in patients treated with Delton LC and
0.54ng/mL in patients treated with Helioseal F. The
highest mean urinary concentrations of bisphenol A were
measured at 1hr following exposure and were reported
at 27.3ng/mL in patients treated with Delton LC and
7.26 ng/mL in patients receiving the Helioseal F sealant.
The study authors noted that saliva and urine bisphenol
A concentrations after application of Helioseal F were
comparable to baseline concentrations. More information
on bisphenol A concentrations in saliva and urine is
included in Section 2, and exposure estimates are
provided in Section 1.2.4.1.2. The study authors noted
that saliva concentrations detected in their study were
~1000 times lower than those reported by Olea et al.
(1996) but were within the ranges reported by Fung et al.
(2000) and Sasaki et al. (2005). Analytical procedures and
use of a large amount of sealant were noted as possible
reasons for the higher values reported by Olea et al.
(1996).

The European Union noted a study by Lewis et al.
(1999) that characterized materials in 28 commercial
resin-based composites and sealants, including those
examined by Olea et al. (1996). HPLC and infrared
analysis could not verify the presence of bisphenol A in
any sealant product. Lewis et al. (1999) noted that in the
study by Olea et al. (1996) another component in the resin
may have been misidentified as bisphenol A because of
difficulties with resolution.

In their review of studies examining bisphenol A
concentrations in saliva of patients treated with dental
sealants, the European Union (2003) noted that the higher
concentrations reported may have resulted from inter-
ference during analysis and thus may overestimate
bisphenol A exposures from dental treatments. It was
concluded that dental treatment would likely result in
saliva bisphenol A concentrations of 0.3-3 ppm. Because
bisphenol A was generally not detected in saliva at time
points beyond 1 hr after treatment, it was concluded that
bisphenol A exposure resulting from dental treatments is
likely to be an acute event. In their 2002 position
statement, the American Dental Association stated that
none of the 12 dental sealants that carry the American
Dental Association Seal release bisphenol A (American
Dental Association, 1998). On initial analysis, one of the
sealants was found to leach trace concentrations of
bisphenol A, but following implementation of quality
controls by the manufacturer, bisphenol A could no
longer be detected in the final product.

A study on orthodontic adhesives found no bisphenol
A release from these materials after simulated aging
(Eliades et al.,, 2007). Another study found plastic
orthodontic brackets in water to release bisphenol A at
0.01-0.40 mg/kg material and denture base resin in water

to release bisphenol A at 0.01-0.09mg/kg material
(Suzuki et al., 2000).

1.2.3.4 Bisphenol A concentrations measured in
biological samples: Bisphenol A concentrations de-
tected in human blood are summarized in Table 7.
Goodman et al. (2006) noted that although blood
concentration may provide information on internal dose,
it does not allow for estimates of daily intake. It was also
noted that in many studies in which blood concentration
of bisphenol A was measured, sample preparation and
analysis methods were poorly reported. Many study
groups used an ELISA method to measure blood
bisphenol A concentration. As discussed in Section
1.1.5, the ELISA technique is likely to overestimate
bisphenol A concentrations as a result of cross-reactivity
with other substances and due to effects of biologic
matrices (Inoue et al., 2002; Fukata et al., 2006, Goodman
et al., 2006).

Several studies reported concentrations of bisphenol A
in human urine; those studies are summarized in Table 8.
As discussed in greater detail in Section 2, the majority of
ingested bisphenol A is excreted in urine as bisphenol A
glucuronide after acute exposure. Smaller amounts of
bisphenol A are metabolized to and excreted as bi-
sphenol A sulfate. Some of the studies determined
concentrations of parent bisphenol A before and after
digestion with glucuronidases. With the exception of
Fujimaki et al. (2004) who used an ELISA technique to
measure urinary bisphenol A, other study authors used
HPLC, GC/MS, or LC/MS. Results from 394 participants
of the National Health and Nutrition Examination
Survey (NHANES) III survey are included in Table 8
(Calafat et al., 2005). Bisphenol A was detected in 95% of
the participants, which indicated widespread exposure
to bisphenol A in the U.S. Consistent with those findings,
bisphenol A was detected in urine from 85 of 90 (94.4%)
6-8-year-old girls from the U.S. (Wolff et al., 2006). In a
review of urinary bisphenol A data, Goodman et al.
(2006) noted that in most cases, median total urinary
bisphenol A concentration (the sum of parent and
conjugated bisphenol A) were ~1-2pug/L. Two studies
(Yang et al., 2003; Mao et al., 2004) reported urinary
bisphenol A concentrations that were orders of magni-
tude higher than commonly observed concentrations,
despite the use of apparently reliable analytical techni-
ques. Goodman et al. (2006) has suggested that reported
hormone concentrations for the study volunteers were
also higher than expected, indicating the possibility of
laboratory or reporting error. The use of urinary bi-
sphenol A concentration to estimate daily exposures
appears in Section 1.2.4.1.2.

In humans, bisphenol A was measured in cord blood
and amniotic fluid, demonstrating distribution to the
embryo or fetus. Detailed descriptions of those studies
are also presented below.

Engel et al. (2006) reported concentrations of bisphenol
A in human amniotic fluid. Twenty-one samples were
obtained during amniocentesis conducted before 20
weeks gestation in women who were referred to a U.S.
medical center for advanced maternal age. Bisphenol A
concentrations in amniotic fluid were measured using LC
with electrochemical detection. Bisphenol A was detected
in 10% of samples at concentrations exceeding the LOD
(0.5pg/L). Bisphenol A concentration ranges of 0.5-
1.96 ug/L were reported.
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Table 7
Blood Concentrations of Bisphenol A in Adults
Population (1) Bisphenol A pg/L*¢ Method Reference
Germany
Men (7) <05 HPLC-MS/MS Vilkel et al. (2005)
Women (12) <05 HPLC-MS/MS Volkel et al. (2005)
Pregnant Caucasian women (37; 32-41 4.4+3.9 GC-MS Schonfelder et al. (2002a)
weeks gestation)
Japan
Men (21; age 22-51) “almost all” <0.2ng/ml HPLC-ECD Fukata et al. (2006)
Men (9; age 30-50) 0.59+0.21 (0.38-1.0) HPLC-MS Sajiki et al.(1999)
Men (11) 1.4940.11 (SEM) ELISAP Takeuchi and Tsutsumi
(2002)
Women (31; age 22-51) “almost all” <0.2ng/ml HPLC-ECD Fukata et al. (2006)
Women (12; age 30-50) 0.33+0.54 (0-1.6) HPLC-MS Sajiki et al.(1999)
Women (14) 0.64+0.10(SEM) ELISAP Takeuchi and Tsutsumi
(2002)
Pregnant women (37; late pregnancy) 1.4+0.9 ELISAP Ikezuki et al.(2002)
Pregnant women with normal karyotype 2.24 (0.63-14.36) ELISAP Yamada et al. (2002)
early 2nd trimester (200)
Pregnant women with abnormal 2.97 (~0.0.7-18.5)¢ ELISAP Yamada et al. (2002)
karyotype early 2nd trimester (48)
Pregnant women (9) 0.43 (0.21-0.79) HPLC-F1 Kuroda et al. (2003)
Infertile women (21) 0.46 (0.22-0.87) HPLC-F1 Kuroda et al. (2003)
Women with multiple miscarriages 2.59+5.23 ELISA® Sugiura-Ogasawara et al.
(45; mean age 31.6 years) (2005)
Healthy woman (32; mean age 32 years) 0.77+0.38 ELISA® Sugiura-Ogasawara et al.
(2005)
Women with polycystic ovary syndrome 1.0440.10 (SEM) ELISAP Takeuchi and Tsutsumi
(16) (2002)
Non-obese women with polycystic 1.05+0.10 (SEM) ELISAP Takeuchi et al. (2004a)
ovarian syndrome (13; average
age 26.5 years)
Obese women with polycystic ovarian 1.1740.16 (SEM) ELISA® Takeuchi et al. (2004a)
syndrome (6; average age 24.7 years)
Non-obese women (19; average age 27.5 0.714+0.09 (SEM) ELISAP Takeuchi and Tsutsumi
years) (2002)
Obese women (7; average age 28.8 years) 1.0440.09 (SEM) ELISAP Takeuchi et al. (2004a)
Hyperprolactinemic women (7; average 0.83+0.12 (SEM) ELISAP Takeuchi et al. (2004a)
age 27.7 years)
Amenorrheic women (7; average age 0.84+0.10 (SEM) ELISAP Takeuchi et al. (2004a)
25.1 years)
Women with normal uterine 25+1.5 ELISAP Hiroi et al. (2004)
endometrium (11; mean age 48.9 years
Women with simple endometrium 29420 ELISAP Hiroi et al. (2004)
hyperplasia (10; mean age 48.4 years)
Women with complex endometrium 14+04 ELISAP Hiroi et al. (2004)
hyperplasia (9; mean age 48.4 years)
Women with endometrial carcinoma 14+05 ELISAP Hiroi et al. (2004)

(7; mean age 63.1 years)

*Mean +SD or median (range).

PAs discussed in Section 1.1.5, ELISA may overestimate bisphenol A.

“It is uncertain whether parent, conjugated, or total bisphenol A was measured.

9Estimated from a graph.

Schonfelder et al. (2002b) examined bisphenol A
concentrations in maternal and fetal blood and compared
bisphenol A concentrations in blood of male and female
fetuses. In a study conducted at a German medical
center, blood samples were obtained from 37 Caucasian
women between 32 and 41 weeks gestation. At parturi-
tion, blood was collected from the umbilical vein after
expulsion of the placenta. Bisphenol A concentrations in
plasma were measured by GC/MS. Control experiments
were conducted to verify that bisphenol A did not leach
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from collection, storage, or testing equipment. Bisphenol
A was detected in all samples tested, and concentrations
measured in maternal and fetal blood are summarized in
Table 9. Mean bisphenol A concentrations were higher in
maternal (44+39 [SDIpg/L) than fetal blood
(2942.5pg/L). Study authors noted that in 14 cases
fetal bisphenol A plasma concentrations exceeded those
detected in maternal plasma. Among those 14 cases, 12
fetuses were male. Analysis by paired t-test revealed
significantly higher mean bisphenol A concentrations in
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Table 8
Urinary Concentrations of Bisphenol A and Metabolites in Adults or Children

Urinary bisphenol A or metabolite concentrations as median
(range) or mean+SEM, ng/L? [detectable fraction, % >LOD]

LOD

Country Study population (ug/L) Free Total Glucuronide  Sulfate Reference

us. 30 urine samples from 0.3 <03 2.12 14 0.3 Ye et al. (2005)
demographically (<03-0.6)  (<LOD’ -19.8) (<LODP (<LODP
diverse, anonymous [10%] [97%] -19.0) -1.8)
adult volunteers [90%] [47%]

us. 394 adult volunteers 0.1 1.28 (10-95th Calafat et al.
(men and women; percentile: (2005)
20-59 years old) from 0.22-5.18)
the NHANES [95%]°
III survey

us. 23 adults 0.5 0.47 (<1-2.24) Liu et al. (2005)

[52%]
us. 9 girls (9 years of age) 0.5 2.4 (0.04-16) Liu et al. (2005)
[89%]

us. 90 women (6-8 years 8.36 1.8 (<0.3-54.3) Wolff
of age; White, Black, [85%] et al. (2006)
Asian, or Hispanic
ethnicity)

Germany 7 men, 12 women 1.14 (BPA) <1.14 <26.26 [LOQ] Volkel

10.1 (BPA [0%] et al. (2005)
monoglu-
curonide)

Korea 15 men (42.6+2.4 1 0.28-2.36; 0.85-9.83 0.16-11.67 <MDL Kim
years of age)" 0.58+0.14 2.82+0.73 2.34+0.85 -1.03; et al. (2003b)

0.49+0.27¢

Korea 15 women (43.0+2.7 0.28 0.068-1.65; 1.00-7.64 <MDL® 4.34 <MDL Kim
years of age)‘jl 0.56+0.10 2.76+0.54 1.004+0.34 -3.40; et al. (2003b)

1.204+0.32°

Korea 34 men, 39 women 0.012 Geometric Yang
(mean = 48.5 mean: 9.54 et al. (2003)
years of age) (<0.012-586.14°)

[75%]

Korea 81 men not occupationally Geometric Yang et al.
exposed to bisphenol A mean +SD (2006)

6.88+3.72

Korea 79 women not 0.026 Geometric Yang et al.
occupationally mean +SD (2006)
exposed to 5.01+3.16 [97.5%]
bisphenol A

Japan 48 woman college 0.2 <0.2 [2%] 1.2 (0.2-19.1) Ouchi and
students [100%] Watanabe

(2002)

Japan  Pooled urine samples 0.12 <0.12 0.11-0.51 Brock et al.
from at least 5 people (2001)

Japan 23 women, 46 men; in each 0.01-0.27 Mean = 0.81 Tsukioka
volunteer, 2 samples per (range: et al. (2004)
volunteer were combined 0.14-5.47)

Japan ~ Whole-day urine samples Mean = 0.81 Tsukioka
collected from 11 men (range 0.24-2.03) et al. (2004)
and 11 women

Japan  Urine collected from 3 0.02 <0.1 0.22, 0.41, and 0.45 Kawaguchi

volunteers [100% after et al. (2004)
deconjugation]

Japan  Spot urine samples 1.1 <1.1 (<1.1-54)° Fujimaki
collected from 56 (ELISA) [30%] et al. (2004)
women who were
1-9 months pregnant;

21-43 years of age

Japan 21 men, 31 women; 22-51 0.2 49/51 had 1.92+0.27 [98%] Fukata

years of age <0.2 et al. (2006)
mean 0.34
(n=2) [4%]
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Table 8
Continued

Urinary bisphenol A or metabolite concentrations as median
(range) or mean+SEM, ng/L? [detectable fraction, % >LOD]

LOD
Country Study population (ug/L) Free Total Glucuronide  Sulfate Reference
China 10 healthy man 2.8 <2.7 -3950 Mao et al. (2004)
volunteers; 1220413807 [60%]
21-29 years of age
China 10 healthy woman 2.8 30-3740 Mao et al. (2004)
volunteers; 1290 1220 [100%]

21-29 years of age

*With the exception of the study by Fujimaki et al. (2004), which used the potentially unreliable ELISA, the studies used analytical
techniques based on HPLC, GC/MS, and LC/MS.

PLimit of detection (LOD) for bisphenol A following digestion of conjugate was 0.3 ug/L.

“Samples were only digested with B-glucuronidase and do not account for bisphenol A conjugated to sulfate.

4Variance not indicated.

“Minimum detection limit based upon free bisphenol A.

Table 9
Concentrations of Bisphenol A in Maternal and Fetal Samples

Bisphenol A concentrations, ug/L median (range) or mean+SD

Serum or plasma

Study description (analytical

method) Maternal Fetal Amniotic fluid Reference

21 samples collected in women 0.5 (Non-detectable Engel et al. (2006)
in the U.S. before 20 weeks <0.5-1.96) 10% of
gestation (LC with samples detectable
electrochemical detection)

37 German women, 32-41 weeks 3.1 (0.3-18.9) 4.4+3.9 2.3(0.2-9.2) 29+25 Schonfelder et al.
gestation (GC/MS) (2002b)

37 Japanese women in early 15+12 Ikezuki et al. (2002)
pregnancy (ELISA)*

37 Japanese women in late 1.4+09 Tkezuki et al. (2002)
pregnancy (ELISA)®

32 Japanese infants at delivery 22+1.8 Ikezuki et al. (2002)
(ELISA)?

32 Japanese amniocentesis 8.3+89 Ikezuki et al. (2002)

samples at 15-18 weeks
gestation (ELISA)*

38 samples obtained at full-term 1.1+1.0 Ikezuki et al. (2002)
cesarean section (ELISA)?
200 Japanese women carrying 2.24 (0.63-14.36) 0.26 (0-5.62) Yamada et al. (2002)

fetuses with normal karyotype
at 16 weeks mean gestation
(ELISA)
48 Japanese women carrying 2.97 [~0.7-18.5]° 0[~0-75]"° Yamada et al. (2002)
fetuses with abnormal
karyotypes at a 16 weeks
mean gestation (ELISA)

9 sets of maternal and umbilical ~ 0.43 (0.21-0.79) 0.64 (0.45-0.76) Kuroda et al. (2003)
cord blood samples obtained 0.46+0.2 0.62+0.13
at birth in Japanese patients
(HPLC)
180 Malaysian newborns (GC/ Non-detectable Tan and Mohd (2003)
MS) (<0.05) to 4.05 88%
of samples
detectable

?As discussed in Section 1.1.5, ELISA may overestimate bisphenol A. Some samples were verified by HPLC.
PEstimated from a graph.
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the blood of male than female fetuses (3.5+2.7 vs.
1.7+1.5ng/mL, P =0.016). Bisphenol A concentrations
were measured in placental samples at 1.0-104.9 ng/kg.

Ikezuki et al. (2002) measured concentrations of
bisphenol A in serum from 30 healthy premenopausal
women, 37 women in early pregnancy, 37 women in late
pregnancy, and 32 umbilical cord blood samples. Con-
centrations of bisphenol A were also measured in 32
samples of amniotic fluid obtained during weeks 15-18
of gestation, 38 samples of amniotic fluid obtained at full-
term cesarean section, and 36 samples of ovarian
follicular fluid collected during in vitro fertilization
procedures. [It was not stated if different sample types
were obtained from the same subjects.] An ELISA
method was used to measure bisphenol A concentrations
and results were verified by HPLC. The mean+SD
concentration of bisphenol A in follicular fluid was
reported at 2.4+0.8 pg/L. As summarized in Table 9 for
maternal and fetal samples, concentrations of bisphenol
A in follicular fluid were similar to those detected in the
serum of fetuses and pregnant and non-pregnant women
and in amniotic fluid collected in late pregnancy (~1-
2pg/L). Bisphenol A concentrations in amniotic fluid
samples collected in early pregnancy were ~ 5-fold
higher than in other samples, and the difference
achieved statistical significance (P<0.0001). Study
authors postulated that the higher concentrations of
bisphenol A in amniotic fluid collected during gestation
weeks 15-18 may have resulted from immature fetal liver
function. They noted that according to unpublished data
from their laboratory, the percentage of glucuronidated
bisphenol A in mid-term amniotic fluid was ~34%,
which is much lower than reported values for other
human fluids (>90%).

Yamada et al. (2002) measured bisphenol A concentra-
tions in maternal serum and amniotic fluid from
Japanese women. Samples were collected between 1989
and 1998 in women undergoing amniocentesis around
gestation week 16. One group of samples was obtained
from 200 women carrying fetuses with normal karyo-
types, and a second group of samples was obtained from
48 women carrying fetuses with abnormal karyotypes.
An ELISA method was used to measure bisphenol A
concentrations. [As discussed in Section 1.1.5, ELISA
may overestimate bisphenol A.] Concentrations of
bisphenol A measured in maternal plasma and amniotic
fluid are summarized in Table 9. Median concentrations
of bisphenol A in maternal serum (~2-3pg/L) were
significantly higher [~10-fold] than concentrations in
amniotic fluid (~0-0.26 ug/L) in the groups carrying
fetuses with normal and abnormal karyotypes. However,
in 8 samples from women carrying fetuses with normal
karyotypes, high concentrations (2.80-5.62 ug/L) of bi-
sphenol A were measured in amniotic fluid. The study
authors interpreted the data as indicating that bisphenol
A does not accumulate in amniotic fluid in most cases
but that accumulation is possible in some individuals.
Bisphenol A concentrations in maternal blood were
significantly higher [by ~33%] in woman carrying
fetuses with abnormal versus normal karyotypes. How-
ever, the study authors noted that the effect may not be
related to bisphenol A exposure because there was no
adjustment for maternal age, and concentrations in
amniotic fluid did not differ between groups. In the
group carrying fetuses with normal karyotypes, data

obtained from 1989-1998 were summarized by year.
Median bisphenol A concentrations in serum signifi-
cantly decreased over that time from a concentration of
5.62 png/L detected in 1989 to 0.99 pg/L in 1998.

Kuroda et al. (2003) used an HPLC method to measure
bisphenol A concentrations in 9 sets of maternal and cord
blood samples obtained from Japanese patients at the time
of delivery. Bisphenol A concentrations were also mea-
sured in 21 sets of serum and ascitic fluid samples
collected from sterile Japanese patients of unspecified
sexes and ages. Results for pregnant women are summar-
ized in Table 9. Mean+SD concentrations of bisphenol A
were lower in maternal (0.46+0.20 ppb [pg/LD) than cord
blood (0.62+0.13 ppb [pg/L]). There was a weak positive
correlation (r = 0.626) between bisphenol A concentrations
in maternal and cord blood. There were no differences
between pregnant and non-pregnant blood levels (Kuroda
et al., 2003). Mean + SD concentrations of bisphenol A were
higher in ascitic fluid (0.56 +0.19 ppb [pg/L]) than in serum
(0.46+0.20 ppb [pg/L]). The correlation between bisphenol
A concentration in serum and ascitic fluid was relatively
strong (r = 0.785).

Tan and Mohd (2003) used a GC/MS method to
measure bisphenol A concentrations in cord blood at
delivery in 180 patients at a Malaysian medical center.
Bisphenol A was detected in 88% of samples. As noted in
Table 9, concentrations ranged from <0.10-4.05pug/L.

Schaefer et al. (2000) measured concentrations of
bisphenol A and other compounds in uterine endome-
trium of women undergoing hysterectomy for uterine
myoma at a German medical center. Endometrial and fat
samples were obtained between 1995-1998 from 23
women (34-51 years old) with no occupational exposure
to bisphenol A. Samples were handled with plastic-free
materials and stored in glass containers. Concentrations
of environmental chemicals were measured in samples
by GC/MS. None of 21 fat samples had detectable
concentrations of bisphenol A. Bisphenol A was detected
in 1 of 23 endometrial samples; the median concentration
was reported at <1 pg/kg wet weight, and the range was
reported at 0-13 pg/kg. [It is not known why a median
value and range were reported when bisphenol A was
only detected in 1 sample.]

As part of a study to compare an ELISA and an LC/MS
method for biological monitoring of bisphenol A, Inoue
et al. (2002) measured concentrations of bisphenol A in
semen samples obtained from 41 healthy Japanese
volunteers (18-38 years old). Analysis by the ELISA
method indicated bisphenol A concentrations ranging
from concentrations below the detection limit (2.0 ng/L)
to 12.0ug/L. The LC/MS method indicated that the
bisphenol A concentration in all samples was <0.5ug/L,
the LOQ. The study authors concluded that the LC/MS
method was more accurate and sensitive and that the
ELISA method overestimated bisphenol A concentra-
tions, possibly due in part to nonspecific antibody
interactions.

1.2.4 Human exposure

1.2.4.1 General population exposure

1.2.4.1.1 Estimates based on bisphenol A concentrations in
food or environment: Wilson et al. (2003) estimated
aggregate exposures to bisphenol A in preschool aged
children (2-5 years) from the U.S. In 1997, numerous
chemicals were surveyed, but only bisphenol A results
are reported here. Ten child care centers were surveyed
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Table 10
Bisphenol A Oral Exposure Estimates by the European Union®

Bisphenol A intake

Bisphenol A

Exposure source (exposed population) Daily food intake concentration in food ug/day ug/kg bw/day

Infant bottles 0.699 L/day milk 50 pg/L 35 8

(1-2 month-old infant)

Infant bottles 0.983L/day milk 50 pg/L 50 7

(4-6-month-old infant)

Polycarbonate tableware 2kg food/day 5ug/kg 10 0.7
(1.5-4.5-year-old child)

Canned food 0.375kg canned food/ 100 pg/kg 40 5

day

(6~12- month-old infant)

Canned food 2kg canned food/day 100 ug/kg 200 14

(1.5-4.5-year-old child)

Canned food 1.0kg canned food/day 100 pug/kg 100 14

(adult)

Wine 0.75L/day 650 ug/L 500 7°

(adult)

Canned food and wine 0.75L/day wine 650 ug/L in wine 600 9°

(adult) 1.0kg canned food/day 100 ug/kg food

“European Union (2003).

PThe European Union acknowledged that exposure through wine represents a very worst-case scenario.

and the 2 centers with the highest and lowest overall
concentrations of target pollutants were selected for the
study. Both centers were located in North Carolina. Nine
children who attended one of the child care centers
participated in the study. Over a 48-hr period, bisphenol
A concentrations were measured in indoor and outdoor
air, dust, soil, and food; the ranges detected are
summarized in Sections 1.2.3.1 and 1.2.3.2. In estimating
exposures, absorption was considered to be 100%.
Calculations considered ventilation rates, time spent
indoors and outdoors, time spent at home and in day
care, the measured weight of each child, assumed
ingestion of dust and soil, and total weight of foods
consumed. Mean (range) bisphenol A intake was
estimated at 0.042981 (0.018466-0.071124) ng/kg bw/day.

