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Overview

Bisphenol A (BPA) is an industrial chemical that has been present in many hard plastic bottles
and metal-based food and beverage cans since the 1960s.

Studies employing standardized toxicity tests have thus far supported the safety of current low
levels of human exposure to BPA. However, on the basis of results from recent studies using
novel approaches to test for subtle effects, both the National Toxicology Program at the National
Institutes of Health and FDA have some concern about the potential effects of BPA on the brain,
behavior, and prostate gland in fetuses, infants, and young children. In cooperation with the
National Toxicology Program, FDA’s National Center for Toxicological Research is carrying out
in-depth studies to answer key questions and clarify uncertainties about the risks of BPA.

In the interim:

e FDA is taking reasonable steps to reduce human exposure to BPA in the food supply.
These steps include:
o supporting the industry’s actions to stop producing BPA-containing baby bottles
and infant feeding cups for the U.S. market;
o facilitating the development of alternatives to BPA for the linings of infant
formula cans; and .
o supporting efforts to replace BPA or minimize BPA levels in other food can
linings. :
e FDA is supporting a shift to a more robust regulatory framework for oversight of BPA.
e FDA is secking further public comment and external input on the science surrounding
BPA. '

FDA is also supporting recommendations from the Department of Health and Human Services
for infant feeding and food preparation to reduce exposure to BPA.

FDA is not recommending that families change the use of infant formula or foods, as the benefit
of a stable source of good nutrition outweighs the potential risk from BPA exposure.

Background

BPA is an industrial chemical used to make a hard, clear plastic known as polycarbonate, which
has been used in many consumer products, including reusable water bottles and baby bottles.
BPA is also found in epoxy resins, which act as a protective lining on the inside of metal-based
food and beverage cans. These uses of BPA are subject to premarket approval by FDA as

- indirect food additives or food contact substances. The original approvals were issued under

FDA’s food additive regulations and date from the 1960s.
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Studies employing standardized toxicity tests used globally for regulatory dec1510n making thus
far have supported the safety of current low levels of human exposure to BPA.! However,
results of recent studies using novel approaches and different endpoints describe BPA effects in
laboratory animals at very low doses corresponding to some estimated human exposures.” Many
of these new studies evaluated developmental or behavioral effects that are not typically assessed
in standardized tests.

The National Toxicology Program Center for the Evaluation of Risks to Humian Reproductlon
part of the National Institutes of Health, completed a review of BPA in September 2008.°> The
National Toxicology Program uses five different terms to describe its level of concern about the
different effects of chemicals: negligible concern, minimal concern, some concern, concern, and
serious concern.”

In its report on BPA, the National Toxicology Program expressed “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 Program also expressed “minimal concern for effects on the
maivimary gland and an earlier age for puberty for females in fetuses, infants, and chlldren at
current human exposures to bisphenol A” and “negligible concern” for other outcomes.”

The National Toxicology Program does not make regulatory recommendations. With respect to
neurological and developmental outcomes of BPA, the Program stated 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.”” The Program also stated:

Overall, the current literature cannot yet be fully interpreted for biological or
experimental consistency or for relevance to human health. Part of the difficulty for
evaluating consistency lies in reconciling findings of different studies that use different

! See, ¢.g., European Food Safety Authority. Toxicokinetics of Bisphenol A, Scientific
Opinion of the Panel on Food additives, Flavourings, Processing aids and Materials in Contact
with Food, Adopted 9 July 2008, The EFSA Journal 2008. Available online at
http://www.efsa.curopa.eu/cs/BlobServer/Scientific_Opinion/afc ej759 bpa %20toxicokinetics
_op_en.pdf?ssbinary=true.

% See, e.g. vom Saal FS, Akingbemi BT, Belcher SM et al. Chapel Hill bisphenol A
expert panel consensus statement: integration of mechanisms, effects in animals and potential to
impact human health at current levels of exposure, Reproductive Toxicology 2007;24:131-8.

3 NTP-CERHR Monograph on the Potential Human Reproductive and Developmental
Effects of Bisphenol A, NIH Publication No. 08-5994, September 2008.

* Ibid, page 6.
> Ibid.

6 Tbid.

" Ibid, page 20.
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experimental designs and different specific behavioral tests to measure the same dimension
of behavior.?

In August 2008, prior to the release of the final National Toxicology Program report, FDA
released a document entitled Draft Assessment of Bisphenol A for Use in Food Contact
Applications.” This draft assessment was then reviewed by a Subcommittee of FDA’s Sc1ence
Board, which released its report at the end of October 2008. 10

Since that time, the Center for Food Safety and Applied Nutrition within FDA has reviewed
additional studies of low-dose toxicity cited by the National Toxicology Program and the
Science Board Subcommittee as well as other such studies that have become available. The
Center then prepared a document entitled Bisphenol A (CAS RN. 80-05): Review of Low Dose
Studies,dated August 31, 2009. In the fall of 2009, FDA’s Acting Chief Scientist asked five
expert scientists from across the federal government to provide independent scientific
evaluations of this document.

FDA is continuing to consider the low dose toxicity studies of BPA as well as other recent peer-
reviewed studies related to BPA. At this stage, FDA is explaining its current perspective on
BPA, its support for further studies, its intent to solicit and consider public comment before
revising its assessment of BPA use in food contact applications, its interim public health
recommendations, its view of the appropriate regulatory framework for BPA use in food contact
applications, and our planned collaborations with international partners.

"FDA’s Current Perspective on BPA

At this interim stage, FDA shares the perspective of the National Toxicology Program that recent
studies provide reason for some concern about the potential effects of BPA on the brain,
behavior, and prostate gland of fetuses, infants and children. FDA also recognizes substantial
uncertainties with respect to the overall interpretation of these studies and their potential
implications for human health effects of BPA exposure. These uncertainties relate to issues such
as the routes of exposure employed, the lack of consistency among some of the measured
endpoints or results between studies, the relevance of some animal models to human health,
differences in the metabolism (and detoxification) of and responses to BPA both at different ages
and in different species, and limited or absent dose response information for some studies.

8 Ihid.

? U.8. Food and Drug Administration, Draft Assessment of Bisphenol A for Use in Food
Contact Applications, 14 August 2008 (Available online at
http://www.fda.gov/ohrms/dockets/AC/08/briefing/2008-
0038b1_01 02 _FDA%20BPA%20Draft%20Assessment.pdf).

YEDA Science Board Subcommittee on Bisphenol A. Scientific Peer-Review of the
Draft Assessment of Bisphenol A for Use in Food Contact Applications, 31 October 2008
(Available online at http://www.fda.gov/ohrms/dockets/ac/08/briefing/2008-4386b1-05.pdf).
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FDA is pursuing additional studies to address the uncertainties in the findings, seeking public
input and input from other expert agencies, and supporting a shift to a more robust regulatory
framework for oversight of BPA to be able to respond quickly, if necessary, to protect the public.

In addition, FDA is supporting reasonable steps to reduce human exposure to BPA, including
actions by industry and réecommendations to consumers on food preparation. At this time, FDA
is not recommending that families change the use of infant formula or foods, as the benefit of a