Wilson et al. (2006) conducted a second study to
estimate aggregate exposures in 257 U.S. children
aged 1.5-5 years. Bisphenol A was one of the
compounds assessed in this study of homes and daycare
centers in 6 North Carolina and 6 Ohio counties in 2000—
2001. Over a 48-hr period, bisphenol A concentrations
were measured in indoor and outdoor air, dust, soil,
food, and surface and hand wipes; the ranges detected
are summarized in Sections 1.2.3.1 and 1.2.3.2. In
estimating exposures, absorption was considered to be
50%. Calculations considered ventilation rates,
time spent indoors and outdoors, time spent at home
and in day care, the measured weight of each child,
assumed ingestion of dust and soil, and total weight of
foods consumed. Median (25th percentile to maximum)
bisphenol A aggregate exposures were estimated
at 256 (1.5-57.2)pg/day for children from North
Carolina and 1.88 (1.27-48.6)pg/day in children
from Ohio. Median (25th percentile to maximum)
potential aggregate dose, assuming 50% absorption,
was estimated at 0.0714 (0.0424-1.57) pg/kg bw/day in
children from North Carolina and 0.0608 (0.0341-
0.775) ng/kg bw/day in children from Ohio. The study
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authors noted that 99% of exposure occurred through
dietary ingestion.

The European Union (2003) conducted a comprehensive
exposure estimate that considered exposures resulting from
food and environmental sources. Oral exposure estimates
for children and adults were reported and are summarized
in Table 10. Estimates were based on migration studies
conducted with polycarbonate and concentrations of
bisphenol A measured in foods packaged in epoxy-lined
cans. Assumptions used in exposure estimates included
100% oral absorption and body weights of 70 kg for adults,
14.5kg for 1.5-4.5-year-old children, 4.5kg for 1-2-month-
old infants, 7 kg for 4-6-month-old infants, and 8.7 kg for 6—
12-month-old infants. Estimated exposures for children
were said to represent realistic worst-case scenarios for
food and drink intake relative to body weight.

The European Union (2003) also estimated human
environmental exposure to bisphenol A from sources
such as drinking water, fish, plants, milk, meat, and air.
The values were apparently obtained using the European
Union System for the Evaluation of Substances (EUSES)
model. Total regional exposure to bisphenol A was
estimated at 0.0178 ug/kg bw/day. The highest local
exposure was thought to occur in the vicinity of PVC-
producing plants and was estimated at 59 pg/kg bw/
day. Aggregate exposures in adults involving food, wine,
and environmental sources were estimated at 9pg/kg
bw/day for regional scenarios and 69 ug/kg bw/day for
worst-case local scenarios occurring near a PVC-manu-
facturing plant. However, it was noted in the European
Union report that use of bisphenol A in PVC manufac-
ture was being phased out.

The European Union (2003) noted that exposures to
bisphenol A through dental sealant are single and rare
events and do not lead to repeated exposure. Therefore,
the issue was not considered further.

Exposures to bisphenol A from some consumer
products were identified and characterized by the
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Table 11
Bisphenol A Exposure Estimates by the European Commission®

Type of food and amount

Concentration of bisphenol Exposure estimate (ug/kg

Age (body weight) consumed A in food (pg/kg) bw/day)
0—4-month old infant (4.5kg) 0.7L of formula/day 10 1.6
6-12-month old infant (8.8 kg) 0.7L of formula/day 10 0.8
6-12-month old infant (8.8 kg) 0.38 kg canned food/day 20 0.85
4-6-year-old child (18kg) 1.05kg canned food/day 20 12

Adult (60kg) 1.05kg canned food/day 20 0.37

Adult (60kg) 0.75L wine/day 9 0.11

“European Commission (2002).

European Union (2003). Products included: marine
antifouling agents used on boats, wood varnish, wood
fillers, and adhesives. With the exception of adhesives for
which frequent use was thought possible, exposure to the
other products was considered to be relatively rare.
Exposures were estimated based on factors such as epoxy
and residual bisphenol A concentrations, exposure time,
area of skin exposed, and possible generation of mists
during processes such as brushing. Inhalation exposures
by product were estimated at 3 x 107* pg for antifouling
agents and 0.02 pg for wood varnish. Dermal exposure by
product without protective clothing was estimated at
29 pg for antifouling agents, 3.6 ug for wood varnish, 9 ug
for wood filler, and 14pg for adhesives. [Dermal
exposure to adhesives appears to be incorrectly re-
ported as 1pg in Table 4.20 of the European Union
review.] Exposure was estimated to be 1-2 orders of
magnitude lower when protective clothing such as
gloves was used. Assuming an absorption rate of 10%,
dermal exposure to bisphenol A through adhesives was
estimated at 0.02 pg/kg bw/day.

The European Commission, 2002) reviewed the report
by the European Union (2003) in draft and suggested
alternate exposure estimates. Those estimates and the
assumptions used to support those estimates are sum-
marized in Table 11.

Miyamoto and Kotake (2006) estimated aggregate oral
and inhalation exposure to bisphenol A in Japanese male
children and adults. The estimates were based on
unpublished Japanese data. This report is the only
known study investigating potential exposure to children
through mouthing of toys. Mouthing times were esti-
mated by surveying the mothers of 50 infants and
recording 25 infants on video camera. Mean+SD daily
mouthing times were reported at 41.7+13.7min for
infants 0-5 months of age and 73.9+32.9 min for infants
6-11 months of age. Migration rates were estimated from
0 pg/cm?/min for toys that do not contain bisphenol A to
0.0162 pg/ cm?/min, the highest value reported in the
Japanese literature. It was assumed that most toys were
not manufactured with polycarbonate, epoxy resins, or
grades of PVC that contain bisphenol A. Surface area of
toys was assumed to be 10cm2. In estimating oral
exposures to bisphenol A, intake from food was also
considered. Bisphenol A concentrations measured in
migration testing of polycarbonate bottles and food
surveys are summarized in Section 1.2.3.2. Volume of
food consumption and frequency of article use were
considered in estimates of bisphenol intake through food.
Bisphenol A concentrations in drinking water were
considered to be 0-0.17pug/L, and water intake was

assumed to be 2 L/day. In estimating inhalation
exposures, concentrations of bisphenol A were consid-
ered to range from 0-8.1ng/m” in indoor air and 0-
28ng/m> in outdoor air. Time spent indoors and
outdoors and breathing rates were considered. Absorp-
tion from lungs was assumed at 100%. Estimated
exposures from mouthing of toys, food and water intake,
and inhaled air are summarized in Table 12.

Additional estimates of bisphenol A exposure through
food are summarized in Table 5 and Table 6. Details of
studies conducted by Earls et al. (2000) and Onn Wong
et al. (2005) are presented in Section 1.2.3.2. Exposure
estimates conducted by the FDA are described below.
Limited details were available from the other studies that
were presented in reviews.

The FDA (1996) estimated bisphenol A intake in
infants and adults resulting from exposures to epoxy
food-can linings and polycarbonate plastics. Exposure
estimates occurring through contact of formula with
polycarbonate bottles were based on results of a study
conducted by the Chemistry Methods Branch of the FDA.
The Chemistry Methods Branch also measured concen-
trations of bisphenol A in 5 brands of infant formula (14
samples total); the study is also published as Biles et al.
(1997a). In estimating adult bisphenol A exposure
through the consumption of canned foods, the FDA
considered surveys conducted by the Chemistry Meth-
ods Branch, Brotons et al. (1995), and the Society of
Plastics Industry Group. It appears that the study by the
Society of Plastics Industry Group was later published by
Howe et al. (1998) and included a re-analysis to correct
some interferences observed in analytical methods.
Exposure estimates and assumptions used to make the
estimates are summarized in Table 13.

Table 14 summarizes exposure estimates for aggregate
or food exposures. Studies suggest that the majority of
bisphenol A exposure occurs through food and that
environmental exposures do not appear to substantially
affect total exposure, with the possible exception of
exposure near point sources. Table 14 includes estimates
that CERHR believes to represent potentially realistic
exposure scenarios and does not include data from
extreme worst-case scenarios such as possible point—
source exposures.

1.2.4.1.2 Estimates based on biological monitoring: Good-
man et al. (2006) noted that total urinary bisphenol A
concentrations were useful for estimating bisphenol A
intake. Because of extensive first-pass metabolism, little
parent compound is systemically circulated, as discussed
in more detail in Section 2. Because nearly 100% of an
acute exposure to bisphenol A is excreted in urine within
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Table 12
Average Estimated Exposure to Bisphenol A in Japanese Man Adults and Children®

Bisphenol A concentration

Average estimated exposures in each age group® (ug/kg bw/day)

Exposure source (other assumptions)

0-5 6-11 1-6 7-14 15-19 19
months months years years years years
Human milk Negligible 0 0
Formula (water) 0-0.17pg/L 0.012 0.0096
Feeding bottle 0-39ug/L 0.015 0.014
Infant food 0-5.0ug/kg 0.085
Toys 0-0.0162 pg/cm?/min 0.026 0.069
(mean mouthing times
of 41.7 min in
0-5-month-olds
and 73.9 min in
6-11-month-olds)
Air 0-8.1 ng/m3 in 0.0026 0.0024 0.0021 0.0017 0.0015 0.0015
indoor air and
0-28 ng/m® in
outdoor air
(90% indoors/10%
outdoors)
Water 0-0.17 ug/L (intake 0.012 0.0053 0.0029 0.0027
of 2 L/day)
Food and drink
Canned 0-602 ng/kg 0.38 0.21 0.20 0.29
Non-canned  0-3pug/kg 0.38 0.21 0.13 0.12
Tableware 0-39.4 ug/meal/ utensil 0.40 0.12 0.024 0.022
(3 meals/day; 1-5 types
of utensils used/meal)
Total breast-fed: 0.028 breast-fed: 0.16 1.2 0.55 0.36 0.43

formula-fed: 0.055

formula-fed: 0.18

*Miyamoto and Kotake (2006).

P Assumptions for bodyweights and most media intake levels were not provided.

24 hr (Volkel et al., 2002; Tsukioka et al., 2004), bisphenol
A intake can be estimated by measuring bisphenol A in
urine over a specified time interval. Arakawa et al. (2004)
measured bisphenol A excretion over a 5-day period and
reported intra- and inter-individual variability. As a
result, caution was urged in using single time-point
values to estimate long-term exposure. Typical daily
intakes of bisphenol A estimated from urinary levels are
<0.01-2.17ig/kg bw/day (Table 15). A Monte Carlo
simulation using the urine data of Tsukioka et al. (2004)
and Arakawa et al. (2004) estimated mean exposures of
0.028-0.049 ug/kg bw/day for males and 0.034-0.059 ug/
kg bw/day for females (Miyamoto and Kotake, 2006).
Using the U.S. NHANES data and assumptions on
excretion rates and body weight a median intake of
0.026 ug/kg bw/day is estimated. An estimated median
exposure based on urinary bisphenol A concentrations in
6-8-year-old girls was 0.07 pg/kg bw/day (Wolff et al.,
2006).

Joskow et al. (2006) used values for total bisphenol A in
urine to estimate exposure to bisphenol A following
dental sealant application. Urinary concentrations of
bisphenol A are reported in Table 8. Factors or assump-
tions used in the exposure estimates were recovery of
bisphenol A in urine as its glucuronide conjugate within
24-34hr following exposure, a 5.4-hr half-life of
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elimination for bisphenol A glucuronide, and a 1.5 L/
day urinary excretion volume. Estimated doses of
bisphenol A [based on a 60-kg bw] were 49-239 ug
[0.82-4.0 pg/kg bw] following application of Delton LC
and 0-9.5 ug [0-0.16 pg/kg bw] following application of
Helioseal F. The study authors stated that the estimates
were likely low because a substantial amount of bi-
sphenol A was potentially eliminated by collection of
saliva samples immediately following treatment.

1.2.4.2 Occupational exposure: Occupational expo-
sure to bisphenol A could potentially occur during its
manufacture, in the production of polycarbonate plastics,
and during the manufacture or use of epoxy resins,
powder coatings paints, or lacquers (European-Union,
2003). Possible exposure to bisphenol A during PVC
manufacture has been considered, but the European
Union (2003) stated that the application was being
phased out. According to the European Union, bisphenol
A is generally available as granules, flakes, or pellets,
thus reducing exposure potential. Bisphenol A is
manufactured in closed systems, but exposure is possible
during sampling, container filling, and plant mainte-
nance. In the manufacture of polycarbonate, bisphenol A
enters the plant and remains in a closed system before
extrusion. Sampling is conducted by a closed loop
system. Following extrusion, the polycarbonate is
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Table 13
Summaries of Studies Estimating Bisphenol A Exposures Solely from Foods
Exposure
estimate ug/kg
Population Exposure source Basis and assumptions for estimates bw/day Reference
Infants Polycarbonate Bisphenol A migration concentration of 15-  0.75-1 Earls et al. (2000)
bottles 20 pg/L; milk consumption of up to 550
mL/day; mean body weight of 11 kg
Infants (0-3 Polycarbonate Mean upper-bound concentration of 15-24* Onn Wong et al.
months old) bottles bisphenol A migration in 10% ethanol (2005)
0.64 ng/ in?) and in corn oil (0.43 ug/ in?);
body weights reported by National Center
for Health Statistics, and FDA Dietary
Exposure Guidelines with modifications
for properties of infant formula
Not reported Food from epoxy-  Bisphenol A concentrations of 5ppb [pg/L]  0.105 Howe et al. (1998)
lined cans in beverages and 37 ppb [ug/kgl in other Haighton et al.
foods; FDA Dietary Exposure Guidelines: (2002) NAS
dietary intake of 3kg/day, body weight of (1999)
60k
Adults Cumulative 22 ppbg[pg/ kg] bisphenol A in vegetables, 0.183 FDA (1996)
exposures from consumption factor of 0.17 for food
food contacting contacting polymer-coated metal, intake of
cans and 3kg food/bw/day, 60 kg bw, and
polycarbonate insignificant contribution from
plastics polycarbonate
Infants Cumulative Bisphenol A concentration of 6.6 ug/kg in 1.75
exposures from prepared infant formula, <1.7ppb [pg/L]
food contacting in infant formula from polycarbonate
cans and bottles, consumption of 820 g food/day,
polycarbonate and 4 kg infant weight
plastics
Adults Canned foods Data from survey of canned foods and food =~ Mean =0.0083 (0-  Thomson and
intake patterns determined from surveys 0.29) Grounds (2005)
Adults Canned foods and ~ Data from survey of canned foods and food  0.0044 for men Thomson et al.
canned fish intake patterns determined from surveys >25 0.0041 for (2003)
women >25
0.0048 for men
19-24
Adults Wine Maximum bisphenol A concentration of <0.026 Brenn-
2.1ng/mL in wine, consumption of 0.75L/ Struckhofova
day, and 60 kg body weight and Cichna-

Hospital patients

Japanese adults
and children

Meals served at 2
hospitals

~200 food items
were collected in
a total diet study

Mean intake from hospital diets was
estimated at 1.3 (0.19-3.7) ug/day; [60 kg
body weight was assumed]

No details

[0.02 (0.003-0.06)]

0.00475 for
children 2-6
years 0.00195 for
adults

Markel (2006)
Miyamoto and
Kotake (2006)
Fujimaki et al.
(2004)
Miyamoto and
Kotake (2006)

“The study authors acknowledged the use of aggressive migration testing conditions and conservative assumptions in calculations, thus

leading to overestimated infant exposures.

chopped into granules and bagged, and it is during that
stage that exposure to residual bisphenol A (reported at
<100 ppm) through dust is possible. However, it is noted
that polycarbonate is stable and that residual bisphenol
A is contained within the polymer matrix. The European
Union stated that exposure to bisphenol A during the
manufacture of polycarbonate items is not likely to
exceed values observed during the manufacture of
polycarbonate. In the production of epoxy resin, bi-
sphenol A exposure is most likely during reactor
charging, but exposure during maintenance is also

possible. A residual bisphenol A concentration of
300 ppm was reported for epoxy resins, but it was noted
that most bisphenol A was trapped within the resin
matrix. Exposure to bisphenol A during production of
epoxy paints is reported to be negligible. In the
manufacture of powder epoxy coatings, exposure is
thought possible during weighing and milling. Exposure
to bisphenol A during the use of powder paints has been
documented.

There are no known regulatory limits for occupational
exposure to bisphenol A in the US. In 2004, the
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Table 14
Summary of Food or Aggregate Exposures to Bisphenol A
Exposure
estimate pg/kg
Population Basis of estimates bw/day® Reference
1-2-month-old infant Food exposure (data from migration studies of 8 European Union (2003)
polycarbonate bottles)
0—4-month-old infant Food exposure (data from migration studies of 1.6 European Commission
polycarbonate bottles) (2002)
0-5-month-old infant Aggregate exposure (based on formula, 0.055 Miyamoto and Kotake
(formula-fed) environmental, and toy exposures) (2006)
0-5-month-old infant Aggregate exposure (based on human milk, 0.028 Miyamoto and Kotake
(breast fed) environmental, and toy exposures) (2006)
4—-6-month-old infant Food exposure (data from migration studies of 7 European Union (2003)
polycarbonate bottles)
6-11-month-old infant Aggregate exposure (based on formula, food, 0.18 Miyamoto and Kotake
(formula-fed) environmental, and toy exposures) (2006)
6-11-month-old infant Aggregate exposure (based on human milk, food, 0.16 Miyamoto and Kotake
(breast-fed) environmental, and toy exposures) (2006)
6-12-month-old infant Food exposure (data from survey of canned foods) 5 European Union (2003)
6-12-month-old infant Food exposure (data from migration studies with 1.65 European Commission
infant bottles and canned foods) (2002)
Infant Food exposure (data from polycarbonate bottle 0.75-1 Earls (2000)
leaching studies)
Infant Food exposures (contact with cans and 1.75 FDA (1996)
polycarbonate plastics)
1.5-4.5-year-old child Food exposure (data from survey of canned foods 14.7 European Union (2003)
and migration studies with polycarbonate
tableware)
1-6-year-old child Aggregate exposure (based on food, environmental, 1.2 Miyamoto and Kotake
and tableware exposures) (2006)
1.5-5 year old child Aggregate exposure (surveys of bisphenol in food, 0.06-0.07 Wilson et al. (2006)
air, dust, soil and hand and surface wipes) (0.03-1.57)
3-5-year-old child Aggregate exposure (surveys of bisphenol in food, 0.04 Wilson et al. (2003)
air, dust, and soil) (0.018-0.07)
2-6-year-old child Food exposure (collection of 200 food items) 0.004 Miyamoto and Kotake
(2006)
4-6-year-old child Food exposure (data from survey of canned foods) 12 European Commission
(2002)
7-14-year-old child Aggregate exposure (based on food, environmental, 0.55 Miyamoto and Kotake
and tableware exposures) (2006)
15-19-year-old individual Aggregate exposure (based on food, environmental, 0.36 Miyamoto and Kotake
and tableware exposures) (2006)
Adult, >19 years Aggregate exposure (based on food, environmental, 0.43 Miyamoto and Kotake
and tableware exposures) (2006)
Adult Food exposure (data from survey of canned foods 14 European Union (2003)
not including wine)
Adult Food exposure (data from surveys of canned food) 0.37 European Commission
(2002)
Adult Wine exposure (data from study of epoxy-lined wine 0.11 European Commission
drums) (2002)
Adult Wine exposure (data from wine samples) <0.026 Brenn-Struckhofova and
Cichna-Markel (2006)
Adult Food exposure (from contact with epoxy-lined cans 0.183 FDA (1996)
and polycarbonate)
Adults Food exposure (survey of canned foods) 0.008 Thomson and Grounds
(2005)
Adult Food exposure (collection of 200 food items) 0.002 Miyamoto and Kotake

(2006)

“Estimates involving extreme worst case scenarios and Japanese data with very limited information were not included in this table.

American Industrial Hygiene Association proposed a
workplace environmental exposure level (WEEL) of
5mg/m> for bisphenol A. The draft WEEL was based
on irritation observed in an inhalation toxicity study
(American Industrial Hygiene Association, 2004). The
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value is consistent with the time weighted average
(TWA) exposure limits established in Germany and the
Netherlands (European-Union, 2003).

The European Union (2003) summarized occupational
exposure data for bisphenol A in Europe and the U.S.
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Table 15
Estimates of Bisphenol A Intakes Based on Urinary Excretion
Mean or median (range)
of estimated intake
Population Basis for estimates ug/kg bw/day” Reference

22 Japanese adults

36 Japanese male
students

5 Japanese males

Data from Tsukioka

Mean excretion of 1.68 ug/day (0.48-4.5 ug/day)

Median excretion of 1.2 ug/day (<0.21-14 ug/
day)

Median excretion of 1.3 ug/day (<0.58-13 ug/
day) over a 5-day period

Monte Carlo simulations

0.028 (0.008-0.075)
0.02 (<0.0035-0.23)

0.022 (<0.01-0.22)

Mean exposure: 0.028—
0.049 in men and

Tsukioka (2004)
Arakawa et al. (2004)

Arakawa et al. (2004)

Miyamoto and Kotake
(2006)

(2004) and Arakawa
et al. (2004)

56 pregnant Japanese
females

Bisphenol A concentration in one spot sample
was normalized to creatinine and exposure

0.034-0.059 in women;
low exposures (5th
percentile) 0.021-0.037
in men and 0.025-
0.044 in women; high
exposures (95th
percentile): 0.037-
0.064 in men and
0.043-0.075 in women

<0.04 (<0.006-0.16)° Fujimaki et al. (2004)

was estimated using average creatinine and
urine volume excretion rates, which resulted in
a median intake of <2ug/day (<0.3-7.9 ng/

day)
48 Japanese female
college students

Authors estimated bisphenol A intake of 0.6—
71.4 pg/day, based on a median bisphenol A
concentration of 0.77 ng/mg (0.1-11.9 ng/mg)
creatinine in a spot urine sample, assumed
creatinine excretion of 1200 mg/day and that

Ouchi and Watanabe
(2002)

0.01-1.2 based on study
author assumptions
[0.015 (0.002-0.24)
based on a 100%
urinary excretion

20% of the dose is excreted in urine. [CERHR rate]
recalculated values using a 100% urinary
excretion rate that is consistent with human

data]
7 males and 12 females
without intentional
exposure

394 participants in the
NHANES III survey

All measurements <LOD of 1.14 pg/L

Median (10th-95th percentile) 1.32 (0.23-7.95) pg
bisphenol A/g creatinine in a spot urine
us) sample; [assumed 100% urinary excretion of

Based on 2L urine Volkel et al. (2005)
excreted and 60 kg
adult exposure
<0.038

[median = 0.026; 10th—
95th percentile: 0.005-

0.159]

Calafat et al. (2005)

bisphenol A in 24 hr and creatinine excretion

of 1200 mg/day]
90 girls, 6-8-years-old

Median (range) 1.8 pg/L (<0.3-54.3) [assumed

[0.07 (<0.012-2.17)] Wolff et al. (2006)

(Us) 100% urinary excretion of bisphenol A in

24 hr; 1L per day; 25kg body weight ]

?Consistent with estimates conducted by Goodman et al. (2006), body weights of 60 kg were assumed, unless otherwise indicated.

PA 50-kg body weight was assumed.

Only measured data for bisphenol A are summarized in
this report. The European Union stated that the values
reported did not account for the effects of personal
protective equipment in order to avoid difficulties in
attempting to quantify protection provided. TWA bi-
sphenol A concentrations measured in occupational
settings are summarized in Table 16. The limited number
of values reported indicated that bisphenol A concentra-
tions were below 5mg/m> Bisphenol A exposures
(>1mg/m®) were observed in spraying of powdered
bisphenol A-containing coatings, bisphenol A manufac-
ture and manufacture of epoxy resins. The highest daily
average exposures were observed in the manufacture of
bisphenol A. There is limited information on short-term
exposure to bisphenol A. In manufacture of bisphenol A

one facility reported short-term task exposures from
0.13-9.5mg/m” (European-Union, 2003).

Data for powder paint use summarized in Table 16
were obtained from a NIOSH Health Hazard Evaluation
conducted at a company that manufactured fan and
ventilation equipment (NIOSH, 1979). In Plant 1 of the
company, parts were coated with an epoxy-based
powder paint by dipping. At Plant 2, an epoxy-based
powder was applied to parts via electrostatic spraying.
As evident in the data in Table 16, exposures were higher
at the plant utilizing electrostatic spraying. Monitoring
for bisphenol A was discussed in 2 other NIOSH Health
Hazard Evaluation reports. In those reports, bisphenol A
was not detected in a plant where an epoxy resin coating
was used in the manufacture of electronic resistors
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Table 16
TWA Measurements of Bisphenol A in the Workplace
8-hr TWA (mg/m?)
Industry or activity Location/year No. of samples Sample type mean (range)®
Bisphenol A
manufacture
Various U.S./not specified Not specified Bisphenol A NS (Not detected to 2.6)
Filling big bags Europe/1998 3 Inhalable bisphenol A 0.81 (0.21-1.79)
Filling silo tankers Europe/1998 3 Inhalable bisphenol A 0.89 (<0.5-1.61)
Various tasks Europe/1998 8 Inhalable bisphenol A 0.3 (0.13-0.62)
Plant operator Europe/not specified 7 Inhalable bisphenol A NS (0.021-1.04)
Maintenance Europe/not specified 3 Inhalable bisphenol A NS (0.52-1.35)
Maintenance Europe/1998-2000 8 Bisphenol A NS (<0.05-0.62)
Charging big bags Europe/1996-1997 5 Inhalable bisphenol A 0.35 (0.02-0.93)
Plant operator Europe/not specified 13 Bisphenol A 0.61 (0.02-2.13)
Maintenance Europe/not specified 2 Bisphenol A 1.06 (0.4-2.08)
operator
Epoxy resin
manufacture
Loading/unloading U.S./1970-mid 1990s 26 Bisphenol A 0.18 (<0.1-0.99)
Bagging/palletizing U.S./1970-mid 1990s 37 Bisphenol A 0.25 (<0.1-2.8)
Process operators U.S./1970-mid 1990s 25 Bisphenol A 0.26 (<0.1-1.1)
Equipment U.S./1970-mid 1990s 6 Bisphenol A <0.1
technician
Maintenance U.S./1970-mid 1990s 2 Bisphenol A 0.8 (0.37-1.2)

Bisphenol A Use

Powder paint use® U.S./ ~1979

7 (3 personal and 4 area
samples)
21 (15 personal and 6

Bisphenol A (plant 1) 0.005 (0.004-0.006)

Bisphenol A (plant 2) 0.175 (0.001-1.063)

area samples)

*NIOSH (1979). Other data are from the European Union (2003).
PRange given representing different occupational activities.
NS, not specified.

(NIOSH, 1984) or in a plant where an epoxy resin coating
was applied to steam turbine generators (NIOSH, 1985).
Rudel et al. (2001) used a GC/MS technique to measure
bisphenol A concentrations at one United States work-
place where plastics were melted and glued; a concen-
tration of 0.208 pg/ m® was reported.

[Bisphenol A exposures in U.S. powder paint work-
ers were estimated at ~0.1-100 pg/kg bw/day based on
TWA exposures of 0.001-1.063 mg/m3, an inhalation
factor of 0.29 m*kg day (USEPA, 1988), 100% absorp-
tion from the respiratory system, and 8 hr worked per
day.]

No information was located for dermal exposure to
bisphenol A in occupational settings. Using their
Estimation and Assessment of Substance Exposure
model, the European Union (2003) estimated that dermal
exposure of workers to bisphenol A was unlikely to
exceed 5mg/cm?/day. It was noted that the highest
potential exposure to bisphenol A would occur during
bag filling and maintenance work.

One study provided information on biological monitor-
ing of bisphenol A in workers exposed to an epoxy
compound. In 3 Japanese plants, exposed workers
included 42 men who sprayed an epoxy hardening agent
consisting of a mixture of bisphenol A diglycidyl ether
(10-30%), toluene (0-30%), xylene (0-20%), 2-ethoxyetha-
nol (0-20%), 2-butoxyethanol (0-20%), and methyl isobutyl
ketone (0-30%) (Hanaoka et al., 2002). The workers wore
“protection devices” during spraying. Controls consisted
of 42 male assembly workers from the same plants who
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did not use bisphenol A diglycidyl ether. In 1999, urine
samples were collected periodically, treated with -
glucuronidase, and examined for bisphenol A by HPLC.
Urinary bisphenol A concentrations were significantly
higher in exposed workers (median: 1.06 pmol/mol
creatinine [2.14pg/g creatinine]; range: <0.05 pmol to
11.2 pmol/mol creatinine [ <0.1 pg to 22.6 pg/g creatinine])
compared to controls (median: 0.52 pmol/mol creatinine
[1.05 pg/g creatinine]; range: <0.05 pmol to 11.0 pumol/mol
creatinine [<0.1 pg to 22.2pg/g creatinine]). The differ-
ence of the averages was reported as 2.5pmol/mol
creatinine [5.05 pg/g creatinine] (95% confidence interval
[CI] 1.4-4.7 pmol/mol creatinine [2.8-9.5]). Bisphenol A
was not detected in three exposed workers and one
control. [Assuming excretion of 1200 mg/day creatinine
(Ouchi and Watanabe, 2002), mean (ranges) of bisphenol
excretion in urine were 2.57 pg/day (<0.12 pg to 27.1 pg/
day) in exposed workers and 1.26 pg/day (<0.12 pg to
26.6 pg/day) in unexposed workers. With an assumed
body weight of 60kg, bisphenol A occupational intake
was estimated at 0.043pg/kg bw/day (<0.002 pg to
0.45pg/kg bw/day) in exposed workers and 0.021 pg/kg
bw/day (<0.002 pg to 0.44 pg/kg bw/day) in unexposed
workers.]

1.3 Utility of Data

Numerous studies reported bisphenol A concentra-
tions in canned foods and infant formula. Experiments
examined potential concentrations of bisphenol A
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Table 17
Maximum Reported Bisphenol A Concentrations in U.S. Ambient Air and Dust Samples

Sample Bisphenol A concentration

Reference

Outdoor air
Indoor air
Indoor dust
Drinking water

<193 ng/m3
<17.6ug/g
<0.1 (MDL) <0.005

<52ng/m® Monthly average 0.12-1.2ng/m> Wilson et al. (2003, 2006); Matsumoto et al. (2005)

Wilson et al. (2003, 2006); Rudel et al. (2001, 2003)
Wilson et al. (2003, 2006); Rudel et al. (2001, 2003)
Boyd et al. (2003); Kuch and Ballschmiter (2001)

Table 18
Maximum Reported Bisphenol A Concentrations Measured in Foods or Food Simulants

Exposure source

Bisphenol A concentration

Table reference

Polycarbonate infant bottles
Polycarbonate tableware
Canned infant formulas

Canned infant foods

<55ug/L (<5pg/L in U.S. study) Table 4

<5ug/kg Table 4

<113pg/L (<6.6 pgpng/kg in U.S. study of water mixed Table 5
formula; <13 pg/kg in U.S. formula concentrate)

<77.3pg/kg

<842 pg/kg (<39 ug/kg in U.S. studies) Table 6

Canned foods

resulting from leaching of bisphenol A from polycarbo-
nate bottles under a variety of conditions. There minimal
data available for bisphenol A concentrations in drinking
water but these show concentrations below the limit of
detection. Bisphenol A has been detected in surface
waters and solid waste landfill leachates. Bisphenol A
has been detected in indoor dust samples and indoor and
outdoor air samples. Data for occupational exposure to
bisphenol A in the U.S. are very limited. Only 2 studies
reported TWA exposures to bisphenol A in U.S. workers.
Several estimates of human bisphenol A exposure were
developed using bisphenol A concentrations measured
in food and the environment. Although very limited for
U.S. populations, there are data reporting bisphenol A
concentrations in urine, breast milk, and amniotic fluid,
but none for blood or fetal blood. Exposure estimates
have been derived from urinary bisphenol A concentra-
tions in multiple studies.

1.4 Summary of Human Exposure

In 1999 and 2003, it was reported that most bisphenol
A produced in the U.S. was used in the manufacture of
polycarbonate and epoxy resins and other products
[reviewed in (Staples et al., 1998; SRI, 2004)]. Polycarbo-
nate plastics are used in various consumer products and
the products most likely to contribute to human exposure
are polycarbonate food containers (e.g., milk, water, and
infant bottles). Epoxy resins are used in protective
coatings. Food cans lined with epoxy resin are a potential
source of human exposure. Some polymers manufac-
tured with bisphenol A are FDA-approved for use in
direct and indirect food additives and in dental materials
(FDA, 2006). Resins, polycarbonate plastics, and other
products manufactured from bisphenol A can contain
trace amounts of residual monomer and additional
monomer may be generated during breakdown of the
polymer (European-Union, 2003).

Bisphenol A may be present in the environment as a
result of direct releases from manufacturing or proces-
sing facilities, fugitive emissions during processing
and handling, or release of unreacted monomer
from products (European-Union, 2003). Because of its

low volatility and relatively short half-life in the
atmosphere, bisphenol A is unlikely to be present in
the atmosphere in high concentrations (European-
Union, 2003). A study of 222 homes and 29 day care
centers found bisphenol A in 31-44% of outdoor air
samples with concentrations of <LOD (0.9) to 51.5ng/
m® (Wilson et al, 2006). Rapid biodegradation of
bisphenol A in water was reported in the majority of
studies reviewed by the European Union (2003) and
Staples et al. (1998). Drinking water concentrations of
bisphenol A at Louisiana and Detroit Michigan water
treatment plants were below the limit of detection
(<0.1ng/L). Chlorinated congeners of bisphenol A
resulting from chlorination of water may be degraded
less rapidly (Gallard et al., 2004). Bisphenol A is not
expected to be stable, mobile, or bioavailable from soils
(Fent et al., 2003). A study of 222 homes and 29 day care
centers found bisphenol A in 25-70% of indoor dust
samples with concentrations of <LOD (20) to 707ng/g
(Wilson et al., 2006). The potential for bioconcentration of
bisphenol A in fish is low (Staples et al., 1998; European-
Union, 2003). Table 17 summarizes concentrations of
bisphenol A detected in environmental samples and
drinking water.

The highest potential for human exposure to
bisphenol A is through products that directly contact
food such as food and beverage containers with
internal epoxy resin coatings and polycarbonate table-
ware and bottles, such as those used to feed infants
(European-Union, 2003). Studies examining the extrac-
tion of bisphenol A from polycarbonate bottles or
tableware into food simulants are summarized in
Table 4. Studies measuring bisphenol A concentrations
in canned infant foods are summarized in Table 5 and
studies measuring bisphenol A concentrations in
canned food are summarized in Table 6. Table 18
summarizes the general findings from all the food
contact-material studies. Bisphenol A concentrations
were measured in canned foods produced and pur-
chased from various countries.

Table 19 summarizes BPA concentrations reported in
human body fluids. Measurement of bisphenol A
concentrations are affected by measurement technique,
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Table 19
Maximum Reported Biological Measures of Bisphenol A Concentrations in Humans

Biological medium Population Concentration free BPA? (ug/L) Total BPA® (ug/L) Reference
Urine Adult <2.36 (<0.6 in U.S. study) <3950 (<19.8 U.S. studies) Table 8
Children <54 (2 U.S. studies)
Blood General <LOD (0.5) <LOD (0.5) Table 7
Infertile women <0.87 Table 7
Women <1.6 Table 7
Men <1 Table 7
Fetal <9.2 Table 9
Breast milk Women <6.3 (US.) <73 Table 3
Amniotic fluid Fetus <1.96 (U.S) Table 9
Semen Adult <0.5 Inoue et al.(2002)
Saliva after dental sealant Adult <2800 Arenholt-Bindslev

et al. (1999)

*Measurements by HPLC, GC/MS, and LC/MS only.

Table 20
Summary of Reported Human Dose Estimates
Exposure source Population BPA ng/kg bw/dayNotes Source
Estimates based on intake
Formula Infant 1.6-8 8 assumes 700 ml formula with 50 ug/L Table 14
Formula Infant 1.0 Assumes 4.5 kg, 700 ml formula with Expert Panel
6.6 ug/L from U.S. canned formula
Breast milk Infant 1.0 Assumes 4.5kg, 700 ml with 6.3 ug/L Expert Panel
from breast milk
Food Infant 1.65-5 5 assumes 0.375kg canned food at 100 ug/kg Table 14
Child 0.00475-1.2 1.2 assumes 1kg canned food at 20 ug/kg Table 14
Adult 0.00195-1.4 1.4 assumes 1kg canned food at 100 ug/kg  Table 14
Aggregate Infant (formula) 0.055-0.18 Assumes 0-0.17 ug/L in formula Table 14
Infant (breast milk) 0.028-0.16 Assumes 0 exposure from breast milk Table 14
Child 0.042981-14.7 14.7 assumes 2 kg canned food at 100 ug/kg Table 14
Adult 0.36-0.43 Assumes 0-602 ng/kg in canned food Table 14
Occupational Adult 0.043-100 EPA and
Expert Panel
Estimates based on urinary metabolites
Aggregate Child 0.07 2.17) Median (max) U.S. 6-8-year-old girls Table 15
Adult 0.026 Median NHANES Table 15
Adult 0.66 Assume max 19.8 ug/L from U.S., Ye et al. (2005)

2L urine/day, 60 kg

particularly at the very low concentrations that can now
be measured. ELISA has poor correlation with the LC-
ECD method and also the different ELISA kits correlate
poorly with each other. ELISA methods may over-
estimate bisphenol A in biologic samples due to lack of
specificity of the antibody and effects of the biologic
matrix (Inoue et al., 2002; Fukata et al., 2006). In addition,
contamination from labware and reagents or sample
degradation during storage can impact the accuracy of
measurements. [The panel therefore finds the greatest
utility in studies that use sensitive and specific
analytical methods for biological samples (LC-MS or
GC-MS) and report quality control measures for
sample handling and analysis.]

Table 20 summarizes food and/or aggregate exposure
estimates calculated from bisphenol A concentrations in
food, environmental and toy exposures along with
estimates of consumption and body weights. It was
noted that dietary sources account for 99% of exposure
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(Wilson et al.,, 2006). Metabolite-based estimates of
bisphenol A used urinary concentrations along with
estimates of urinary and/or creatinine excretion, and
body weight.

Dental sealant exposure to bisphenol A occurs primar-
ily with use of dental sealants bisphenol A dimethylacy-
late. This exposure is considered an acute and infrequent
event with little relevance to estimating general popula-
tion exposures.

Very limited information is available for bisphenol A
exposure in the U.S. workplace. Data obtained from the
U.S. and Europe indicate highest potential exposures
during spraying of powdered bisphenol A-containing
coatings and during tank filling, plant operation
activities, and maintenance work in plants where bi-
sphenol A is manufactured. (European-Union, 2003).
One study measured total urinary bisphenol A in
Japanese workers who sprayed an epoxy compound
(Hanaoka et al., 2002).
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2.0 GENERAL TOXICOLOGY AND
BIOLOGICAL EFFECTS

As discussed in Section 1.4, the quantified amount of
free bisphenol A present in biological samples may be
affected by contamination with bisphenol A in plastic
laboratory ware and in reagents (Tsukioka et al., 2004;
Volkel et al., 2005). In addition, the accuracy may also be
affected by measurement technique, particularly at the
very low concentrations that can now be measured.
ELISA have the potential to overestimate bisphenol A in
biologic samples due to lack of specificity of the antibody
and effects of the biologic matrix (Inoue et al., 2002;
Fukata et al., 2006). High performance liquid chromato-
graphy (HPLC) with ultraviolet, fluorescence, or electro-
chemical detection is unable to make definitive
identification of bisphenol A or bisphenol A glucuro-
nides, because similar retention times may occur for the
metabolites of other endogenous and exogenous com-
pounds (Volkel et al., 2005). Use of LC-tandem mass
spectrometry (MS/MS) with and without hydrolysis of
bisphenol A glucuronide permits determination of free
and total bisphenol A with a limit of quantification of
1pg/L (Volkel et al., 2005). Gas chromatography (GC)/
MS/MS has been used with solid phase extraction after
treatment with glucuronidase and derivatization to
measure total bisphenol A with a limit of detection of
0.1 pg/L (Calafat et al., 2005). Bisphenol A glucuronidate
has been shown to be unstable and can be hydrolyzed to
free bisphenol A at neutral pH and room temperature in
diluted urine of rats and in rat placental and fetal tissue
homogenates at room temperature. Bisphenol A glucur-
onide can also be hydrolyzed and in some cases
degraded to unknown components either in acidic or
basic pH solutions of diluted urine, adding another
potential source of error in the measurement of sample
levels of bisphenol A and its conjugates (Waechter et al.,
2007). These considerations taken together, suggest that it
is possible that free bisphenol A concentrations mea-
sured in biological samples may be overestimated.

2.1 Toxicokinetics and Metabolism

The studies presented in this section demonstrate that
bisphenol A is absorbed in humans and experimental
animals following oral exposure. In humans and experi-
mental animals, most of the dose is present in blood as
the main metabolite, bisphenol A glucuronide, and
smaller percentages are present as the parent compound.
Bisphenol A and its metabolites are widely distributed in
humans and animals. More than 90% of unmetabolized
bisphenol A is reportedly bound to plasma protein.
Bisphenol A is distributed to fetal fluids in humans and
experimental animals, and a limited number of studies in
humans demonstrate fetal concentrations of bisphenol A
within an order of magnitude of concentrations in
maternal blood. None of the studies detected bisphenol
A glucuronide in fetal fluids. Transfer of bisphenol A to
milk was demonstrated in humans and experimental
animals. One study in humans reported bisphenol A in
milk at concentrations exceeding maternal blood con-
centrations. In humans and experimental animals, most
of a bisphenol A dose is metabolized to bisphenol A
glucuronide before absorption. Studies in humans and
experimental animals demonstrated that glucuronidation
of bisphenol A can occur in the liver, and one study in

rats demonstrated that bisphenol A is glucuronidated
upon passage through the intestine. Bisphenol A
glucuronide is excreted in the bile of rats, and enter-
ohepatic cycling is thought to occur in rats but not
humans. In humans, most of a bisphenol A dose is
eliminated through urine as bisphenol A glucuronide. In
rats, bisphenol A is eliminated through feces as bi-
sphenol A and in urine as bisphenol A glucuronide.

2.1.1 Humans. Human toxicokinetics studies that
were judged potentially important to interpret develop-
mental and reproductive toxicity were reviewed in full.
These studies include reports of potential exposure of
fetuses during pregnancy or of infants through human
milk and reports of toxicokinetics or metabolism follow-
ing low-dose exposure of humans. Information from
secondary sources was included if the information was
not considered to be critical to the interpretation of
developmental and reproductive toxicity data.

2.1.1.1 Absorption: Two studies described here ex-
amined oral absorption of bisphenol A from dental
sealants, and one study examined in vitro dermal
absorption. Bisphenol A (as parent or the monoglucur-
onide) is absorbed in humans as indicated by the
detection of bisphenol A (and metabolites) in blood from
the general population (Section 1) and in maternal and
fetal fluids (Table 9).

Fung et al. (2000) examined the toxicokinetics of
bisphenol A leaching from dental sealant. Volunteers
included 18 men and 22 non-pregnant women (20-55
years of age) who did not have dental disease, existing
composite resin restorations or pit and fissure sealants,
or a history of resin exposure. Volunteers were treated
with a widely used commercial dental sealant (Delton
Opaque Light-cure Pit and Fissure Sealant). Components
of the sealant were analyzed by HPLC. The low-dose
group (n =7 men, 11 women) received 8 mg dental sealant
on 1 tooth, and the high-dose group (11 men, 11 women)
received 32mg sealant on 4 teeth. Saliva and blood
samples were collected before the procedure and at 1 and
3hr and 1, 3, and 5 days after the procedure. Blood and
saliva were analyzed by HPLC. Statistical analyses of data
were conducted k;y nonparametric test, Wilcoxon signed
rank test, and y~ test. Analysis of the dental sealant
revealed that bisphenol A concentrations were below the
detection limit of 5ppb. At 1hr following treatment,
bisphenol A was detected in samples from 3 of 18
volunteers in the low-dose group and 13 of 22 samples
from volunteers in the high-dose group. At 3-hr post-
treatment, bisphenol A was detected in samples from 1 of
18 volunteers in the low-dose group and 7 of 22 volunteers
in the high-dose group. Concentrations of bisphenol A in
saliva at 1 and 3 hr following exposure were reported at
5.8-105.6 ppb [pg/L]l. No bisphenol A was detected in
saliva samples at 24hr or in serum samples at any time
point. Differences between the low-dose and high-dose
groups in bisphenol A saliva concentrations and in the
proportion of bisphenol A-positive saliva samples at 1 and
3hr achieved statistical significance. In the high-dose
group, a significant difference in “readings” was observed
between 1 and 3hr. [The data as presented did not
illustrate possible quantitative differences in saliva
bisphenol A concentrations from the 2 dose groups or
at different sampling times.]

Joskow et al. (2006) examined bisphenol A in urine and
saliva of 14 adults (1942 years old) treated with dental
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Table 21
Saliva and Urinary Concentrations of Total Bisphenol A in Adults Receiving Dental Sealants®

Mean+SD bisphenol A concentration (ng/mL)®

Collection time Both sealants Delton LC Helioseal F
Saliva
Pretreatment 0.30+0.17 0.344+0.19 0.224+0.03
Immediately after treatment 26.54+30.7 42.84-28.9 0.5440.45
1 hr post-treatment 5.124+10.7 7.86+12.73 0.21+0.03
Urine (creatinine-adjusted)
Pretreatment 2414124 26+14 2.12+0.93
1hr post-treatment 20.14+33.1 27.3+39.1 7.26+13.5
24 hr post-treatment 5.144+3.96 7.3443.81 2.06+1.04

“Joskow et al. (2006).
PSamples were treated with -glucuronidase.

sealants. Excluded from the study were individuals with
resin-based materials on their teeth, smokers, users of
antihistamines, and patients with Gilbert syndrome. The
volunteers received either Helioseal F (1 =5) or Delton
LC (n =9) sealant. Sealant was weighed before and after
application to determine the amount applied, and the
number of treated teeth was recorded. The mean number
of teeth treated was 6/person and the mean total weight
of sealant applied was 40.35 mg/person. In a comparison
of the 2 sealants, no differences were reported for
number of teeth treated or amount of sealant applied.
Saliva samples were collected before treatment, immedi-
ately after, and at 1hr following sealant application.
Urine samples were collected before treatment and at 1
and 24 hr following sealant placement. A total of 14-15
saliva samples and 12-14 urine samples were collected at
each time point. Samples were treated with B-glucur-
onidase and analyzed for bisphenol A concentrations
using selective and sensitive isotope-dilution-MS-based
methods. Table 21 summarizes changes in saliva and
bisphenol A concentrations. Immediately and at 1 hr after
sealant application, salivary concentrations of bisphenol
A compared to baseline were significantly higher in the
patients who received the Delton LC sealant. Bisphenol
A concentrations in saliva increased > 84-fold following
application of the Delton LC sealant. Urinary concentra-
tions of bisphenol A were increased 1hr following
application of the Delton LC sealant. Concentrations of
bisphenol A in saliva and urine following application of
Helioseal F were reported to be similar to baseline.

The European Union (2003) reviewed unpublished
preliminary data from a human dermal absorption study.
Skin samples obtained from 3 human donors (6 samples/
donor/dose) were exposed to 5 or 50mg/cm” (3.18 or
31.8 mg/mL) '*C-bisphenol A in ethanol vehicle. Follow-
ing evaporation of the vehicle, bisphenol A was
resuspended in artificial sweat. Radioactivity was mea-
sured in receptor fluid at various time intervals over a 24-
hr period. Radioactivity was measured in the stratum
corneum and “lower” skin layer at 24 hr. Authors of the
European Union report noted that tritiated water was not
used as a marker for skin integrity. However, based on
the patterns of results, they concluded that skin integrity
was likely lost after 4-8 hr. The European Union authors
therefore concluded that the only reliable data from the
study were those for the cumulative percentage of the
dose in receptor fluid at 8 hr, which was reported at 0.57-
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1.22% at 5mg/cm® and 0.491-0.835% at 50 mg/cm?.
Because radioactivity in skin was not measured at 8 hr,
the percentage of the applied dose remaining on skin and
available for future absorption could not be determined.
Based on ratios of receptor fluid concentrations and
lower skin levels (1:2 to 1:8) at 24 hr, and assuming that
the higher ratio applies to skin at 8 hr, the authors of the
European Union report predicted that 10% of the dose
would be present in “lower” skin layers. Therefore,
dermal absorption of bisphenol A was estimated at 10%.
2.1.1.2 Distribution: In humans, bisphenol A was
measured in cord blood and amniotic fluid, demonstrat-
ing distribution to the embryo or fetus. Studies reporting
bisphenol A concentrations in fetal and/or maternal
compartments are summarized in Table 9. Detailed
descriptions of those studies are also presented below.

Engel et al. (2006) reported concentrations of bisphenol
A in human amniotic fluid. Twenty-one samples were
obtained during amniocentesis conducted before 20
weeks gestation in women who were referred to a U.S.
medical center for advanced maternal age. Bisphenol A
concentrations in amniotic fluid were measured using LC
with electrochemical detection. Bisphenol A was detected
in 10% of samples at concentrations exceeding the LOD
(0.5pg/L). Bisphenol A concentration ranges of 0.5-
1.96 pg/L were reported.

Schonfelder et al. (2002b) examined bisphenol A
concentrations in maternal and fetal blood and compared
bisphenol A concentrations in blood of male and female
fetuses. In a study conducted at a German medical
center, blood samples were obtained from 37 Caucasian
women between 32-41 weeks gestation. At parturition,
blood was collected from the umbilical vein after
expulsion of the placenta. Bisphenol A concentrations
in plasma were measured by GC/MS. Control experi-
ments were conducted to verify that bisphenol A did not
leach from collection, storage, or testing equipment.
Bisphenol A was detected in all samples tested, and
concentrations measured in maternal and fetal blood are
summarized in Table 9. Mean bisphenol A concentrations
were higher in maternal (4.4+3.9 [SD]pug/L) than fetal
blood (2.9+2.5ug/L). Study authors noted that in 14
cases fetal bisphenol A plasma concentrations exceeded
those detected in maternal plasma. Among those 14
cases, 12 fetuses were male. Analysis by paired
t-test showed significantly higher mean bisphenol
A concentrations in the blood of male than female
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fetuses (3.5+2.7 vs. 1.7+1.5ng/mL, P =0.016). Bisphe-
nol A concentrations were measured in placenta samples
at 1.0-104.9 pg/kg.

Ikezuki et al. (2002) measured concentrations of
bisphenol A in serum from 30 healthy premenopausal
women, 37 women in early pregnancy, 37 women in late
pregnancy, and 32 umbilical cord blood samples. Con-
centrations of bisphenol A were also measured in 32
samples of amniotic fluid obtained during weeks 15-18
of gestation, 38 samples of amniotic fluid obtained at full-
term cesarean section, and 36 samples of ovarian
follicular fluid collected during in vitro fertilization
procedures. [It was not stated if different sample types
were obtained from the same subjects.] An ELISA
method was used to measure bisphenol A concentrations
and results were verified by HPLC. The mean+SD
concentration of bisphenol A in follicular fluid was
reported at 2.4+0.8 pg/L. As summarized in Table 7 for
nonpregnant women and Table 9 for maternal and fetal
samples, concentrations of bisphenol A in follicular fluid
were similar to those detected in the serum of fetuses
and pregnant and non-pregnant women and in amniotic
fluid collected in late pregnancy (~1-2 ug/L). Bisphenol
A concentrations in amniotic fluid samples collected in
early pregnancy were ~5-fold higher than in other
samples, and the difference achieved statistical signifi-
cance (P<0.0001). Study authors postulated that the
higher concentrations of bisphenol A in amniotic fluid
collected during gestation weeks 15-18 may have
resulted from immature fetal liver function. They noted
that according to unpublished data from their laboratory,
the percentage of glucuronidated bisphenol A in mid-
term amniotic fluid was ~34%, which is much lower
than reported values for other human fluids (>90%).

Yamada et al. (2002) measured bisphenol A concentra-
tions in maternal serum and amniotic fluid from
Japanese women. Samples were collected between
1989-1998 in women undergoing amniocentesis around
gestation week 16. One group of samples was obtained
from 200 women carrying fetuses with normal karyo-
types, and a second group of samples was obtained from
48 women carrying fetuses with abnormal karyotypes.
An ELISA method was used to measure bisphenol A
concentrations. [As discussed in Section 1.1.5, ELISA
may overestimate bisphenol A.] Concentrations of
bisphenol A measured in maternal plasma and amniotic
fluid are summarized in Table 9. Median concentrations
of bisphenol A in maternal serum (~2-3pg/L) were
significantly higher [~10-fold] than concentrations in
amniotic fluid (~0-0.26 ug/L) in the groups carrying
fetuses with normal and abnormal karyotypes. However,
in 8 samples from women carrying fetuses with normal
karyotypes, high concentrations (2.80-5.62pg/L) of
bisphenol A were measured in amniotic fluid. The
study authors interpreted the data as indicating that
bisphenol A does not accumulate in amniotic fluid in
most cases but accumulation is possible in some
individuals. Bisphenol A concentrations in maternal
blood were significantly higher [by ~33%] in woman
carrying fetuses with abnormal versus normal karyo-
types. However, the study authors noted that the
effect may not be related to bisphenol A exposure
because there was no adjustment for maternal age, and
concentrations in amniotic fluid did not differ between
groups. In the group carrying fetuses with normal

karyotypes, data obtained from 1989-1998 were sum-
marized by year. Median bisphenol A concentrations in
serum significantly decreased over that time from a
concentration of 5.62 ug/L detected in 1989 to 0.99 pg/L
in 1998.

Kuroda et al. (2003) used an HPLC method to measure
bisphenol A concentrations in 9 sets of maternal and cord
blood samples obtained from Japanese patients at the
time of delivery. Bisphenol A concentrations were also
measured in 21 sets of serum and ascitic fluid samples
collected from sterile Japanese patients of unspecified
sexes and ages. Results for pregnant women are
summarized in Table 9. Mean+SD concentrations of
bisphenol A were lower in maternal (0.46+0.20 ppb [pg/
L]) than cord blood (0.62+0.13 ppb [pg/L]). There was a
weak positive correlation (r = 0.626) between bisphenol
A concentrations in maternal and cord blood. Concentra-
tions of bisphenol A in the blood of sterile patients are
summarized Table 7. There were no differences between
pregnant and non-pregnant blood levels (Kuroda et al.,
2003). Mean+SD concentrations of bisphenol A were
higher in ascitic fluid (0.56+0.19ppb [pg/L]) than in
serum (0.46+0.20 ppb [pg/L]). The correlation between
bisphenol A concentration in serum and ascitic fluid was
relatively strong (r = 0.785).

Tan and Mohd (2003) used a GC/MS method to
measure bisphenol A concentrations in cord blood at
delivery in 180 patients at a Malaysian medical center.
Bisphenol A was detected in 88% of samples. As noted in
Table 9 concentrations ranged from <0.10-4.05pg/L.

Calafat et al. (2006) reported a median bisphenol A
concentration of ~1.4pg/L [as estimated from a graph]
in milk from 32 women. Bisphenol A was measured after
enzymatic hydrolysis of conjugates. Ye et al. (2006) found
measurable milk concentrations of bisphenol A in
samples from 18 of 20 lactating women. Free bisphenol
A was found in samples from 12 women. The median
total bisphenol concentration in milk was 1.1pg/L
(range: undetectable to 7.3pg/L). The median free
bisphenol A concentration was 0.4 pg/L (range: unde-
tectable to 6.3 pg/L).

Sun et al. (2004) used an HPLC method to measure
bisphenol A concentrations in milk from 23 healthy
lactating Japanese women. Bisphenol A concentrations
ranged from 0.28-0.97 ug/L, and the mean+SD concen-
tration was reported at 0.61+0.20 ug/L. No correlations
were observed between bisphenol A and triglyceride
concentrations in milk. Values from six milk samples
were compared to maternal and umbilical blood samples
previously reported in a study by Kuroda et al. (2003).
Bisphenol A values were higher in milk, and the milk/
serum ratio was reported at 1.3. Bisphenol A values in
milk were comparable to those in umbilical cord serum.
[It was not clear whether milk and serum samples were
obtained from the same volunteers in the two studies.]

Schaefer et al. (2000) measured concentrations of
bisphenol A and other compounds in uterine endome-
trium of women undergoing hysterectomy for uterine
myoma at a German medical center. Endometrial and fat
samples were obtained between 1995-1998 from 23
women (34-51 years old) with no occupational exposure.
Samples were handled with plastic-free materials and
stored in glass containers. Concentrations of environ-
mental chemicals were measured in samples by GC/MS.
None of 21 fat samples had detectable concentrations of
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bisphenol A. Bisphenol A was detected in 1 of 23
endometrial samples; the median concentration was
reported at <1png/kg wet weight, and the range was
reported at 0-13 pg/kg. [It is not known why a median
value and range were reported when bisphenol A was
only detected in 1 sample.]

As part of a study to compare an ELISA and an LC/MS
method for biological monitoring of bisphenol A, Inoue
et al. (2002) measured concentrations of bisphenol A in
semen samples obtained from 41 healthy Japanese
volunteers (18-38 years old). Analysis by the ELISA
method indicated bisphenol A concentrations ranging
from concentrations below the detection limit (2.0pg/L)
to 120pg/L. The LC/MS method indicated that
the bisphenol A concentration in all samples was
<0.5pg/L, the LOQ. The study authors concluded that
the LC/MS method was more accurate and sensitive and
that the ELISA method overestimated bisphenol A
concentrations, possibly due in part to nonspecific anti-
body interactions.

2.1.1.3 Metabolism: Volkel et al. (2005) measured
bisphenol A and metabolite concentrations in human
urine following exposure to a low bisphenol A dose. The
human volunteers consisted of 3 healthy females (25-32
years old) and 3 healthy males (3749 years old) who were
asked to refrain from alcohol and medicine intake for 2
days before and during the study. Volunteers received
25pg  Dyg-bisphenol A in drinking water [0.00028-
0.00063 mg/kg bw based on reported body weights], a
dose reported to represent a worst-case human exposure.
Urine samples were collected at 0, 1, 3, 5, and 7hr
following exposure. Analyses for Dj¢-bisphenol A and
D;6-bisphenol A-glucuronide were conducted by LC/MS
and HPLC. Recovery of Dje-bisphenol A-glucuronide in
urine within 5 hr of dosing was 85% of dose in males and
75% of dose in females. Analysis following treatment of
urine with glucuronidase resulted in recovery of 97% of
the dose in males and 84% of the dose in females. The
highest concentrations of bisphenol A glucuronide in
urine were measured at 1hr (221-611 pmol [50-139 ng
bisphenol A eql/mg creatinine) and 3hr (117-345 pmol
[27-79 ng bisphenol A eql/mg creatinine) following
exposure. Elimination half-life was estimated at 4hr.
Bisphenol A concentrations exceeding the detection limit
were detected in only 2 urine samples at concentrations of
~10 pmol [2 ng]l/mg creatinine.

Volkel et al. (2002) examined toxicokinetics and
metabolism of bisphenol A in humans administered a
low dose. Volunteers in this study consisted of 3 healthy
females (24-31 years of age) and 6 healthy males (28-54
years of age) who were non- or occasional smokers;
volunteers were asked to refrain from alcohol and
medicine intake for 2 days before and during the study.
In two different studies, Djg-bisphenol A was orally
administered to volunteers via gelatin capsules at a dose
of 5mg (0.054-0.090 mg/kg bw). The dose was reported
to be ~10-fold higher than the estimated human
exposure level of 0.6mg/day. In the first study, urine
samples were collected at 6-hr intervals until 42hr
following exposure and blood samples were collected
at 4-hr intervals until 32 hr following exposure in 3 males
and 3 females. In a second, more detailed study
conducted in 4 of the male volunteers, blood samples
were collected at 30-60-min intervals until 381 min
following exposure. Samples were analyzed by GC/MS
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and LC/MS. In the first study, a terminal half-life
of 5.3hr was reported for D;¢-bisphenol A glucuronide
clearance from blood. The half-life for wurinary
elimination was reported at 5.4hr. Dj¢-Bisphenol A
glucuronide concentrations in plasma and urine fell
below LOD at 24-34hr post-dosing. Complete urinary
recovery (100%) was reported for the Dss-bisphenol
A glucuronide. In the second study, maximum
plasma concentration of Dje-bisphenol A glucuronide
(~800 pmol [183 ng bisphenol A eql/mL) was obtained
80min after oral administration. The half-life for
initial decline in plasma was reported at 89min.
Free Dje-bisphenol A was not detected in plasma.
According to study authors, the study demonstrated
rapid absorption of bisphenol A from the gastrointestinal
tract, conjugation with glucuronic acid in the liver, and
rapid elimination of the glucuronide in urine. Study
authors noted that the rapid and complete excretion of
bisphenol A glucuronide in urine suggested that in
contrast to rats, enterohepatic circulation did not occur in
humans.

Table 8 in Section 1 provides information on bisphenol
A and metabolites detected in human urine. A study
conducted in the U.S. used an HPLC method to examine
30 urine samples collected from a demographically
diverse adult population in 2000-2004 (Ye et al., 2005).
Mean urinary compound composition was 9.5% bisphenol
A, 69.5% bisphenol A glucuronide, and 21% bisphenol A
sulfate conjugate. A study conducted in Korea used an
HPLC method to examine urine collected from 15 men
(mean age =42.6 years) and 15 women (mean age = 43.0
years) (Kim et al,, 2003b). Sex-related differences were
observed for urinary metabolic profiles. Mean urinary
compound composition in men was reported at 29.1%
bisphenol A, 66.2% bisphenol A glucuronide, and 4.78%
bisphenol sulfate conjugate. The urinary metabolite
profile in females was 33.4% bisphenol A, 33.1% bisphenol
A glucuronide, and 33.5% bisphenol A sulfate conjugate.
The study authors concluded that women had a greater
ability for sulfation than men.

2.1.1.4 Excretion: As discussed in greater detail in
Section 2.1.1.3, two studies in which human volunteers
were administered low doses of Djg-bisphenol A
(~0.00028-0.090 mg/kg bw) demonstrated that most of
the dose (85-100%) was eliminated through urine (Volkel
et al.,, 2002, 2005). In those studies, the half-lives for
urinary elimination were reported at 4-5.4hr. As dis-
cussed in more detail in Section 2.1.1.3, examination of
human urine samples revealed that bisphenol A glucur-
onide and sulfate conjugates are present at higher
concentrations than is the parent compound (Kim et al.,
2003b; Ye et al., 2005).

2.1.2 Experimental animal. Original animal stu-
dies that were potentially important for the interpreta-
tion of developmental and reproductive toxicity were
reviewed thoroughly. Examples included:

® Studies examining toxicokinetics or metabolism in
pregnant or lactating animals;

® Studies examining toxicokinetic difference observed
with different doses or exposure routes;

® Studies looking at age-related differences in toxicoki-
netics or metabolism; and

® Studies in non-rodent species such as primates.
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Secondary sources were utilized for general informa-
tion not considered critical to the interpretation of
developmental and reproductive toxicity data.

2.1.2.1 Absorption: In rats orally exposed to bi-
sphenol A at doses <100mg/kg bw, maximum bi-
sphenol A concentrations (Cpax) were generally
measured in plasma within 0.083-0.75hr following
exposure (Pottenger et al.,, 2000; Takahashi and Oishi,
2000; Yoo et al., 2001; Domoradzki et al., 2004; Negishi
et al,, 2004b). At doses of 1 or 10mg/kg bw, time to
maximum bisphenol A concentration (Tpa.y) in plasma
was longer in postnatal day (PND) 21 rats (1.5-3 hr) than
in PND 4 and 7 rats (0.25-0.75hr) (Domoradzki et al.,
2004). In a limited number of studies in which rats were
subcutaneously (s.c.) dosed with up to 100mg/kg bw
bisphenol A, time (0.5-4 hours) to reach C,,,«x was longer
than with oral dosing, although the findings were not
always consistent (Pottenger et al., 2000; Negishi et al.,
2004b). In one study, Tax Was comparable in oral and
intraperitoneal (i.p.) dosing of rats (Pottenger et al., 2000).
Another study reported that C,,x was attained at 0.7 hr
in monkeys orally exposed to 10 or 100mg/kg bw
bisphenol A and at 0.5 hr in chimpanzees orally exposed
to 10mg/kg bw bisphenol A (Negishi et al., 2004b). In
the same study, a longer Ty« (2hr) was observed
following exposure of monkeys and chimpanzees to the
same doses by s.c. injection compared to oral intake.
Additional details for these studies are presented below.

As discussed in greater detail in Section 2.1.2.3,
bisphenol A is glucuronidated in the liver and intestine,
and most of the dose is absorbed as bisphenol A
glucuronide following oral exposure of rats (Domoradzki
et al, 2004). In ovariectomized rats gavaged with
bisphenol A, bioavailability of bisphenol A was reported
at 16.4% at a 10mg/kg bw dose and 5.6% at a 100 mg/kg
bw dose (Upmeier et al.,, 2000). The findings are fairly
consistent with a second study in which maximum
plasma values of free bisphenol A represented low
percentages [ <2-8%] of the total radioactive dose in rats
orally administered bisphenol A at 10 or 100 mg/kg bw
(Pottenger et al., 2000); maximum values of free bi-
sphenol A represented higher percentages of the radio-
active dose in rats given 10 or 100 mg/kg bw s.c. [64-82%
free bisphenol A] or i.p. [19-54%] (Pottenger et al., 2000).
Percentages of parent bisphenol A in blood were also
higher in monkeys exposed intravenously (i.v.; 5-29%)
than orally (0-1%) (Kurebayashi et al., 2002). Similarly,
HPLC analysis of plasma conducted 1 hr following s.c. or
gavage dosing of 4 female 21-day-old Sprague-Dawley
rats/group with bisphenol A revealed higher bisphenol
A plasma concentrations with s.c. than with gavage
dosing (Table 22) (Yamasaki et al., 2000). One study in
male and female rats gavaged with 10mg/kg bw
bisphenol A demonstrated higher plasma concentrations
of bisphenol A in immature animals than in adults (10.2—
48.3ug/g [mg/L] plasma at 4 days of age; 1.1-1.4pg/g
[mg/L] plasma at 7 days of age; 0.2 ng/g [mg/L] plasma
at 21 days of age; and 0.024-0.063 pg/g [mg/L] plasma in
adulthood) (Domoradzki et al., 2004).

A review by the European Union (2003) noted that in
the study by Pottenger et al. (2000), fecal excretion
represented the highest proportion of the eliminated
dose (74-83% in males and 52-72% in females) following
oral or parenteral exposure of rats to 10 or 100 mg/kg bw
bisphenol A. The authors of the European Union report

Table 22
Plasma Bisphenol A Concentrations in 21-Day-Old Rats
at 1 Hr Following Oral Gavage or S.C. Dosing®

Plasma concentration, pg/L

Dose, mg/kg bw Injection (s.c.) Oral gavage

0 (sesame oil vehicle) Not detected Not detected

8 94.6+58.0 Not examined
40 886.3+56.4 Not detected
160 2948 +768.8 198.8+88.2
800 Not examined 2879.0+2328.3

Values presented as mean+SD.
Yamasaki et al. (2000).

therefore concluded that absorption [assumed to be of
the radioactive dose] is likely extensive following oral
intake. Adding to the proof of extensive oral absorption
is the observation that >50% of fecal elimination
occurred at 24 hr post-dosing, a time period beyond the
average gastrointestinal transit time of 12-18 hr for rats.
Possible explanations provided for the detection of
parent compound in feces were cleavage of conjugates
within intestines and enterohepatic circulation.

2.1.2.2 Distribution

2.1.2.2.1 Pregnant or lactating animals: Information on
distribution in pregnant or lactating rats is presented first
followed by other species. Studies including oral
exposures are summarized before those with parenteral
exposures.

Takahashi and Oishi (2000) examined disposition and
placental transfer of bisphenol A in F344 rats. Rats were
orally administered 1000 mg/kg bw bisphenol A (>95%
purity) in propylene glycol on gestation day (GD) 18 (GD
0 = day of vaginal plug). Rats were killed at various time
points between 10min and 48hr after bisphenol A
dosing. At each time point, 2-6 dams and 8-12 fetuses
obtained from 2-3 dams were analyzed. Blood was
collected from dams and kidneys, livers, and fetuses
were removed for measurement of bisphenol A concen-
trations by HPLC. Results are summarized in Table 23.
Study authors noted the rapid appearance of bisphenol A
in maternal blood and organs and in fetuses. Concentra-
tions of bisphenol A at 6 hr following dosing were 2% of
peak concentrations in maternal blood and 5% of peak
concentrations in fetuses. It was noted that in fetuses,
area under the time-concentration curve (AUC) was
higher and mean retention time, variance of retention
time, and terminal half-life were longer than in maternal
blood.

Dormoradzki et al. (2003) examined metabolism,
toxicokinetics, and embryo-fetal distribution of bisphenol
A in rats during 3 different gestation stages. Sprague—
Dawley rats were gavaged with bisphenol A (99.7%
purity) /radiolabeled '*C-bisphenol A (98.8% radioche-
mical purity) at 10 mg/kg bw. Bisphenol A was adminis-
tered to 1 group of non-pregnant rats and 3 different
groups of pregnant rats on GD 6 (early gestation), 14
(mid gestation), or 17 (late gestation). GD 0 was defined
as the day that sperm or a vaginal plug were detected.
Blood, urine, and feces were collected at multiple time
points between 0.25 and 96 hr post-dosing. It appears
that most and possibly all samples were pooled. Four rats
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in each group were killed at 96 hr post-dosing. Maternal
organs, 6 embryos or fetuses/dam (when possible), and
placentas were collected. Samples were analyzed for
radioactivity and bisphenol A and/or bisphenol A
glucuronide by HPLC/liquid scintillation spectrometry.

In all groups, 90-94% of radioactivity was recovered.
Elimination of bisphenol A and its metabolites is
discussed in Section 2.1.2.4. At 96hr following dosing,
low percentages of the dose were present in carcass (~1-
6%) and tissues such as brain, fat, liver, kidney, ovary,
uterus, and skin. The only quantifiable data in placentas
and fetuses at 96 hr were obtained in the GD 17 group,
and those samples contained 0.01-0.07% of the bisphenol
A dose. Standard deviations for maternal and fetal
tissues generally exceeded 50% of the mean. Study
authors concluded that disposition of radioactivity was
similar in pregnant and non-pregnant rats.

Toxicokinetic data obtained from plasma profiles are
summarized in Table 24. The authors stated that there
was high inter-animal variability. The presence of two
Cmax Vvalues was noted by the authors, and they stated
that it was the result of enterohepatic circulation of
radioactivity. Bisphenol A was not quantifiable in most
plasma samples. Because bisphenol A glucuronide
represented most (~95-99%) of the radioactivity, plasma
profiles for that metabolite were nearly identical to
profiles for radioactivity.

Table 23
Toxicokinetic Endpoints for Bisphenol A in Rats Dosed
With 1000 mg/kg bw Bisphenol A on GD 18°

Maternal tissue

Endpoint Blood Liver Kidney Fetus
Chnax mg/L 14.7 171 36.2 9.22
Tmax, Min 20 20 20 20

AUC, mg hr/L 13.1 700 84.0 22.6
Mean retention time, hr  10.6 29.3 12.0 20.0
Variance in retention 203 657 227 419

time, hr squared
Half-life, hr

From 20-40 min 0.0952 0.178 0.245 0.55
From 40 min—6 hr 2.58 1.75 2.98 1.60
From 6-48 hr 4.65 No data No data 173

ATakahashi and Oishi (2000).

A second study was conducted by Dormoradzki et al.
(2003) to measure bisphenol A and bisphenol A
glucuronide concentrations in maternal and fetal tissues.
Rats were gavaged with radiolabeled bisphenol A at
10mg/kg bw on GD 11, 13, or 16. Blood was collected
over a 24-hr period. Five rats/group/time period were
killed at 0.25, 12, and 96 hr post-dosing. Maternal blood
and organs, yolk sacs/placentas, and embryos/fetuses
were removed for measurement of bisphenol A and
bisphenol A glucuronide. Yolk sacs/placentas and
fetuses were pooled at most time periods. Results are
summarized in Table 25.

At 0.25hr following dosing, bisphenol A glucuronide
concentrations in maternal plasma were similar in
groups dosed on GD 11 and 13 but concentrations were
1.7-2 times higher in the group dosed on GD 16. At 12 hr
post-dosing in all exposure groups, bisphenol A glucur-
onide concentrations in maternal plasma were reduced 7-
to 11-fold from values observed at 0.25hr. Levels of
radioactivity in plasma were not sufficient for analysis at
96 hr post-dosing. Bisphenol A was detected in maternal
plasma at 0.25 hr post-dosing in rats that were exposed to
a higher radioactive concentration (0.5 mCi compared to
0.2 mCi) on GD 16; bisphenol A concentrations were
26.5-fold lower than bisphenol A glucuronide
concentrations.

In animals dosed on GD 11, bisphenol A glucuronide
was only detected in yolk sac/placenta at 0.25hr post-
dosing and the concentration was ~17 times lower than
the concentration detected in maternal blood for the
same time period. With dosing on GD 11, bisphenol A
glucuronide was not detected in embryos and bisphenol
A was not detected in yolk sac/placenta or embryos. In
animals dosed on GD 13, bisphenol A glucuronide was
detected in yolk sac/placenta at 0.25 and 12hr post-
dosing and concentrations were 9-24-fold lower than
those detected in maternal plasma for the same time
period. Bisphenol A was also detected in yolk sac/
placenta at 0.25 and 12hr after dosing on GD 13 and
concentrations were similar to those detected in the
blood of 2 dams. A lower concentration of bisphenol A
was detected in embryos of dams at 0.25hr following
dosing on GD 13, and bisphenol A was the only moiety
detected in embryos. Following dosing on GD 16,
bisphenol A glucuronide and bisphenol A were detected
in yolk sac/placenta at 0.25 and 12hr post-dosing.
Concentrations of bisphenol A glucuronide in yolk sac/

Table 24
Toxicokinetic Data for Radioactivity in Pregnant and Non-Pregnant Rats Gavaged With 10 mg/kg bw '*C-bisphenol A®
Endpoint Non-pregnant GD 6-10 GD 14-18 GD 17-21
Cimax1, Mg eq/L 0.716 0.370 0.482 1.006
Tmax1, hr 0.25 0.25 0.25 0.25
Cunaxy Mg €q/L 0.171 0.336 0.211 0.278
Tmaxe, hr 18 12 24 12
Time to non-quantifiable level, hr 72 Not determined 72 96
AUC
C, mg-eq-hr/L 6.1 12.4 7.1 10.2
Bisphenol A glucuronide, 5.8 12.3 6.8 9.7
mg-eq-hr/L
Percent as bisphenol 95.1 99.2 95.8 95.1

A glucuronide

Dormoradzki et al. (2003).
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Table 25
Maternal and Fetal Concentrations of Bisphenol A Following Gavage Dosing of Dams With 10 mg/kg bw Bisphenol A*

Bisphenol A concentration, mg/L or mg/kg

Maternal plasma Yolk sac/placenta Embryo/fetus

Exposure Glucuronide Parent Glucuronide Parent Glucuronide Parent
GD 11, 0.2 mCi

0.25hr 1.06040.258 0.041 0.062 <LOD <LOD <LOD

12hr 0.099+0.036 <LOD <LOD <LOD <LOD <LOD

96 hr NA NA <LOD <LOD <LOD <LOD
GD 13, 0.2 mCi

0.25hr 0.868+0.189 0.078 0.036 0.019 <LOD 0.013

12hr 0.11740.033 0.008 0.013 0.009 <LOD <LOD

96 hr Not analyzed due to insufficient radioactivity
GD 16, 0.2 mCi

0.25hr 1.768+0.783 0.485, 0.129¢ 0.223+0.104 0.1664+0.069  0.031, 0.009°  0.122, 0.020°

12hr 0.174+0.045 <LOD 0.025+0.005 0.034+0.002 NA NA

96 hr Not analyzed due to insufficient radioactivity 0.016 0.008
GD 16, 0.5 mCi

0.25hr 1.699+0.501 0.064+0.025 0.342+0.104 0.095+£0.031  0.013+0.008 0.018+0.011

Data expressed as mean +SD or single values for individual or pooled data.

Dormoradzki et al. (2003).

PLimit of detection (LOD) for bisphenol A reported at 0.005-0.029.

“Detected only in two animals at the concentrations listed.

placenta were 7- to 8-fold lower than concentrations
detected in maternal plasma. From 025 to 12hr,
concentrations of bisphenol A decreased 4.9-fold and
concentrations of bisphenol A glucuronide decreased 9-
fold. Mean concentrations of bisphenol A in yolk/sac
placenta following exposure on GD 16 were similar to the
blood concentration detected in 1 of 2 dams.

In yolk sac/placenta and fetuses of dams dosed with a
higher level of radioactivity (0.5 mCi) on GD 16,
bisphenol A glucuronide and bisphenol A were detected
at 0.25 hr following dosing. Compared to concentrations
detected in placenta, fetal concentrations of bisphenol A
glucuronide were ~26-fold lower and bisphenol A
concentrations were 5-fold lower. Bisphenol A concen-
trations were lower than bisphenol A glucuronide
concentrations by 3.6-fold in yolk sac/placenta and by
0.7-fold in fetuses. Study authors concluded that there is
no selective affinity for bisphenol A or bisphenol A
glucuronide by the yolk sac/placenta or embryo/fetus.

Kurebayashi et al. (2005) examined distribution of
radioactivity in pregnant and lactating rats dosed with
4C-bisphenol A. Pregnant rats were orally dosed with
0.5mg/kg bw 14C-bisphenol A on GD 12, 15, or 18. The
rats were killed at 30min or 24hr following dosing
(n=1/time period) and examined by whole-body radi-
oluminography. Study authors noted that the distribu-
tion of label was nearly identical in dams at each
gestation time point. At 30min following dosing, the
concentration of radioactivity in dam blood was ~31-
43 ug bisphenol A eq/L. The highest concentration of
radioactivity was detected in maternal liver (~219-
317 pg bisphenol A eq/kg) and kidney (~138-270pg
bisphenol A eq/kg); concentrations in other tissues
(lung, ovary, placenta, skin, and uterus) were ~10-fold
lower. Fetuses, fetal membranes, and yolk sacs did not
contain quantifiable levels of radioactivity at 30min
following maternal exposure at any gestation time point.
At 24hr following exposure of dams, radioactivity

concentrations in blood (~4-11pg bisphenol A eq/L)
were nearly 3-10-fold lower than values obtained at
30min following exposure. Levels of radioactivity
remained highest in liver. At 24hr following exposure,
radioactivity was only detected in fetuses and fetal
tissues from dams dosed on GD 18. Radioactivity levels
in fetuses or fetal tissues compared to maternal blood
were ~30% in fetuses, nearly equal in fetal membranes,
and ~5-fold higher in yolk sacs. Study authors con-
cluded that there was limited distribution of radiolabel to
fetuses.

In another study by Kurebayashi et al. (2005), a
lactating rat was orally dosed with 0.5mg/kg bw '*C-
bisphenol A on PND 11 and caged with 5 neonatal rats
for 24 hours. One male and one female neonatal rat were
killed at the end of the 24-hr period and examined by
whole-body radioluminography. The 3 remaining neo-
nates were caged for 24hr with a dam that was not
exposed to bisphenol A. One male and one female
neonate were then killed and examined by whole-body
radioluminography. In pups killed immediately after
being nursed by the lactating dam exposed to '‘C-
bisphenol A, most of the radioactivity was detected in
intestinal contents (~30-46 pg bisphenol A eq/kg) and
lower levels were found in gastric contents and urinary
bladder (<10 pug bisphenol A eq/kg). After being nursed
for 24 hr by a dam that was not exposed to bisphenol A,
radioactivity was only detected in intestinal contents and
the level was ~20-40% of that measured in pups
examined immediately after being nursed by dams
receiving '*C-bisphenol A.

An additional 3 lactating dams were dosed with
0.5mg/kg bw “C-bisphenol A on PND 11 for examina-
tion of radioactivity in plasma and milk over a 48-hr
period. Table 26 summarizes toxicokinetic endpoints for
radioactivity in milk and plasma. Study authors con-
cluded that there was significant secretion of '*C-
associated radioactivity into milk.
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Table 26
Toxicokinetic Endpoints for Radioactivity in Lactating
Rats Orally Administered 0.5 mg/kg bw '*C-Bisphenol A
on PND 11¢

Endpoint Milk Maternal plasma
Chax Hg-eq/L 4.46 27.2

Tmé\X/ hr 8 4
Elimination half-life, hr 26 31

AUC (0-48hr), pg-eq-hr/L) 156 689

*Kurebayashi et al. (2005).

Miyakoda et al. (1999) examined placental transfer of
bisphenol A in rats. Wistar rats were administered an
oral dose of bisphenol A (99% purity) at 10 mg/kg bw on
GD 19. Blood was collected and fetuses were removed at
1, 3, and 24 hr following dosing. Bisphenol A concentra-
tions were measured in plasma and fetuses by GC/MS.
[A statement in Figure 3 of the study indicated that
values were the means of 5 or 7 experiments; it is
possible the authors meant that 5 or 7 dams were
dosed.] Concentrations of bisphenol A peaked in
maternal plasma and fetuses within 1hr of dosing, with
bisphenol A concentrations measured at ~34 ppb [pg/L]
in maternal plasma and 11 ppb [pg/kg] in fetuses. At 3 hr
after dosing, bisphenol A concentrations were ~10% of
peak concentrations in maternal plasma and 40% of peak
concentrations in fetuses. At 24 hr post-dosing, bisphenol
A concentrations in fetuses were detected at 70% of peak
value and concentrations in fetuses were more than twice
the concentrations in maternal plasma. Study authors
concluded that bisphenol A is rapidly transferred to the
fetus and tends to remain longer in fetuses than in
maternal blood.

Snyder et al. (2000) examined the toxicokinetics of
bisphenol A in lactating rats. On PND 14, lactating CD
rats were gavaged with 100 mg/kg bw *C-bisphenol A.
Milk, blood, and organs were collected from 2—4 dams/
group at 1, 8, 24, or 26 hr after dosing. [While the text
indicates collection of samples at 26 hr, Table 3 of the
study indicates collection at 24 hr. The collection time
reported in the study table was used when there were
discrepancies between text and table.] Animals were
injected with oxytocin before milk collection. Radio-
activity in pup carcasses was measured at 2, 4, 6, and
24hr following exposure of dams; 8-16 pups/time
period were examined [pup data does not appear to be
analyzed by litter]. Samples were analyzed by scintilla-
tion counting, HPLC, and/or nuclear magnetic reso-
nance. At 1 and 8hr following exposure, the highest
percentage of the radioactive dose was detected in
intestine with contents (75-83%). Among the other
organs examined, the highest percentage of the radio-
active dose was detected in liver (0.38-0.74%) and much
lower percentages were detected in kidney and lung
(<0.02%). Low percentages of the radioactive dose were
also detected in milk (<0.0020%), blood (~0.006%),
plasma (~0.01%), and fat (<0.004%). Compared to
earlier time periods, radioactivity levels were lower at
24 hr post-dosing (26% of the dose detected in intestine
and contents), but distribution was similar. At all 3
sampling time points, radioactivity levels were highest in
plasma > blood > milk. The major radioactivity peak in
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plasma was represented by bisphenol A glucuronide at 1,
8, and 26hr following exposure. Bisphenol A glucur-
onide also represented the major radioactive peak
detected in milk. Radioactivity levels in pups amounted
to <0.01% of the maternal dose. Radioactivity levels in
pups tended to increase over time. From 2-24hr
following exposure, mean +SD radioactivity levels rose
from 44 +24 to 78 +£11 pg bisphenol A eq/pup.

Yoshida et al. (2004) compared bisphenol A concentra-
tions in rats and their offspring during the lactation
period. The main focus of the study was developmental
toxicity, which is discussed in Section 3.2.3.2. In the
distribution study, Donryu rats (12-19/group) were
gavaged with bisphenol A at 0 (carboxymethylcellulose
solution), 0.006, or 6 mg/kg bw/day from GD 2 to the
day before weaning (21 days post-delivery). Bisphenol A
concentrations were measured in maternal and pup
serum, milk, and pup liver by GC/MS on PND 10, 14,
and/or 21. Milk samples were obtained from pup
stomachs. Pup serum and liver samples were pooled.
Two to six dams/litter were examined in each dose
group and time period. Samples of tap water, drinking
water from plastic containers, and feed were measured
for bisphenol A content by HPLC. Bisphenol A was not
detected in fresh tap water but was detected at ~3 pg/L
following storage of that water in plastic containers.
Bisphenol A concentration in feed was ~40ug/kg.
Results for maternal and fetal tissues are summarized
in Table 27. Bisphenol A concentrations in the serum of
high-dose-dams were significantly elevated compared to
the control group on PND 21. No other significant
differences were observed in bisphenol A concentrations
in samples between treated and control groups.

Kim and Huang (2003) used an HPLC method to
measure bisphenol A concentrations in rat dams and
their offspring. Dams were gavaged with bisphenol A
(>99.7% purity) at doses of 0 (corn oil vehicle), 0.002,
0.020, 0.200, 2, or 20mg/kg bw/day on GD 7-17. Dams
and offspring were killed at 21 days following parturi-
tion, and serum was collected for measurement of
bisphenol A. Development effects observed in this study
are summarized in Section 3.2.1.1. Bisphenol A was not
detected in the serum of dams at the two lowest doses.
Respective concentrations of bisphenol A in the serum of
dams at the 3 highest doses were 0.900, 0.987, and
1.00mg/L. In offspring, bisphenol A was not detected in
serum at the 3 lowest doses. At the 2 highest doses, the
respective concentrations of bisphenol A in offspring
were 0.69 and 0.74 mg/L in males and 0.71 and 0.82mg/
L in females.

Shin et al. (2002) examined elimination of bisphenol A
from maternal-fetal compartments of rats. On 1 day
between GD 17 and 19, four Sprague-Dawley rats were
i.v. injected with 2mg/kg bw bisphenol A. Amniotic
fluid, placenta, and fetuses were collected at multiple
intervals between 5min and 8hr following injection.
Bisphenol A concentrations in samples were measured
by HPLC. Transfer rate constants and clearance rates
were determined using a five-compartment model
consisting of maternal central, maternal tissue, placental,
fetal, and amniotic fluid compartments. Toxicokinetic
findings are summarized in Moors et al. (2006) evaluated
the kinetics of bisphenol A in pregnant rats on GD 18
after a single i.v. dose of 10mg/kg bw. Unconjugated
bisphenol A represented almost 80% of total bisphenol A
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Table 27
Bisphenol A Concentrations in Maternal and Pup Samples During Lactation in Rats Gavaged With Bisphenol A®

Dose group, mg/kg bw/day

0 0.006 6
Sample Time of analysis Sex Bisphenol A concentration, ppb [ug/L or pg/kgl
Dam®
Serum PND 21 340 440 11+4
Milk PND 10 28+9 8421 843
PND 14 255478 205+7 185+50
Pup®
Serum PND 10 Female 4 10 23
Male 15 5 7
PND 14 Female 5 4 3
Male 4 5 4
PND 21 Female 9 3 9
Male 14 9 20
Liver PND 10 Female 13 12 17
Male 9 9 14
Pup®
Liver PND 14 Female 22 100 18
Male 45 14 16
PND 21 Female 60 70 37
Male 69 9 60
*Yoshida et al. (2004).
PValues are presented as mean+SD.
‘Pup samples were pooled.
Table 28
Toxicokinetic Endpoints for Bisphenol A in Pregnant Rats iv Dosed With 2 mg/kgbw Bisphenol A*
Compartment
Endpoint
Maternal serum Placenta Fetus Amniotic fluid
AUC, pug-hr/L 905.5+275.8 4009+962.7 1964.7 +678.5 180.4+102.0
Elimination half-life, hr 25409 2.24+0.8 2.240.8 3.9+3.1
Mean residence time, hr 3.0+1.1 2.0+0.5 3.0+0.9 5.6+4.7
Craxs 1g/L 927.3+194.3 1399.2+323.7 794 +360.6 75.14+59.7
Tmax, hr No data 0.1+0.1 0.6+0.3 0.3+0.2

Values presented as mean+SD.
*Shin et al. (2002).

Table 29

Intercompartmental Transfer and Clearances in Pregnant Rats Following Intravenous Bisphenol A®
Compartment Transfer rate constant, hr ' Clearance rate mL/min
Maternal central to maternal tissue 3.44+2.6 38.2+26.5
Maternal tissue to maternal central 1.7+13 50.2+36.7
Maternal central to placental 0.74+0.5 83+5.4
Placental to maternal central 23.6+14.7 22+1.3
Placental to fetal 46.4429.2 41+21
Fetal to placental 22.84+28.0 7.6+6.0
Fetal to amniotic fluid 0.00001 £0.00002 0.00001 +0.00001
Fetal 0.0062 +0.0044 0.0024+0.0015
Amniotic fluid to fetal 14.0+21.0 0.8+1.1
Amniotic fluid to placental 794+6.7 0.7+0.7
Placental to amniotic fluid 1.0+1.3 0.14+0.1
Maternal central 0.940.6 9.745.3

Values presented as mean+SD.
Shin et al. (2002).
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Table 30
Toxicokinetic Endpoints in Lactating Rats Infused With Bisphenol A®

Bisphenol A infusion rate, mg/hr

Endpoint 0.13 0.27 0.54
Systemic clearance, mL/min/kg 119.2+23.8 142.44+45.3 154.14+44.6
Steady state serum bisphenol A concentration, ng/mL 66.1+15.5 120.0+34.7 217.1+65.0
Steady state milk bisphenol A concentration, ng/mL 173.14+43.3 317.4+154.4 493.94142.2
Milk/serum ratio 2.7+0.9 26+1.2 24+0.6

Data presented as mean+SD.
Yoo et al. (2001).

5min after injection, 50% of total bisphenol A 20min
after injection, and ~10% of total bisphenol A 6 hr after
the injection. The half-life of free bisphenol A in the
dam’s blood was 0.34hr, and the half-life of total
bisphenol A was 0.58 hr. Bisphenol A in fetal tissues
peaked 20-30 min after maternal injection at 4.0 mg/kg in
placenta, 3.4mg/kg in fetal liver, and 2.4mg/kg in
remaining fetal tissues. Peak maternal blood bisphenol A
had been 3.8 mg/L shortly after injection.

Rapid distribution of bisphenol A was observed in
placenta, fetus, and amniotic fluid. Bisphenol A concen-
trations in placenta and fetus remained higher than those
in maternal serum over most of the sampling period.
Amniotic fluid contained the lowest concentration of
bisphenol A. Decay curves in amniotic fluid, fetus, and
placenta paralleled decay curves in maternal serum.
Transfer rate constants and clearance rates are summar-
ized in Table 29. Transfer rate constants were greater in
the direction of amniotic fluid to fetus or placenta than in
the opposite direction. The elimination rate constant and
clearance rate from the fetal compartment were much
lower than for the maternal central compartment. The
clearance rate from placenta to fetus was higher than
clearance rate from fetus to placenta. The authors
calculated that 65.4% of the bisphenol A dose was
delivered to the fetus, 33.2% to the maternal central
compartment, and 1.4% to amniotic fluid. According to
the study authors, the low transfer rate from the fetal to
amniotic compartment suggested minimal fetal excretion
of unchanged bisphenol A through urine and feces into
the amniotic fluid. They also noted that the small fetal
compartment transfer constant compared to the relative
fetal-placental transfer constant indicated minimal me-
tabolism by the fetus. Authors estimated that 100% of
bisphenol A was eliminated from the fetus via the
placental route and concluded that fetal elimination
represents 0.05% of total elimination from the maternal-
fetal unit.

Moors et al. (2006) evaluated the kinetics of bisphenol
A in pregnant rats on GD 18 after a single i.v. dose of
10mg/kg bw. Unconjugated bisphenol A represented
almost 80% of total bisphenol A 5min after injection, 50%
of total bisphenol A 20 min after injection, and ~10% of
total bisphenol A 6 hr after the injection. The half-life of
free bisphenol A in the dam’s blood was 0.34 hr, and the
half-life of total bisphenol A was 0.58 hr. Bisphenol A in
fetal tissues peaked 20-30 min after maternal injection at
40mg/kg in placenta, 34mg/kg in fetal liver, and
24mg/kg in remaining fetal tissues. Peak maternal
blood bisphenol A had been 3.8mg/L shortly after
injection.
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Yoo et al. (2001) examined mammary excretion of
bisphenol A in rats. At 4-6 days postpartum, 4-6
lactating female Sprague-Dawley rats/group were i.v.
injected with bisphenol A at 0.47, 0.94, or 1.88 mg/kg bw
and then infused with bisphenol A over a 4-hr period at
rates of 0.13, 0.27, or 0.54 mg/hour. Blood samples were
collected at 2, 3, and 4 hr, and milk was collected at 4 hr
following initiation of infusion. Before collection of milk,
rats were injected with oxytocin to increase milk
production. HPLC was used to measure bisphenol A
concentrations in serum. Differences in data for mean
systemic clearance were analyzed by analysis of variance
(ANOVA). Results are summarized in Table 30. The
study authors noted extensive excretion of bisphenol A
into milk, with milk concentrations exceeding serum
concentrations. No significant differences were reported
for systemic clearance rates between the 3 doses. Steady
state concentrations of bisphenol A in maternal serum
and milk increased linearly according to dose.

Kabuto et al. (2004) reported bisphenol A concentra-
tions in mice indirectly exposed to bisphenol A during
gestation and lactation. The focus of the study was
oxidative stress; more details are presented in Section
3.2.7. Six ICR mouse dams were given drinking water
containing 1% ethanol vehicle or bisphenol A at 5 or
10 pg/L. [Based on the reported water intake of 5 mL/
day and an assumed body weight of 0.02kg (USEPA,
1988), it is estimated that bisphenol A intakes in mice at
the start of pregnancy were 0.0013 and 0.0025 mg/kg bw/
day.] Mice gave birth about 3 weeks following mating
and pups were housed with dams for 4 weeks. [Based on
an assumed body weight of 0.0085kg and assumed
water intake rate of 0.003 L/day (USEPA, 1988), it is
estimated that intake of bisphenol A in weanling males
was 0.0018 and 0.0035 mg/kg bw/day.] At 4 weeks of age,
male pups were killed and a GC/MS technique was used
to measure bisphenol A concentrations in brain, kidney,
liver, and testis in an unspecified number of control pups
and in four pups from the 10 ug/L group. Study authors
reported that they could not detect bisphenol A in control
pups. In pups from the 10pug/L group, the highest
concentration of bisphenol A was detected in kidney
(~24pg/kg wet weight), followed by testis (~20 pg/kg
wet weight), brain (~18 ug/kg wet weight), and liver
(~11 pg/kg wet weight).

Zalko et al. (2003) examined metabolism and distribu-
tion of bisphenol A in pregnant CD-1 mice. A series of
studies was conducted in which mice were treated with
*H-bisphenol A (>99.9% purity)/unlabeled bisphenol A
(>99% purity). Mice were exposed to different regimens;
biological samples examined included blood, liver, fat,
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Table 31
Qualitative Analysis of Maternal and Fetal Tissues Following Injection of Mice With 0.025 mg/kg bw Radiolabeled
Bisphenol A on GD 17°

Bisphenol A-associated compound detected

Hydroxylated glucuronide Double glucuronide ~ Metabolite F° Glucuronide Parent Others

Hr after dose 11.5ng/g % 17.5ng/g % 240ng/g % 250ng/g % 33.5ng/g % %
Maternal plasma

0.5 0.07+0.01 3 0.11+0.02 4 011+0.02 4 1.01+019 39 1.06+0.19 41 9

2 0.02+0.01 2 0.03+0.01 4 0.03+0.01 4 055+0.14 63 0.15+0.04 17 10

24 0.04+0.04 20 0 0 013+£0.05 65 0 15
Placenta

0.5 0 0 046+048 2  550+424 25 1598+1202 72 1

2 0.03+0.02 1 0.04+0.03 1 037+0.07 7 3134234 62 1.32+095 26 3

24 0.05+0.04 5 0.04+0.02 4 0.64+0.19 59 0214022 19 0.06+0.04 6 6
Fetus

05 0.05+0.03 1 0.04+0.04 0 046+027 5 3.83+265 44 420+216 49 1

2 0.02+0.02 1 0.01+0.02 0 037+022 13 193+045 66 048+055 16 3

24 0.014+0.01 1 0 0.11+0.07 13 0514012 60 0.13+0.16 15 2
Amniotic fluid

0.5 0.10+0.14 1 0.19+0.14 2 0.09+0.13 1 817+6.55 83 090+089 9 4

2 0.06+0.03 1 0.07+0.03 1 026+0.15 5  482+481 88 0.10+0.07 2 2

24 0.13+0.05 0.01+0.02 1 0.37+0.09 24 0.70+0.13 44 0.03+0.03 2 20
Maternal liver

0.5 0.12+0.12 0 0.18+0.24 0 6.22+1.75 18 1290+2.81 37 10.85+277 31 12

2 0.08+0.08 1 0.77+0.25 8 2164091 20 495+182 45 1514097 13 13

24 0.16+0.14 2 0.35+0.13 7 099+042 16 256+162 36 1.72+1.18 23 17

Data presented as mean+SD
?Zalko et al. (2003).

"Most likely bisphenol A glucuronide conjugated to acetylated galactosamine or glucosamine.

gall bladder, uterus, ovaries, digestive tract and contents,
urine, and feces. In the first exposure scenario, mice were
s.c. injected with 0.025mg/kg bw labeled/unlabeled
bisphenol A on GD 17; three animals/time period were
examined at 0.5, 2, and 24 hr following dosing. In the
second exposure scenario, 2 mice/group were s.c.
injected with 50 mg/kg bw bisphenol A on GD 17 and
killed 24 hr following dosing. In the third scenario, 3 non-
pregnant female mice/group were “force-fed” a single
oral dose of 0.025 mg/kg bw bisphenol A; urine and feces
were collected over 24 hr, and animals were killed at
24 hr. Biological samples were analyzed by scintillation
analysis, HPLC, MS, and/or nuclear magnetic resonance.

In pregnant mice injected with 0.025mg/kg bw/day
bisphenol A and examined 24hr later, 85.68% of the
radioactivity was recovered. The highest percentages of
radioactivity were detected in the digestive tract and
contents (~45%) and feces (~21%). Less radioactivity
was detected in the litter (~4%), liver (~2%), bile
(~2%), urine (~6%), and carcass (~3%). Blood, ovaries,
uterus, placenta, amniotic fluid, fat, and cage washes
each contained <1% of the radioactive dose. At 0.5hr
following dosing, levels of radioactivity were highest in
uterus > liver > placenta > fetus > amniotic fluid >
ovaries > carcass > blood. Radioactivity levels in tissues
were lower by 24 hr following exposure. [Compared to
radioactive levels detected in tissues at 24 hr, levels
detected at 0.5 hr were ~12-fold higher in uterus, 3-fold
higher in liver, 8-fold higher in placenta, 3.5-fold
higher in fetuses, 2-fold higher in amniotic fluid, and
3.5-fold higher in ovaries.] The only information
provided for mice s.c. dosed with 50mg/kg bw

bisphenol A and examined 24 hr later was for radio-
activity levels in organs; the highest levels (pg/g) were
detected in uterus > blood > ovary > carcass > liver.
Study authors stated that distribution of radioactivity
was comparable in mice treated with 50 and 0.025 mg/kg
bw bisphenol A. In the mice orally dosed with 0.025 mg/
kg bw bisphenol A and examined 24 hr later, levels of
radioactivity in blood, ovaries, and uterus were reported
to be significantly lower [by ~1-2 orders of magnitude]
than levels in animals exposed by s.c. injection, but the
level in the liver was not significantly different. There
was significantly more residue in mouse carcass after
oral than s.c. dosing (~2.5 fold) (A. Soto, personal
communication, March 2, 2007). No qualitative differ-
ences in metabolites were observed following oral or s.c.
exposure. [Data were not shown by study authors.]
Distribution of parent compound and metabolites de-
tected in maternal and fetal tissues is summarized in
Table 31. Further discussion on metabolites is included in
Section 2.1.2.3.

Uchida et al. (2002) examined distribution of bisphenol
A in pregnant mice and monkeys. On GD 17 (GD 0 = day
of vaginal plug), ICR mice were s.c. injected with
bisphenol A 100mg/kg bw in sesame oil vehicle. More
than 3 mice/time point were killed at various points
between 0.5-24hr following injection. An untreated
control group consisted of 6 mice. [Data were not
presented for controls.] Maternal and fetal serum and
organs were collected. Among organs collected were fetal
uteri and testes, which were pooled. On GD 150, 2
Japanese monkeys (Macaca fuscata) were s.c. injected with
50 mg bisphenol A/kg bw and at 1 hr following injection,

Birth Defects Research (Part B) 83:157-395, 2008



BISPHENOL A 193

Table 32
Toxicokinetic Values for Bisphenol A in Rats Following Gavage Dosing With 1 or 10 mg/kg bw?

Age at exposure and sex

PND 4 PND 7 PND 21 Adult

Endpoint Male Female Male Female Male Female Male Female
Bisphenol A dose: 1mg/kg bw

Tax, hr 0.25 0.25 0.25 0.25 3 3

Cimax mg/L 0.03 0.06 0.04 0.08 0.005 0.006

Half-life, hr 7.2 7.3 21.8 8.8

AUC, mg-hr/L 0.2 0.1 0.1 0.1
Bisphenol A dose: 10mg/kg bw

Tiax, hr 0.25 0.25 0.25 0.25 15 15 0.25 0.75

Cimax, mg/L 48.3 10.2 1.1 14 0.2 0.2 0.024 0.063

Half-life, hr 17 6.7 114 8.5 43 6.6 “0” “0”

AUC, mg-hr/L 23.1 7.2 19 17 1.1 1 “0” “0”
Ratio of value at 10 to 1 mg/kg bw/day

Ciax 1610 170 27.5 17.5

AUC 1152 72 19 17

Data missing from table cells were not determined.
“Domoradzki et al. (2004).

fetuses were removed by cesarean section. Two untreated
fetuses were used as controls. Maternal and fetal serum
and organs, not including reproductive organs, were
collected from monkeys. Bisphenol A concentrations were
measured by GC/MS in mouse and monkey samples.

In mice, bisphenol A was detected within 0.5hr of
exposure in all tissues examined, including placenta,
maternal and fetal serum, liver, and brain, and fetal
uterus, and testis. Bisphenol A concentrations were
higher in fetal than maternal serum and liver. [Peak
concentrations were observed within 0.5-1hr in most
tissues, with the exception of fetal brain (2hr), and
concentrations remained elevated for 1-6 hr, depending
on tissue. More than one peak was observed in fetal
serum, uterus, and testis.] In exposed monkeys, bi-
sphenol A was found at the highest concentrations (15.6-
72.50mg/kg) in fetal heart, intestine, liver, spleen,
kidney, thymus, muscle, cerebrum, pons, and cerebel-
lum; bisphenol A concentrations in the same organs from
control monkeys were measured at 3.70-22.80 mg/kg.
Lower concentrations of bisphenol A were detected in
umbilical cord and maternal and fetal serum of the
exposed group (1.70-6.10mg/kg) and control group
(0.02-0.25mg/kg). The study authors stated that the
most likely source of bisphenol A in control monkeys
was the feed, which was found to contain bisphenol A.
The study authors concluded that the placental barrier
does not protect the fetus from bisphenol A exposure.

Halldin et al. (2001) examined distribution of bi-
sphenol A in quail eggs or hens. After injection of
fertilized quail egg yolk sacs with 67 pg/g '*C-bisphenol
A egg on incubation day 3, <1% of radioactivity was
detected in embryos at incubation day 6 or 9. A similar
finding was reported for diethylstilbestrol. At incubation
day 6, no specific localization was observed in the
embryo but in 10- and 15-day-old embryos a high
amount of radioactivity was observed in liver and bile.
[Low transfer of labeled bisphenol A to the egg was
reported after oral or i.v. dosing of quail hens (with
apparently 105 pg bisphenol A), but concentrations in
eggs were not quantified by study authors.]
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2.1.2.2.2 Non-pregnant and non-lactating animals: Do-
moradzki et al. (2004), examined the effects of dose and
age on toxicokinetics and metabolism of bisphenol A in
rats. Neonatal and adult male and female Sprague—
Dawley rats were gavaged with *C-bisphenol A (~99%
radiochemical purity)/non-radiolabeled bisphenol A
(99.7% purity). Three neonatal rats/age/sex/time period
were dosed on PND 4, 7, and 21 with 1 or 10mg/kg bw
bisphenol A. Adult rats (11 weeks old) [number treated
not specified] were dosed with 10 mg/kg bw bisphenol
A. Blood samples were collected at various time points
from 0.25-24hr post-dosing in neonatal rats and from
0.25-96 hr in adult rats. Plasma samples were pooled on
PND 4. Immature rats were killed at 24 hr post-dosing,
and adult rats were killed at 96 hr post-dosing. Brain,
liver, kidneys, skin, and reproductive organs were
collected from neonatal rats. Levels of radioactivity,
bisphenol A, and/or metabolites were analyzed in blood
and tissue samples using HPLC and liquid scintillation
spectrometry.

In neonatal and adult rats, radioactivity levels in
plasma generally peaked within 0.25-0.75hr. With the
exception of 0.25 hr post-dosing on PND 4, when plasma
radioactivity levels were ~4-fold higher in males than
females, plasma radioactivity levels were generally
similar in male and female rats. At 24 hr post-dosing,
plasma radioactivity levels were 4-100 times lower in all
groups of neonatal rats. Trends were noted for decreasing
radioactivity levels with increasing age. Information
related to dose- and age-related effects on metabolism
is presented in Section 2.1.2.3.

Toxicokinetic values for bisphenol A are listed in
Table 32. Cn.x and AUC values for bisphenol A
decreased with increasing age, especially following
dosing with 10mg/kg bw. Bisphenol A concentrations
were lower in adults than neonates. No patterns were
observed for half-lives, and the authors stated that values
in neonates may not have been reliable because bi-
sphenol A concentrations were near the LOD at the end
of the 24-hr observation period. Ratios of Cy,,x and AUC
values for the 10 and 1 mg/kg bw doses were different at
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Table 33
Toxicokinetic Values for Bisphenol A Glucuronide in Rats Following Gavage Dosing With 1 or 10 mg/kg bw
Bisphenol A®

Age at exposure and sex

PND 4 PND 7 PND 21 Adult
Endpoint Male Female Male Female Male Female Male Female
Bisphenol A dose: 1mg/kg bw
Tmax, hr 0.75 0.75 0.75 0.25 0.25 0.25
Cinax, mg/L 1.3 15 2 1.1 0.8 0.8
Half-life, hr 26.1 24.2 6.6 6.4 4.2 4.1
AUC, mg-hr/L 9 9.6 7.7 7.7 4.1 33
AUCBPA-glucuronide/ AUCBPA 45 96 77 77
Bisphenol A dose: 10mg/kg bw
Tmax, hr 15 15 15 0.75 0.75 0.75 0.25 0.25
Cimax, mg/L 13.1 6.3 6.6 10.3 10.4 7.8 0.6 0.7
Half-life, hr 7.3 9.8 9.1 8.4 4.4 4.4 22.5 10.8
AUC, mg-hr/L 80 50.3 58.9 60.9 60.3 56.1 31.5 9.8
AUCspa-glucuronide/ AUCppa 3.5 7 31 36 55 56
Ratio of value at 10 to 1 mg/kg bw/day
Ciax 10.1 4.2 33 9.4 13 9.8
AUC 8.9 5.2 7.6 7.9 14.7 17

Data missing from table cells were not determined.
“Domoradzki et al. (2004).

each age and generally decreased with age. Plasma
bisphenol A concentrations were very low in adults
dosed with 10mg/kg bw; therefore, few data were
available.

Toxicokinetic values for bisphenol A glucuronide are
listed in Table 33. Peak plasma concentrations of bi-
sphenol A glucuronide were 9-22 times higher in
neonates than adult rats dosed with 10mg/kg bw
bisphenol A. AUC values for bisphenol A glucuronide
were also higher in neonates than adults [~2-6 times
higher]. In neonates dosed with 1mg/kg bw, AUC
values and elimination half-lives for bisphenol A
glucuronide decreased with age. Ratios of Cp.x and
AUC values for the 10 and 1mg/kg bw doses were
nearly proportional. In adults dosed with 10 mg/kg bw,
bisphenol A glucuronide concentrations peaked at
0.25hr and secondary peaks were observed at 18 and
24 hr. In neonates dosed with 10mg/kg bw, concentra-
tions of bisphenol A glucuronide peaked at 0.75-1.5hr
and then bisphenol A glucuronide was eliminated in an
apparently monophasic manner. Half-lives of elimination
were shorter in neonates compared to adults. In neonatal
rats, the bisphenol A glucuronide represented 94-100%
of the 1mg/kg bw dose and 71-97% of the 10mg/kg
bw/day dose. In adult rats, ~100% of the dose was
represented by bisphenol A glucuronide.

Half-life and AUC data for bisphenol A-derived
radioactivity in organs of neonatal rats are summarized
in Table 34. Radioactivity was distributed to all organs
and dose-related increases were observed. The study
authors noted lower concentrations in brain than in other
tissues. [Levels of radioactivity in reproductive organs
compared to those in plasma varied at each evaluation
period but were usually within the same or one order of
magnitude lower.] With the exception of males dosed
with 10 mg/kg bw bisphenol A, half-lives decreased with
age. There were some disproportionate increases in ratios
of AUC at 10 and 1mg/kg bw.

The study authors concluded:

® Metabolism of bisphenol A to its glucuronide con-
jugate occurred as early as PND 4 in rats;

® Dose-dependent differences occurred in neonatal rats,
as noted by a larger fraction of the lower dose being
metabolized to the glucuronide; and

® There were no major sex differences in metabolism or
toxicokinetics of bisphenol A.

Pottenger et al. (2000) examined the effects of dose and
route on metabolism and toxicokinetics of bisphenol A in
rats. Information focusing on toxicokinetics is summar-
ized primarily in this section, while metabolic data are
summarized primarily in Section 2.1.2.3. Adult male and
female F344 rats were dosed with '*C-bisphenol A (99.3%
radiochemical purity)/non-radiolabeled bisphenol A
(99.7% purity) at doses of 10 or 100 mg/kg bw by oral
gavage or i.p. or s.c. injection. Blood was collected at
multiple time points between 0.083 and 168hr post-
dosing, and excreta were collected for 7 days. Animals
were killed 7 days post-dosing. Blood, brain, gonads,
kidneys, liver, fat, skin, uterus, and carcass were
analyzed by liquid scintillation counting and HPLC.
Some samples were analyzed by HPLC/electrospray
ionization/MS.

Toxicokinetic endpoints for bisphenol A in blood are
summarized in Table 35. Study authors noted that
concentration-time profiles of bisphenol were dependent
on dose, exposure route, and sex. The longest Tp.x Was
observed with s.c. dosing. Cpax and AUC values were
lowest following oral administration. Time to non-
quantifiable concentrations of bisphenol A was longest
following s.c. exposure. The only sex-related difference
was a higher C,,,« value in females than males following
oral dosing. In most cases, bisphenol A toxicokinetics
were linear across doses within the same administration

Birth Defects Research (Part B) 83:157-395, 2008



BISPHENOL A 195
Table 34
Distribution of Radioactivity to Tissues at 24 Hr Following Dosing With Radiolabeled Bisphenol A*
PND 4 PND 7 PND 21
AUC
AUC mg-— AUC ratio Half- AUCmg -«  ratio of AUC mg -+ AUC ratio
Tissue Half-life hr hr/kg of doses life hr hr/kg doses Half-life hr hr/kg of doses
Females, 1 mg/kg bw
Brain 11.7 0.4 6.7 0.2 3.6 0.1
Liver 18 75 7.9 7.1 3.6 29
Kidney 18.1 9.4 7.3 9.5 5.0 3.0
Ovary 11.7 7.3 6.0 35 3.7 0.9
Uterus 74 8.3 6.2 3.0 3.4 1.0
Carcass 11.2 222 10.0 16.6 4.0 8.3
Plasma 19.5 9.4 6.4 7.8 3.6 3.5
Females, 10mg/kg bw
Brain 7.2 33 8.3 8.0 2.5 12.5 49 1.7 17.0
Liver 11.1 44.8 6.0 10.0 59.6 8.4 45 39.1 13.5
Kidney 15.2 439 4.7 8.6 66.6 7.0 5.3 36.5 12.2
Ovary 6.5 136.2 18.7 5.0 69.7 19.9 3.6 21.1 234
Uterus 15.2 127.0 15.3 4.8 108.5 36.2 34 30.6 30.6
Carcass 6.6 112.8 5.1 7.0 130.7 7.9 4.8 100.9 12.2
Plasma 9.2 61.0 6.5 8.1 67.0 8.6 3.7 59.0 16.9
Males, 1 mg/kg bw
Brain 14.1 0.3 6.0 0.3 3.4 0.1
Liver 19.7 6.1 6.6 7.3 37 32
Kidney 19.3 8.5 7.0 8.6 4.6 3.4
Testis 10.3 34 5.7 2.0 34 0.8
Carcass 11.1 222 9.0 17.3 4.1 9.0
Plasma 24.0 9.2 6.6 7.7 3.4 4.2
Males, 10mg/kg bw
Brain 3.1 47 15.7 8.0 29 9.7 47 1.7 17.0
Liver 11.6 48.4 7.9 11.8 62.0 8.5 5.1 40.9 12.8
Kidney 5.4 68.9 8.1 9.8 59.6 6.9 6.9 30.4 8.9
Testes 5.8 36.8 10.8 7.6 22.1 11.1 52 8.1 10.1
Carcass 8.3 111.7 5.0 8.6 135.5 7.8 4.8 95.2 10.6
Plasma 6.9 113.0 12.3 9.9 69.0 9.0 4.0 62.0 14.8
“Domoradzki et al. (2004).
Table 35
Toxicokinetic Endpoints for Bisphenol A in Blood Following Dosing of Rats by Gavage or Injection®
Exposure route and doses (mg/kg bw)
Endpoint 100 oral 10 i.p. 100 i.p. 10s.c. 100s.c.
Males
Tmax, hr 0.083 0.5 0.25 0.75 0.5
Ciax mg/L, hr® 0.22+0.09 0.69+0.08 9.7+1.27 0.39+0.16 5.19+0.98
Time to non-quantifiable 0.75 8 12 18 24
concentration, hr
AUC, mg -<hr/L 0.1 1.1 16.4 2.6 24.5
Females
Tonax, hr 0.25 0.25 0.25 4 0.75
Chax mg/L, hrb 0.04+0.03 2.29+1.82 0.87+0.15 13.13+4.13 0.34+0.06 3.97+0.6
Time to non-quantifiable 24 72 48 72
concentration, hr
AUC, mg-hr/L 4.4 14 26.2 3.1 31.5

Missing values were not determined.

“Pottenger et al. (2000).
PMean + SD.

“Non-quantifiable (0.01 ug/g at 10mg/kg bw and 0.1 pg/g at 100 mg/kg bw).

route, as noted by approximate proportionate increases
in Cpax and AUC values from the low to the high-dose.
Toxicokinetics data for radioactivity in plasma are
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summarized in Table 36. Concentrations of radioactivity
were dependent on exposure route and to a lesser extent,
dose and sex. AUC values for radioactivity were lowest
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Table 36
Toxicokinetics for Radioactivity Following Dosing of Rats with Bisphenol A Through Different Exposure Routes®

Exposure route and doses (mg/kg bw)

Endpoint 10 oral 100 oral 10 i.p. 100 i.p. 10s.c. 100s.c.
Males
Thmax, hr 0.25 0.25 0.5 0.25 1 0.75
Cax Mg eq/L, hr 0.73+0.22 3.92+1.93 1.26+0.09 29.3+11.7 0.61+0.24 6.33+0.43
Time to non-quantifiable 72 72 96 96 96 144
concentration, hr
AUC, mg-eq -<hr/L 8.1 66.5 16.9 170 15.5 218
Females
Tmax, hr 0.083 0.25 0.25 0.5 0.75 0.75
Chax mg eq/L, hr 1.82+0.66 28.33+8.64 2.27+0.19 67.81+7.33 0.52+0.06 5.66+0.95
Time to non-quantifiable 72 72 72 120 120 168
concentration, hr
AUC, mg-eq-hr/L 9.54 94.9 15.3 247 21.6 297
“Pottenger et al. (2000).
Table 37 concentrations in plasma were measured by GC/MS.

Toxicokinetic Values for Bisphenol A in Adult Rats
Exposed to Bisphenol A Through the Intravenous or Oral

Route?®
Bisphenol A dosing
0.1mg/kg 10mg/kg
Endpoint bw, iv. bw, gavage
Distribution half-life, min 6.1+1.3
Terminal elimination 0.94+0.3 21.3+7.4
half-life, hr
AUC, ug-hr/L 16.1+3.2 85.6+33.7
Systemic clearance, 107.94+28.7
mL/min/kg
Steady-state volume of 5.6+24
distribution, L/kg
Crnax Hg/L 14.7+10.9
Tmax, hr 0.240.2
Apparent volume of 4273+2007.3
distribution, L/kg
Oral clearance, mL/min/kg 2352.14+944.7
Absolute oral bioavailability, % 5.3+2.1

Data presented as mean+SD.
Yoo et al. (2001).

following oral exposure. Time to non-quantifiable con-
centration was longest following s.c. dosing. For most
groups, Cax and AUC values were proportionate across
doses within the same exposure route. A second part of
the study examined metabolites and is summarized in
Section 2.1.2.3.

Upmeier et al. (2000) examined toxicokinetics in rats
exposed to bisphenol A through the oral or iv. route.
Ovariectomized DA/Han rats (130-150g bw) were
exposed to bisphenol A by i.v. injection with 10 mg/kg
bw or oral gavage with 10 or 100 mg/kg bw. Blood was
collected from treated rats at multiple time points until
2 hr following i.v. dosing and 3 hr following oral dosing.
Three to five rats were sampled during each time period.
To reduce stress, only some of the rats were sampled at
each time point. In control animals, blood was collected
2hr following dosing with vehicle. Bisphenol A

Dosing with 10mg/kg bw i.v. resulted in a maximum
plasma concentration of 15,000 ug/L bisphenol A. Con-
centrations decreased to 700 pg/L within 1hr, 100 pg/L
within 2hr, and non-detectable concentrations by 24 hr
followingexposure. The apparent final elimination half-
life was estimated at 38.5 hr. In rats gavaged with 10 mg/
kg bw, an initial maximum blood concentration of 30 pg/
L was obtained at 1.5hr. A decrease in bisphenol A blood
concentration at 2.5 hr was followed by a second peak of
40pg/L at 6 hr, leading study authors to conclude that
enterohepatic cycling was occurring. The same patterns
of bisphenol A concentrations in blood were observed
following gavage dosing with 100mg/kg bw. Peak
concentrations were observed at 30 min (150 pg/L) and
3hr (134pg/L) following exposure. According to the
study authors, the differences in peak concentrations
observed between the two doses suggested lower
bioavailability at the high-dose than at the low dose.
Oral bioavailability of bisphenol A was estimated at
16.4% at the low dose and 5.6% at the high-dose.

Yoo et al. (2001) examined toxicokinetics of a low i.v.
dose and a higher gavage dose of bisphenol A in male
rats. Five adult male Sprague-Dawley rats/group were
administered bisphenol A by i.v. injection at a dose of
0.1mg/kg bw or by gavage at a dose of 10mg/kg bw.
Multiple blood samples were collected until 3 hr follow-
ing i.v. dosing and 24 hr following gavage dosing. HPLC
was used to measure bisphenol A concentrations in
serum. Route-specific differences in mean systemic
clearance were analyzed by Student f-test. Results are
summarized in Table 37. The study authors noted bi-
exponential decay of serum bisphenol A concentrations
following i.v. dosing, significantly longer elimination
half-life with oral than iv. exposure, and low oral
bioavailability of bisphenol A.

Kurebayashi et al. (2003) conducted a series of studies
to examine toxicokinetics and metabolism of bisphenol A
in adult F344N rats exposed through the oral or i.v. route.
In these studies, radioactivity levels were measured by
scintillation counting. Bisphenol A or its metabolites
were quantified by HPLC, electrospray ionization/MS,
or nuclear magnetic resonance. As discussed in greater
detail in Section 2.1.2.4, fecal excretion was the main
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route of elimination for radioactivity following oral or i.v.
dosing of rats with 0.1 mg/kg bw “C-bisphenol A. A
study describing biliary excretion and metabolites in bile
is summarized in Section 2.1.2.3. Toxicokinetic endpoints
were determined in a study in which blood was drawn
from 3 male rats/group at various time points between
0.25-48hr following oral gavage or iv. dosing with
0.1mg/kg bw bisphenol A. Results of the study are
summarized in Table 38. Rapid absorption of radio-
activity was observed following oral dosing. AUC values
were significantly lower for oral than iv. dosing. In a
another study, rats were administered '*C-bisphenol A
by i.v. injection and blood was collected 30 min later for
determination of blood/plasma distribution and protein
binding. At a blood radioactivity level of 80nM [18 pg

Table 38
Toxicokinetic Endpoints for '*C-Bisphenol A-Derived
Radioactivity in Rats Exposed to 0.1 mg/kg bw "*C-
Bisphenol A Through the Oral or I.V. Route®

Endpoint L.V. exposure  Oral exposure
Tmax, hr 0.384+0.10
Crnax Ng-eq/L 55+0.3
Half-life-o, hr 0.594+0.09 No data
Half-life-B, hr 39.5+2.1 445+4.1
Absorbance rate, hr* 3.6+1.0
Volume of distribution, L/kg 27.04+0.7 No data
Total body clearance. L/hr/kg 0.52240.011 0.54440.049
Mean residence time, hr 51.7+2.4 No data
AUC, pg-eq-hr/L
0-6hr 339+1.6 18.440.7°

0-24 hr 79.3+3.3 60.0+7.1°

0-48 hr 118 +4 102+13°

0-o0 192+4 185+16
Oral bioavailability®

0-6hr 0.54

0-24 hr 0.76

0-48 hr 0.86

0-o0 0.97

Data presented as mean+ SD. Missing values are not applicable
or were not reported.

*Kurebayashi et al. (2003).

PP < 0.05 compared to i.v. exposure.

“Variances not reported.

bisphenol A eq/L], preferential distribution to plasma
was observed, with the blood/plasma ratio reported at
0.67. At radioactivity levels of 6-31 ug-eq/L (27-135nM),
plasma protein binding was reported at 95.4%. Addi-
tional studies reviewed by Teeguarden et al. (2005)
reported plasma protein binding of bisphenol A at
~90-95%. An additional study by Kurebayashi et al.
(2003) compared metabolic patterns and excretion
following exposure to a higher bisphenol A dose; that
study is discussed in Section 2.1.2.3.

Kurebayashi et al. (2005) administered '*C-bisphenol A
to adult male and female F344 rats (3/dose/sex) at doses
of 0.020, 0.1, or 0.5mg/kg bw orally or 0.1 or 0.5mg/kg
bw by i.v. injection. Plasma samples were analyzed for
radioactivity over a 72-hr period to determine toxicoki-
netic endpoints. Results are summarized in Table 39.
Study authors noted that the AUC was almost linearly
correlated with dose. Several peaks were observed with
oral or iv. exposure, indicating enterohepatic cycling,
according to the study authors. Study authors noted that
substantially lower AUC values in females than in males
following oral exposure could have resulted from lower
absorption and/or a higher elimination rate. Distribution
of radioactivity was evaluated 0.5, 24, and 72 hr follow-
ing oral administration of 0.1 mg/kg bw bisphenol A to
adult male and female Wistar rats (3/sex/time point). At
0.5hr following exposure, most of the radioactivity
(~12-51 pug bisphenol A eq/kg) was found in kidney
and liver. [A large amount of radioactivity was also
reported for intestinal contents, but those data were not
shown by the study authors.]. Lower amounts of
radioactivity (~2-7pg bisphenol A eq/kg or L) were
detected in adrenal gland, blood, lung, pituitary gland,
skin, and thyroid gland of both sexes; uterus; and bone
marrow, brown fat, and mandibular gland of males. In
males, <pg bisphenol A eq/kg was detected in skeletal
muscle and testis. Radioactivity was non-quantifiable in
brain and eye of both sexes; epididymis, prostate gland,
and heart of males; and bone marrow, brown fat, skeletal
muscle, and mandibular gland of females. At >24hr
following exposure, radioactivity was detected primarily
in only kidney, liver, and intestinal contents, with the
exception of ~3pg bisphenol A eq/L detected in blood
of males at 24 hr following dosing. Study authors noted
that elimination of radioactivity from some tissues

Table 39
Toxicokinetic Endpoints for Plasma Radioactivity in Rats Dosed With '*C Bisphenol A®

Route and dose (mg/kg bw)

Oral LV.
Endpoints 20 100 500 100 500
Males
Elimination half-life, hr 78452 1843 2143 1942 21+3
AUC, ug-eq-hr/L 36+6 178 +44 663+164 266146 865+97
Apparent absorption, % 82 81 60
Females
Elimination half-life, hr 20+7 22+13 18+8 1343 16+2
AUC, pg-eq-hr/L 1445 99+19 500+43 190+45 1029+81
Apparent absorption, % 35 50 50

Data presented as mean+SD.
“Kurebayashi et al. (2005).
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appeared to occur more rapidly in females than in males.
Distribution in pregnant animals was also examined and
is described in Section 2.1.2.2.1.

Kabuto et al. (2003) reported distribution of bisphenol
A in mice. Male ICR mice were i.p. dosed with bisphenol
A at 0, 25, or 50 mg/kg bw/day for 5 days and killed 6 hr
following the last dose. Bisphenol A concentrations in
tissues of animals from the high-dose group were
determined by GC/MS. In mice of the high-dose group,
the highest concentrations of bisphenol A were detected
in kidney (~2.02mg/kg wet weight) and body fat
(~1.25mg/kg wet weight). Lower concentrations of
bisphenol A (<0.42mg/kg wet weight or mg/L) were
detected in brain, lung, liver, testis, and plasma.

Kurebayashi et al. (2002) examined the toxicokinetics of
a low bisphenol A dose in Cynomolgus monkeys
following gavage or i.v. dosing. Three adult male and
female monkeys were dosed with 0.1mg/kg bw '*C-

Table 40
Toxicokinetic Endpoints for Radioactivity in Male and
Female Cynomolgus Monkeys Exposed to '*C-Bisphenol
A Through IV Injection or by Gavage®

Endpoint Male Female
Intravenous exposure
AUC, pg-eq-hr/L 377485 382496
Volume of distribution, L/kg 1.58+0.11 1.824+0.41
Half-life, hr 13.5+2.6 14.7+2.1
Total body clearance, L/hr/kg 0.274+0.05 0.284+0.08
Mean residence time, hr 5.934+0.91 6.68+0.72
Oral exposure
AUC, pg-eq-hr/L 265+ 74 244 +21
Tmax, hr 1.00+0.87 0.33+0.14
Conax- 1ig-eq/L 104+85 107437
Half-life. hr 9.63+2.74 9.80+2.15
Bioavailability 0.70+0.16 0.66+0.13

[Mean + SD assumed based on data presentations elsewhere in
this study.]
“Kurebayashi et al. (2002).

bisphenol A (99% radiochemical purity)/non-radiolabeled
bisphenol A [purity not reported]. Monkeys were dosed
by i.v. injection on Day 1 of the study and by gavage on
Day 15 of the study. Urine and feces were collected for 7
days post-dosing. Blood samples were collected at various
time points from 0.083-72 hr following i.v. dosing and for
0.25-71hr after oral dosing. Binding to plasma protein
was determined at some time points over 0.25-4hr.
Samples were analyzed by liquid scintillation counting
and HPLC. Following oral or i.v. exposure, the percentage
of radioactivity recovered in excreta and cage washes was
81-88% over a 1-week period. As discussed in greater
detail in Section 2.1.2.4, most of the radioactivity was
excreted in urine and very little was excreted in feces.
Toxicokinetic endpoints are summarized in Table 40.
Based on the toxicokinetic values, study authors con-
cluded that absorption of bisphenol A following oral
exposure was rapid and high, and terminal elimination
half-lives of bisphenol A/metabolites were longer follow-
ing i.v. than oral exposure. As discussed in more detail in
Section 2.1.2.3, glucuronide compounds were the major
metabolites detected in urine, and higher percentages of
the radioactive dose in plasma were represented by
bisphenol A following i.v. than oral dosing.

Negishi et al. (2004b) compared toxicokinetics of
bisphenol A in female F344/N rats, Cynomolgus
monkeys, and Western chimpanzees. Bisphenol A was
administered by oral gavage and s.c. injection at doses of
10 or 100mg/kg bw/day to rats and monkeys and
10mg/kg bw to chimpanzees. Three rats/dose/time
point were killed before and at various times between 0.5
and 24 hr following bisphenol A administration. Three
monkeys/group and 2 chimpanzees were first exposed
orally and 1 week later by s.c. injection. In monkeys,
blood samples were drawn before and at various times
from 0.5-24 hr after dosing. In chimpanzees, blood was
drawn before and at multiple time points between 0.25-
24 hr following dosing. Bisphenol A was measured in
serum by ELISA, and toxicokinetics endpoints were
determined. Results are summarized in Table 41. The
study authors noted that the bioavailability of bisphenol

Table 41
Toxicokinetic Endpoints for Bisphenol A by ELISA in Rats, Monkeys, and Chimpanzees®

10mg/kg bw 100mg/kg bw

Endpoints Oral S.C. Oral S.C.
Rat (data presented as mean +SD)

Crnax Hg/L 8724164 5804398 34394679

Trax hr 1.0 0.5 1.0

AUCq 4p, pg-hr/L 19124262 506+313 9314 +2634

AUCy24n ug-hr/L 33774334 1353 +462 23,001+ 6387
Monkey (data presented as mean+SD)

Chax Hg/L 2794 +920 57,934 +1902 57324525 10,851 +£3915

Tmax hr 0.740.2 2.0+0.0 0.7+0.2 2.0+0.0

AUCy_4p, ng-hr/L 3209 +536 15,316 +5856 14,747 +2495 48,010+ 11,641

AUCq 241, ug-hr/L 3247 +587 39,040+10,738 52,595 + 8951 189,627 +21,790
Chimpanzee (data presented for 2 animals)

Chax Hg/L 325; 96 2058; 1026 Dose not administered

Tax, hr 0.5; 0.5 2.0; 2.0

AUCy4p, pg-hr/L 491; 235 5658; 3109

AUCqy p4n, ug-hr/L 1167; 813 21,141; 12,492

Data were not reported in cases where table cells are empty.
“Negishi et al. (2004b).
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Table 42
Toxicokinetic Endpoints for Bisphenol A by LC-MS/MS in Rats, Monkeys, and Chimpanzees®

10mg/kg bw 100 mg/kg bw

Endpoints Oral S.C. Oral S.C.
Rat (data presented as mean+5SD)

Crnax Hg/L 2.1+1.6 746 +80 47.54+10.6 2631+439

Tmax, hr 0.74+0.3 0.840.3 0.5+0.0 1.2+0.8

t1/2, hr not calculated 3.2+0.7 not calculated 4.5+0.7

AUCy_4p, ng-hr/L 42b 15424200 43.249.7 6926 +1071

AUCy241n 1g-hr/L 7.2° 1977+182 350+294 15,576 4+2263
Monkey (data presented as mean+SD)

Chax Hg/L 115422 4213 +3319 28.6+3.9 701043045

Tmax hr 1.0+0.9 1.7+0.6 33+1.2 27412

t1/2, hr 8.94+3.0 3.840.8 45407 129+3.6

AUCy_4p, pg-hr/L 214+6.1 8828 +4309 85.3+18.6 19,981+ 7567

AUCy_24n ug-hr/L 425473 18,855+4+3870 350+13 79,796 421,750
Chimpanzee (data presented as mean for 2 animals)

Chax Hg/L 5.5 703 Dose not administered

Tmax, hr 0.8 1.0

t15, hr 6.8 4.2

AUCy4p, pg-hr/L 13.3 2148

AUCO_24 h Mg - hr/L 33.1 6000

“Tominaga et al. (2006).
"1 or 2 animals.

was lowest in rats <chimpanzees <monkeys following
exposure through either route. In most cases, bisphenol
A was not detected in rat serum following oral admin-
istration of the 10mg/kg bw dose. In all species, higher
bioavailability was observed with s.c. than oral dosing.

In a subsequent report (Tominaga et al., 2006), these
authors noted that ELISA may overestimate bisphenol A
concentrations due to non-specific binding. They re-
ported measurements by LC-MS/MS in animals evalu-
ated using the same study design [possibly the same
specimens reported previouslyl. These results are
summarized in Table 42. The authors proposed that
primates, including humans, may completely glucuroni-
date orally-administered bisphenol A on its first pass
through the liver and excrete it in the urine whereas
bisphenol A remains in the rat for a more extended
period due to enterohepatic recirculation. They sug-
gested that the rat may not be a good model for human
bisphenol A kinetics.

2.1.2.3 Metabolism: Information is arranged in this
section according to species. In rats, study summaries are
arranged in order of those providing general or route-
specific information on metabolites, specifics on organs
or enzyme isoforms involved in metabolism, and
pregnancy-, sex-, or age-related effects on metabolism.

Pottenger et al. (2000) examined the effects of dose and
route on toxicokinetics of bisphenol A in rats. Disposition
of bisphenol A and its metabolites in urine and feces is
described in this section, while results of the toxicokinetics
study are described in Section 2.1.2.2. Five adult F344
rats/sex/group were dosed with '*C-bisphenol
A (99.3% radiochemical purity)/non-radiolabeled bisphe-
nol A (99.7% purity) at doses of 10 or 100 mg/kg bw by
oral gavage or i.p. or s.c. injection. Excreta were collected
for 7 days. Samples were analyzed by HPLC or HPLC/
electrospray ionization/MS. The percentage of radio-
activity recovered from all groups was 84-98%. Fecal
elimination represented the largest percentage of
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radioactivity in all exposure groups (52-83%). Eight peaks
were identified in feces, and the largest peak (representing
86-93% of radioactivity) was for unchanged bisphenol A.
Elimination of radioactivity through urine was ~2-fold
higher in females (21-34%) than males (13-16%) in all
dose groups. Fourteen different peaks were identified in
urine. It was estimated that radioactivity in urine was
represented by bisphenol A monoglucuronide (57-87%),
bisphenol A (3-12%), and bisphenol A sulfate (2-7%).
Some differences were noted for retention of radioactivity
following dosing by gavage (0.03-0.26%), i.p. injection
(0.65-0.85%), and s.c. injection (1.03-1.29%).

Metabolites associated with bisphenol A exposure
were examined in a second study by Pottenger et al.
(2000). Three rats/sex/dose/route/time point were
dosed with "*C-bisphenol A/non-radiolabeled bisphenol
A at 10 or 100mg/kg bw by oral gavage or i.p. or s.c.
injection. Rats were killed at 2 different time points
following dosing, Tmax, and the time when bisphenol A
concentrations were no longer quantifiable. Times at
which rats were killed were determined by data obtained
during the first study. Plasma samples were pooled at
each time period and examined by HPLC or HPLC/
electrospray ionization/MS. Qualitative and quantitative
differences were observed for parent compound and
metabolites in plasma following exposure through
different routes. Following oral exposure, bisphenol A
glucuronide was the most abundant compound detected
in plasma at both time periods (C.x and time when
parent compound was not quantifiable) and represented
68-100% of total radioactivity. Following ip. or s.c.
exposure, unmetabolized bisphenol A was the most
abundant compound at T levels of radioactivity
represented by unmetabolized bisphenol A were 27—
51% following i.p. exposure and 65-76% following s.c.
exposure. Only 2-8% of radioactivity was represented by
bisphenol A following oral exposure. Some compounds
observed following ip. or s.c. exposure were not


http:1.03�1.29
http:0.65�0.85
http:0.03�0.26
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Table 43
Biliary Excretion in Male and Female Rats Exposed to
0.1 mg/kg bw "“C-Bisphenol A Through the Oral or
Intravenous Route®

Male Female

Parameters LV. Oral LV. Oral

Biliary excretion, %

0-2hr 48 32 35 28
0-4hr 61 44 50 39
0-6hr 66 50 58 45
Radioactivity in bile 84 86 87 88
represented by glucuronide, %
Dose excreted as glucuronide 55 43 50 40
in bile, %

*Kurebayashi et al. (2003).

observed following oral exposure. A compound tenta-
tively identified as a sulfate conjugate was observed
following i.p. exposure and represented a small portion
of radioactivity. An unresolved peak of 3 compounds
was observed following i.p. or s.c. exposure, at the time
when parent compound was not quantifiable and
represented that major percent of radioactivity for that
time point. Three additional unidentified, minor peaks
were observed following i.p. or s.c. but not oral exposure.
The major sex differences observed were higher Cpax
values for bisphenol A and bisphenol A glucuronide in
females than males, especially following i.p. administra-
tion. A review by the European Union (2003) noted that
the substantially higher concentrations of parent com-
pound with ip. and s.c. compared to oral exposure
indicated the occurrence of first-pass metabolism follow-
ing oral intake.

Elsby et al. (2001) examined bisphenol A metabolism
by rat hepatocytes. In the hepatocyte metabolism study,
hepatocytes were isolated from livers of adult female
Wistar rats and incubated in dimethyl sulfoxide (DMSO)
vehicle or bisphenol A 100 or 500 pM [23 or 114 mg/L] for
2hr. Metabolites were identified by HPLC or LC/MS.
Data were obtained from 4 experiments conducted in
duplicate. At both concentrations, the major metabolite
was identified as bisphenol A glucuronide, which was
the only metabolite identified following incubation with
100 pM bisphenol A. Two additional minor metabolites
identified at the 500 uM concentration included 5-hydro-
xy-bisphenol A-sulfate and bisphenol A sulfate. Another
part of the study comparing metabolism of bisphenol A
by rat and human metabolites is discussed in Section
2.1.1.3. Another study (Pritchett et al., 2002) comparing
metabolism of bisphenol A in humans, rats, and mice is
also summarized in Section 2.1.1.3.

In neonatal rats gavaged with 1 or 10mg/kg bw
14C—bisphenol A on PND 4, 7, and 21 and adult rats
gavaged with 10mg/kg bw bisphenol A, the major
compounds detected in plasma were bisphenol A
glucuronide and bisphenol A (Domoradzki et al., 2004).
Up to 13radioactive peaks were identified in neonatal
rats dosed with 10mg/kg bw and 2 were identified in
neonates dosed with 1mg/kg bw/day. At the 10mg/kg
bw dose, the concentration of bisphenol A glucuronide
detected in plasma increased with age. Metabolic
profiles were generally similar in males and

females. The study authors noted that metabolism of
bisphenol A to its glucuronide conjugate occurs as
early as PND 4 in rats. However, age-dependent
differences were observed in neonatal rats, as noted by
a larger fraction of the lower dose being metabolized to
the glucuronide. More details from this study are
included in Section 2.1.2.2.

Kurebayashi et al. (2005) used a thin layer chromato-
graphy technique to examine metabolite profiles in
blood, urine, and feces of 3 male rats orally dosed with
0.5mg/kg bw '“C-bisphenol A. [The procedure did not
identify metabolites.] Parent bisphenol A represented
~2% of the dose in plasma at 0.25 and 6 hr post-dosing
and ~0.3% of the dose at 24hr after exposure.
Unmetabolized bisphenol A represented 1.6% of com-
pounds in urine and 77.2% of compounds in feces
collected over a 24-hr period. Free bisphenol A repre-
sented 47.1% of compounds in urine following f-
glucuronidase hydrolysis of urine, and there was an
almost equivalent decrease in a metabolite the study
authors identified as “M2.” Therefore, the study authors
stated that M2 was most likely bisphenol A glucuronide.
M2 was the major metabolite identified in plasma (~74—
77%) and urine (~40%).

The European Union (2003) reviewed studies by
Atkinson and Roy ([1995a,b) that reported two major and
several minor adducts in DNA obtained from the liver of
CD-1 rats dosed orally or i.p. with 200 mg/kg bw bisphenol
A. Chromatographic mobility of the two major adducts was
the same as that observed when bisphenol A was incubated
with purified DNA and a peroxidase or microsomal P450
activation system. The profile closely matched that of
adducts formed with the interaction between bisphenol O-
quinone and purified rat DNA deoxyguanosine 3'-mono-
phosphate. Formation of the adduct appeared to be
inhibited by known inhibiters of cytochrome P (CYP) 450.
It was concluded that bisphenol A is possibly metabolized
to bisphenol O-quinone by CYP450.

Biliary excretion of bisphenol A and its metabolites
following oral or i.v. dosing with bisphenol A was
examined by Kurebayashi et al. (2003). Bile ducts of 3
rats/sex/group were cannulated, and the rats were
dosed with 0.1mg/kg bw '“C-bisphenol A (>99%
radiochemical purity) in phosphate buffer vehicle by
oral gavage or i.v. injection. Biliary fluid was collected
every 2hr over a 6-hr period to determine percent total
biliary excretion and percent of dose represented by
bisphenol A glucuronide. Results are summarized in
Table 43. The study authors noted that the importance of
biliary excretion following oral or iv. dosing. '*C-
bisphenol A-glucuronide was the predominant metabo-
lite in bile.

In another study by Kurebayashi et al. (2003), biliary,
fecal, and urinary metabolites were examined in male
rats gavaged with 100 mg/kg bw bisphenol A or Die-
bisphenol A in corn oil. Bile was collected over an 18-hr
period, and urine and feces were collected over a 72-hr
period. The primary metabolite detected in urine was
bisphenol A glucuronide, which represented 6.5% of the
dose. Lower percentages of the dose (<1.1%) were
present in urine as bisphenol A and bisphenol A sulfate.
In feces, the primary compound detected was bisphenol
A, which represented 61% of the dose. No glucuronide or
sulfate conjugated metabolites of bisphenol A were
detected in feces. Most of the dose in bile consisted of
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bisphenol A glucuronide (41% of the dose). Bisphenol A
represented 0.3% of the dose in bile. The study authors
noted that as with oral or i.v. exposure to a smaller dose,
feces was the main route of elimination for bisphenol A
and bile was the main elimination route for bisphenol A
glucuronide.

A study by Yokota et al. (1999) examined the hepatic
isoform of uridine diphosphate glucuronosyltransferase
(UDPGT) involved in the metabolism of bisphenol A and
distribution of the enzyme in organs of Wistar rats. Using
yeast cells genetically engineered to express single rat
UDPGT enzymes, it was determined that UGT2B1 was
the only isoform capable of glucuronidating bisphenol A.
Microsomal UDPGT activity toward bisphenol A was
demonstrated in liver, kidney, and testis, but activity was
minimal in lung and brain. [Minimal activity was also
observed for intestine]. Northern blot analyses revealed
high expression of UGTB1 only in liver. It was demon-
strated that 65% of glucuronidation activity was ab-
sorbed by binding with anti-UGTBI, indicating that
additional isoforms are likely involved in glucuronida-
tion of bisphenol A.

The intestine was determined to play a role in the
metabolism of bisphenol A in rats. Nine-week-old male
Sprague-Dawley rats were orally administered 0.1 mL of
a solution containing 50 g/L bisphenol A [5mg total or
~17mg/kg bw assuming a body weight of ~0.3kg
(USEPA, 1988)] (Sakamoto et al., 2002). Rats were killed
at multiple time intervals between 15min and 12hr
following exposure. The small intestine was removed
and separated into upper and lower portions. Intestinal
contents were removed from each section. Bisphenol A
and metabolite concentrations were measured by HPLC.
Activities and expression of f-glucuronidase were
determined. A large amount of bisphenol A glucuronide
was detected in the upper and lower portions of the
small intestine, and a large amount of free bisphenol A
was detected in the cecum. Less bisphenol A was
detected in colon and feces. The observations lead the
study authors to conclude that free bisphenol A
generated in the cecum as a result of deconjugation
was reabsorbed in the colon. The presence of large
amounts of bisphenol A glucuronide in the small
intestine at 12hr following exposure suggested that
bisphenol A was reabsorbed in the colon and re-excreted
as the glucuronide. As determined in an assay using p-
nitrophenol-B-d-glucuronide as a substrate, ~70% of
total B-glucuronidase activity was present in the cecum
and 30% in the colon. Western blot analysis revealed a
large amount of bacterial B-glucuronidase protein in
cecum and colon contents.

Glucuronidation and absorption of bisphenol A in rat
intestine were studied by Inoue et al. (2003a). Intestines
were obtained from 8-week-old male Sprague-Dawley
rats, and the small intestine was divided into 4 sections.
Small intestine and colon were everted and exposed to 40
mL of a solution containing bisphenol A at 10, 50, or
100 uM [2.3, 11, or 23 mg/L, resulting in delivery of 91,
456, or 913 pg bisphenol A to the everted intestine].
Every 20min during a 60-min time period, reaction
products were collected from serosal and mucosal sides
and analyzed by HPLC. Optimal glucuronidation was
observed at 50pM [11mg/L]. At 60min following
exposure to 50 pM bisphenol A, ~37% of bisphenol A
was absorbed by the small intestine and ~83% was
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glucuronidated. Approximately 74.7% of the glucuronide
was excreted on the mucosal side and ~25.3% trans-
ported to the serosal side of small intestine. Slightly
greater absorption of bisphenol A in the colon (48.6%)
compared to the proximal jejunum (37.5%) was observed
at 60min following exposure to the 50pM solution.
Transport of both bisphenol A and bisphenol A glucur-
onide to the serosal side of intestine increased distally
and was greatest in the colon. Minimal mucosal excretion
was observed in the colon.

Inoue et al. (2004) compared glucuronidation of
bisphenol A in pregnant, non-pregnant, and male rats.
Livers of 4 male and non-pregnant Sprague-Dawley
rats/group were perfused via the portal vein for 1hr
with solutions containing bisphenol A at 10 or 50 M [2.3
or 11 mg/L]. The total amount of bisphenol A infused into
livers was 1.5 or 7.5 pmol [0.34 or 1.7 mg]. On GD 20 or
21, livers of 4 pregnant Sprague-Dawley rats were
perfused for 1hr with 10 uM [2.3 mg/L] bisphenol A. At
the start of perfusion, excreted bile and perfusate in the
vein were collected every 5min for 1hr. Samples were
analyzed by HPLC. Statistical analyses were conducted
by Student t-test and ANOVA. Bisphenol A glucuronida-
tion in the liver was 59% in male rats and 84% in non-
pregnant female rats perfused with the 10 uM solution.
The glucuronide was excreted primarily through bile in
both males and females, but a significantly higher
amount was excreted through bile in non-pregnant
females than in males. The total amount of glucuronide
excreted into bile and vein was ~1.4-fold higher in
females than males following perfusion with the 10 pM
[2.3 mg/L] solution. At the 50 pM [11 mg/L] concentration,
bisphenol A glucuronidated within liver was 66% in
males and 91% in females. In males the glucuronide was
excreted mainly in bile, and in females, a higher amount
of glucuronide was excreted in the vein. In livers of
pregnant rats perfused with the 10 uM [2.3 mg/L] solu-
tion, 69% of bisphenol A was glucuronidated in the liver.
Percentages of glucuronide excretion were 54.5% through
bile and 45.5% through the vein in pregnant rats. In a
comparison of pregnant rats and non-pregnant rats
perfused with 10puM [2.3mg/L] bisphenol A, biliary
excretion in pregnant rats was half that observed in
non-pregnant rats, and venous excretion in pregnant rats
was 3-fold higher than in non-pregnant rats. To deter-
mine the pathway of bisphenol A glucuronide excretion,
livers of 4 male Eisai hyperbilirubinemic rats, a strain
deficient in multidrug resistance-associated protein,
were perfused with 50 pM [11 mg/L] bisphenol A. During
and after perfusion, nearly all of the bisphenol A was
excreted into the vein, thus indicating that multidrug
resistance-associated protein mediates biliary excretion
of bisphenol A glucuronide. The study authors con-
cluded that bisphenol A is highly glucuronidated and
excreted into bile using a multidrug resistance-associated
protein-dependent mechanism, and that venous excre-
tion increases and biliary excretion decreases during
pregnancy.

Miyakoda et al. (2000) examined the production of
bisphenol A glucuronide in fetal and adult rats. Bi-
sphenol A was orally administered at 10mg/kg bw to
pregnant Wistar rats on GD 19 and to 10-week-old adult
male Wistar rats. [The number of animals exposed was
not reported. In some legends for study figures, it was
stated that the data were from 4 experiments,
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suggesting that 4 pregnant rats and adult males may
have been exposed.] Fetuses were removed at 1hr
following dosing. Blood was drawn and testes were
removed from adult males at 1, 3, and 8hr following
dosing. GC/MS was used to measure bisphenol A
concentrations in 19 fetuses and in testis of adult rats
before and following homogenization with B-glucuroni-
dase. In fetal extracts, there were no differences in
bisphenol A concentrations before or after treatment with
B-glucuronidase, suggesting that bisphenol A glucuro-
nide was not present at detectable concentrations. The
study authors noted the possibility that bisphenol A
glucuronide was not transferred from dams to fetuses
and stated that glucuronidation by the rat fetus is
unlikely. At 1hr following dosing of adult male rats,
90% of bisphenol A was detected as glucuronide in
plasma and testis. Bisphenol A glucuronide concentra-
tions gradually decreased and bisphenol A concentra-
tions increased slightly in testis over the 8-hr sampling
period. In plasma, bisphenol A-glucuronide decreased to
55% of the maximum observed concentration at 3hr
following dosing and increased to 100% of maximum
observed concentration at 8 hr following dosing. Based
on concentrations of bisphenol A glucuronide in testis
and blood (40 ppb [pg/kgl and 600 ppb [pg/L]) at 8 hr, the
study authors concluded that bisphenol A glucuronide
passage through the testicular barrier was unlikely. It
was thought that bisphenol A passed through the
testicular barrier, was converted to the glucuronide
within the testis, and was then gradually released
following digestion of the glucuronide by B-
glucuronidase.

Matsumoto et al. (2002), studied developmental
changes in expression and activity of the UDPGT isoform
UGT2B toward bisphenol A in Wistar rats. Activity
toward other compounds was also examined but this
summary focuses on bisphenol A. Microsomes were
prepared from livers of fetuses, neonates on PND 3, 7, 14,
and 21, and pregnant rats on GD 10, 15, and 19. Activity
toward the bisphenol A substrate was measured using an
HPLC method. Expression of UGT2B1 protein was
examined by Western blot and messenger ribonucleic
acid (mRNA) expression was examined by Northern
blot. Little to no UGT2B activity toward bisphenol A was
detected in microsomes of fetuses. Activity increased
linearly following birth and reached adult concentrations
by PND 21. [No data on UGT2B activity for non-
pregnant adult rats were shown and it was not clear if
activity in adults was examined in this study.] The same
developmental patterns were observed for expression of
UGT2B1 protein and mRNA. Activity and protein
expression of UGT2B1 were also found to be reduced
in pregnant rats.

The European Union (2003) reviewed an unpublished
study by Sipes that compared clearance of bisphenol A
by hepatic microsome from fetal (1 =8/sex), immature
(n=4/sex), and adult (n =4) rats. The clearance rate in
microsomes from male and female GD 19 rat fetuses (0.7—
09 mL/min/mg) was lower than clearance rates in
microsomes from 4-day-old males and females (1.2-2.6
mL/min/mg), 21-day-old males and females (2.4-2.7
mL/min/mg), and their dams (2.6 mL/min/mg). The
European Union concluded that clearance rate was lower
in fetuses but reached adult concentrations by 4 days of
age.

In a qualitative study of bisphenol A metabolites in
pregnant mice injected with 0.025 mg/kg bw bisphenol
A, 10radioactive peaks were observed in urine by Zalko
et al. (2003). The major metabolites detected in urine
were bisphenol A glucuronide and a hydroxylated
bisphenol A glucuronide. Unchanged bisphenol A was
the major compound detected in feces (>95%). Bi-
sphenol A glucuronide represented >90% of the
compounds detected in bile. Additional compounds
detected in urine, feces, digestive tract, or liver included
a double glucuronide of bisphenol A and sulfate
conjugates. Unchanged bisphenol A, bisphenol A glu-
curonide, and “metabolite F” (disaccharide conjugate of
BPA) were the major compounds detected in all tissues.
[Authors state that formation of glucuronic acid
conjugate of BPA, several double conjugates, and
conjugated methoxylated compounds, demonstrate the
formation of potentially reactive intermediates.] The
most abundant compound in all tissues was bisphenol A
glucuronide, except in placenta where bisphenol A and
metabolite F were the major compounds detected.
Concentrations of bisphenol A decreased rapidly in all
tissues. It was determined that metabolite F was most
likely bisphenol A glucuronide conjugated to acetylated
galactosamine or glucosamine. Distribution of bisphenol
A and its metabolites in maternal and fetal tissues in
summarized in Table 31. Additional details of this study
are included in Section 2.1.2.2.

Jaeg et al. (2004) reported metabolites observed
following incubation of CD-1 mouse liver microsomes
or S9 fractions with bisphenol A at 20-500pM [4.6—
114 mg/L]. The metabolites included isopropyl-hydroxy-
phenol, bisphenol A glutathione conjugate, glutythionyl-
phenol, glutathionyl 4-isopropylphenol, 2,2-bis-(4-hydro-
xyphenyl)1-propanol, 5-hydroxy bisphenol A, and bi-
sphenol A dimers. It was postulated that bisphenol A-
ortho-quinone, produced from 5-hydroxy bisphenol A
(catechol), may be the reactive intermediate leading to
the formation of these metabolites.

Kurebayashi et al., (2002) examined metabolism of
bisphenol A in monkeys. Three adult male and female
Cynomolgus monkeys were dosed with 0.1 mg/kg bw
C-bisphenol A /non-radiolabeled bisphenol A by i.v.
injection on Study Day 1 and by gavage on Study Day 15
(Kurebayashi et al., 2002). Additional details of the study
are included in Section 2.1.2.2. Up to five peaks were
identified in urine. Analysis by radio-HPLC suggested
that the major peaks in both sexes treated by either
exposure route were mono- and diglucuronides. Five
peaks were identified in plasma, and some differences
were noted in comparisons of i.v. to oral exposure. In the
2 hr following dosing, most of the radioactivity in plasma
was represented by bisphenol A glucuronide after i.v.
dosing (57-82%) and oral dosing (89-100%). The percen-
tage of radioactivity represented by unchanged bisphe-
nol A was higher following i.v. (5-29%) than oral (0-1%)
dosing.

Kang et al. (2006) reviewed studies that provided some
information about metabolism of bisphenol A in fish and
birds. One study reported bisphenol A sulfate and
bisphenol A glucuronide as the major metabolites
detected in zebra fish exposed to bisphenol A. A second
study conducted in carp reported an increase in UDPGT
activity for bisphenol A in microsomes and metabolism
of bisphenol A to bisphenol A glucuronide in intestine. In
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Table 44
Excretion of Radioactivity Following Oral or Intravenous
Dosing of Rats With 0.1 mg/kg bw '*C-Bisphenol A*

Percent radioactive dose excreted

Time post-dosing, hr Urine Feces Total
Oral
0-24 6.3+1.1 49.3+2.1 55.7+2.8
24-48 3.8+1.0 32.3+2.1 36.1+£3.0
Total 10.1+1.6 81.6+3.7 91.845.0
Intravenous
0-24 8.4+1.8 4621138 54.6+3.4
24-48 41+0.9 314+15 354+1.8
Total 125409 77.6+18 90.1+2.7

Values presented as mean +SD.
“Kurebayashi et al. (2003).

quail embryos, metabolism and excretion of bisphenol A
was reported, but specific metabolites were not indi-
cated. Another study reported that '*C-bisphenol A
administered orally or iv. to laying quail was rapidly
removed via bile and excreted through feces.

2.1.2.4 Elimination: Elimination of bisphenol A and
its metabolites was examined in Sprague-Dawley rats
that were gavaged with bisphenol A and "*C-bisphenol A
at 10mg/kg bw (Domoradzki et al., 2003). One group of
rats was not pregnant, and three additional groups were
treated on either GD 6 (early gestation), 14 (mid
gestation), or 17 (late gestation). More details of this
study are available in Section 2.1.2.2. Most of the
radioactivity (65-78%) was eliminated in feces. Elimina-
tion in urine accounted for 14-22% of the dose, and
considerable variability for urinary elimination among
animals was evident by the large standard deviations,
which were 50% of means. The authors stated that
bisphenol A glucuronide represented 62-70% of radio-
activity in urine and bisphenol A represented 19-23% of
radioactivity in urine [data were not shown by authors].
Nine peaks were identified in urine. In feces, 83-89% of
radioactivity was represented by bisphenol A and 2-3%
was represented by bisphenol A glucuronide; 7 peaks
were identified in feces. The study authors concluded
that urinary elimination and fecal elimination of radio-
activity were similar in pregnant and non-pregnant rats.

Difference in excretion following oral or i.v. exposure
of rats to a low bisphenol A dose was examined by
Kurebayashi et al. (2003). Three male rats/group were
exposed to 0.1mg/kg bw '*C-bisphenol A (>99%
radiochemical purity) in phosphate buffer vehicle by
oral gavage or i.v. injection. Radioactivity levels were
measured in urine and feces, which were collected over a
48-hr period. Additional details of the study are included
in Section 2.1.2.2. Results of that study are summarized in
Table 44. With both oral and i.v. dosing, fecal excretion
was the main route of elimination.

Kurebayashi et al. (2005) examined elimination of
radioactivity in 3 adult male and female F344 rats that
were orally dosed with 0.1 mg/kg bw '*C-bisphenol A.
Urine and feces were collected over a 168-hr period and
analyzed by liquid scintillation counting. Total radio-
activity excreted in urine and feces over the 168-hr period
was ~98% in males and females. In male rats, ~10% was
excreted in urine and ~88% was excreted in feces.
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Female rats excreted ~34% of the radioactivity in urine
and ~64% in feces. [The majority of radioactivity,
~90%, was excreted over 48 hr by males and 72 hr by
females.]

Snyder et al. (2000) compared toxicokinetics of bi-
sphenol A in CD and F344 rats. Four CD and F344 rats
were gavaged with 100mg/kg bw “C-bisphenol A in
propylene glycol vehicle. Disposition of radioactivity in
urine, feces, and carcass was examined over a 144-hr
period. Samples were analyzed by scintillation counting,
HPLC, or nuclear magnetic resonance. Data were
analyzed by ArcSin transformation of the square root of
the mean and using two-sample t-test. Recovery of
radioactivity was 93% in both strains. The highest
concentrations of radioactivity were detected in feces
(70% of dose in CD rat and 50% of dose in F344 rats)
followed by urine (21% of dose in CD rat and 42% of
dose in F344 rats). The percentages of the dose excreted
in urine and feces differed significantly by strain. Much
lower percentages of radioactivity were detected in the
carcass (~1%). Bisphenol A glucuronide, representing
81-89% of the dose, was the major urinary metabolite
detected in both strains. A much lower percentage (2.2—
10%) of the dose was represented by urinary bisphenol
A.

Kim et al. (2002b) reported urinary excretion of
bisphenol A in 4-week-old male F344 rats given bi-
sphenol A in drinking water at 0 (ethanol vehicle), 0.1, 1,
10, or 100ppm (equivalent to 0.011, 0.116, 1.094, or
11.846 mg/kg bw/day) for 13 weeks. Urine samples were
collected for 24 hr following administration of the last
dose and analyzed by HPLC before and after digestion
with B-glucuronidase. The focus of the study was male
reproductive toxicity; the study is described in detail in
Section 4.2.2.1. Bisphenol A was not detected in the urine
of rats from the control and 2 lowest dose groups. [At the
2 highest doses, free bisphenol A represented 60 and
30% of the total urinary bisphenol A concentrations.]

In rats exposed to 10 or 100mg/kg bw/day '‘C-
bisphenol A through the oral, i.p., or s.c. routes, fecal
elimination represented the highest percentage of radio-
activity in all exposure groups (52-83%) (Pottenger et al.,
2000). Elimination of radioactivity through urine was
~2-fold higher in females (21-34%) than males (13-16%)
in all dose groups. Additional details of this study are
included in Section 2.1.2.3.

Elimination of bisphenol A and metabolites was
examined in 3 adult male and female Cynomolgus
monkeys dosed with 0.1 mg/kg bw '*C-bisphenol A/
non-radiolabeled bisphenol A by i.v. injection on Study
Day 1 and by gavage on Study Day 15 (Kurebayashi
et al., 2002). Additional details of the study are included
in Section 2.1.2.2. Following oral or i.v. exposure, the
percentage of radioactivity recovered in excreta and cage
washes was 81-88% over a 1-week period. Most of the
radioactivity was recovered in urine (combination of
urine and cage washes), with most of the radioactivity
excreted in urine within 12hr and essentially all of the
dose excreted within 24 hr following treatment. Percen-
tages of radioactive doses recovered in urine within 1
week after dosing were ~79-86% following i.v. dosing
and 82-85% following oral dosing. Much smaller
amounts were recovered in feces during the week
following iv. or oral exposure (~2-3%). The study
authors concluded that because fecal excretion was very
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low following oral exposure, absorption was considered
to be complete. The authors also noted that there were no
obvious route or sex differences in excretion of radio-
activity. The study authors concluded that terminal
elimination half-lives were longer following i.v. than oral
exposure. A limited amount of information was pre-
sented for the fast phase, defined as the 2 hr following i.v.
injection. Fast-phase elimination half-life of bisphenol A
following i.v. exposure was significantly lower in females
(0.39hr) than males (0.57 hr). There were no sex-related
differences in fast-phase half-life for bisphenol A
glucuronide (0.79-0.82hr) or total radioactivity (0.61-
0.67 hr).

2.1.3 Comparison of humans and experimental
animals. Studies comparing toxicokinetics and meta-
bolism of bisphenol A in humans and laboratory animals
were reviewed and are summarized below. In most cases
the data were from original sources, but information
from secondary sources was included if the information
was not new or critical to the evaluation of develop-
mental or reproductive toxicity.

Elsby et al. (2001) compared bisphenol A metabolism
by rat and human microsomes. Microsomes were
obtained from 8 immature Wistar rats (21-25 days old)
and histologically normal livers from 4 male (25-57 years
old) and 4 female (35-65 years old) Caucasian donors
who were killed in accidents. Human microsomes were
pooled according to sex of the donor. Glucuronidation

Table 45
Glucuronidation Kinetics in Microsomes From Immature
Rats and Adult Humans®

Vmaxr nmol/minute/

was examined following exposure of microsomes to
bisphenol A concentrations of 0-1000 pM [0-228 mg/L]
for 30 min with human microsomes and 10 min with rat
microsomes. Metabolites were identified by HPLC or
LC/MS. Data were obtained from 4 experiments con-
ducted in duplicate. Data were analyzed by Mann—
Whitney test. Maximum velocity (Vi) and the rate
constant (K,,) values are summarized in Table 45. The
study authors reported a significant difference between
the Vmax for glucuronidation in immature rats and
humans. No sex-related difference was reported for
glucuronidation by human microsomes. As a result of
less extensive glucuronidation by human than rat
microsomes, the study authors noted that estrogen target
tissues in humans may receive higher exposure to
bisphenol A than tissues of immature female rats used
in estrogenicity studies. Lastly, oxidation of bisphenol A
by female rat or human microsomes was examined
following incubation with 200 uM [46 mg/L] bisphenol A
and NADPH. The only metabolite identified was 5-
hydroxybisphenol A.

The European Union (2003) reviewed a series of
studies by Sipes that compared metabolism of bisphenol
A in microsomes from male and female humans (15
pooled samples/sex and 3-5 individual samples/sex),
rats (4/sex), and mice (4/sex). It was concluded that the
studies generally agreed with the findings of Elsby et al.
(2001). Clearance rates (V./Ky) in human microsomes
(0.4-0.9 mL/min/mg for pooled samples and 0.3-0.5
mL/min/mg in individual samples) were lower than
those observed in rats (1.0-1.7 mL/min/mg) and mice
(1.3-3.0 mL/min/mg).

Pritchett et al. (2002) compared metabolism of bi-
sphenol A in hepatocyte cultures from humans, rats, and

Sex/species mg protein K, tM mice. Cell cultures were prepared from adult male and

female F344 rats, Sprague-Dawley rats, and CF1 mice.
Male/human 59104 775183 Human hepatocyte cultures were obtained from 3
Female/human 52403 66.3£7.5 females and 2 males. [No information was provided
Female/immature rat 31.6+8.1 27.0+1.2

about the age of human donors.] Cells were exposed to
Data presented as mean +SEM. 14C-bisphenol A (993% purity)/bisphenol A (>99%
*Elsby et al. (Elsby et al., 2001). purity) in a DMSO vehicle. In a cytotoxicity assessment,

Table 46

Metabolites Obtained From Incubation of Human, Rat, and Mouse Hepatocyte Cultures With 20 uM [4.6 mg/L]
Bisphenol A®

Percentage of parent compound or metabolites

Sex and species Glucuronide/sulfate Sulfate Glucuronide Bisphenol A

Human samples
Female-1 4 0 93 0
Female-2 2 0 84 2
Female-3 43 2 55 0
Male-1 1 0 85 0
Male-2 0 7.5 75 0

Rodent samples
Male F344 rat 70 0 30 0
Female F344 rat 10 0 86 0
Male Sprague-Dawley rat 30 2 58 0
Female Sprague-Dawley rat 0 0 100 0
Male CF1 Mouse 0 0 100 0
Female CF1 mouse 0 0 93 0

Human cells were incubated for 3 hr, and animal cells were incubated for 6 hr.

*Pritchett et al. (2002).
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lactate dehydrogenase activity was measured in rat cells
following incubation for 18 hr in 5-100 pM [1.1-23 mg/L]
bisphenol A, and cytotoxicity was observed at >75uM
bisphenol A. Bisphenol A concentrations tested and
times of exposure were 5-20 uM [1.1-4.6 mg/L] for up to
6hr in time-dependent metabolism studies and 2.5-
30 uM [0.57-6.8 mg/L] for 10 min in concentration-depen-
dent metabolism studies. Metabolites in cell media were
analyzed by HPLC and LC-MS/MS.

Analysis of media from human hepatocytes incubated
with bisphenol A indicated that the major metabolite was
bisphenol A glucuronide, and compounds found at
lower concentrations were bisphenol A glucuronide/
sulfate diconjugate, and bisphenol A sulfate conjugate.
Table 46 summarizes percentages of each type of
metabolite detected in media following incubation with

Table 47
Rates of Bisphenol A Glucuronide Formation Following
Incubation of Human, Rat, and Mouse Hepatocytes With
Bisphenol A®

Vimax Nmol/min/ Hepatic

0.5 x 10° capacity,
Species and sex hepatocytes pmol /hr®
Human female 0.27 8000
F344 rat female 0.46 46.5
F344 rat male 0.36 61.8
Sprague Dawley female 0.39 54.5
Sprague Dawley male 0.45 79.9
CF1 mouse female 0.50 13.8
CF1 mouse male 0.82 23.6

“Pritchett et al. (2002).
PHepatic capacity was estimated by multiplying V., by total
numbers of hepatic cells in vivo.

Table 48
Toxicokinetic Endpoints for Bisphenol A in Mice, Rats,
Rabbits, and Dogs Intravenously Dosed With 2mg/kg
bw Bisphenol A®

Endpoint Mouse® Rat Rabbit Dog

Systemic 0.3 19+04 12.6+4.9 27.1+8.0
clearance, L/hr

Volume of 0.1 1.3+04 71423 20.0+5.4
distribution, L

Half-life, min 39.9 37.6+12.8 40.8+17.1 43.7+219

Data are presented as mean+SD.
?Cho et al. (2002).
PVariances not reported.

20 pM [4.6 mg/L] bisphenol A for 3 hr in human cells and
6hr in rodent cells. In cells from all sexes and species
except male F344 rats, bisphenol A glucuronide was the
major metabolite detected. The glucuronide/sulfate
diconjugate was the major metabolite detected in cells
from male F344 rats. In concentration-dependent studies
conducted in F344 rat hepatocytes, a biphasic curve was
obtained following a 10-min incubation, with a Vi, of
0.36 nmol/min at bisphenol A concentrations of 20-
30 uM [4.6-6.8 mg/L] and a V. of ~0.15nmol/min at
bisphenol A concentrations of 2.5-10nM [0.57-2.3 mg/L].
Table 47 summarizes the higher V., values obtained
with cells from human, rat, and mouse livers. Total
hepatic capacity was determined by multiplying Vax by
total number of hepatocytes/liver in vivo. [The only
graphical data presented were for male F344 rats]. The
authors noted that V,,,,« values were highest in mice>r-
ats >humans. However, when adjusted for total hepato-
cyte number in vivo, the values were predicted to be
highest in humans > rats > mice.

Data from Pritchett et al. (2002) appeared to be
included in a series of unpublished studies by Sipes that
were reviewed by the European Union (2003). In their
review, the European Union noted that metabolic
patterns appear to be similar in humans, rats, and mice.
It was stated that the biphasic kinetic profile indicated
involvement of a high-affinity glucuronidase enzyme at
low concentrations and a high-capacity enzyme at high
concentrations. In the interpretation of kinetic profiles in
humans and experimental animals, the authors of the
European Union report noted that the study calculations
did not consider in vivo conditions such as varying
metabolic capacity of hepatic cells, relationship of hepatic
size to body size, and possibly important physiological
endpoints such as blood flow. In addition, it was
noted that calculations were based on limited data that
did not address inter-individual variability in enzyme
expression.

Cho et al. (2002) examined toxicokinetics of bisphenol
A in mouse, rat, rabbit, and dog and used that
information to predict toxicokinetic values in humans.
Bisphenol A was administered by i.v. injection at 2mg/
kg bw to 5 male ICR mice and at 1 mg/kg bw to 7 male
Sprague-Dawley rats, 7 male New Zealand White
rabbits, and 5 male beagle dogs. Blood samples were
drawn before dosing and at multiple time points
between 2min and 6hr following injection. Serum
bisphenol A concentrations were measured by HPLC.
Toxicokinetic endpoints in animals are summarized in
Table 48. The study authors noted that clearance and
volume of distribution increased with increasing animal
weight but that terminal half-life remained relatively
constant across the different species. Simple allometric

Table 49
Predicted Bisphenol A Toxicokinetic Endpoints in Humans Based on Results From Experimental Animal Studies®

Prediction method

Endpoint Allometric scaling Kallynochrons Apolysichrons Dienetichrons
Systemic clearance, L/hr 127.1 123 120.7 46.0
Volume of distribution, L 125.3 229.7 138.0 149.3
Half-life, min 43.6 110.4 67.8 196.2

?Cho et al. (2002).
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scaling and species-invariant time methods were used to
predict values for a 70-kg human, and those values are
summarized in Table 49. Regression analyses of estimates
using the species-invariant time methods demonstrated
that data from the 4 animal species were superimposable
(r =0.94-0.949).

Teeguarden et al. (2005) developed a physiologically
based pharmacokinetic (PBPK) model for bisphenol A.
Rat toxicokinetic data for the model were obtained from
the studies by Pottenger et al. (2000) and Upmeier et al.
(2000). Human toxicokinetic data were obtained from the
study by Volkel et al. (2002). The model was developed to
simulate blood and uterine concentrations of bisphenol A
following exposure of humans through relevant routes.
Correlations were determined for simulated bisphenol A
binding to uterine receptors and increases in uterine wet
weight, as determined by an unpublished study by
Twomey. Although intestinal metabolism of bisphenol A
to the glucuronide metabolite had been demonstrated
recently, the model attributed bisphenol A metabolism
entirely to the liver. Plasma protein binding was
considered in both the rat and human model. The model
accurately simulated plasma bisphenol A glucuronide
concentrations in humans orally administered 5mg
bisphenol A, with the exception of underpredicting
bisphenol A glucuronide concentrations at the 24—48-hr
period following exposures. Cumulative urinary elim-
ination of bisphenol A glucuronide in human males and
females was simulated accurately. Less accurate simula-
tions were observed for toxicokinetics in orally exposed
rats, and the study authors indicated that a likely cause
was oversimplification of the rat gastrointestinal com-
partment. Comparisons in metabolic clearance rates for
i.v. and oral exposure suggested significant intestinal
glucuronidation of bisphenol A. Enterohepatic recircula-
tion strongly affected terminal elimination in rats but not
humans. Consideration of bound versus unbound bi-
sphenol A was found to be important in simulating
occupancy of the estrogen receptor (ER) and uterine
weight response. No increase in ute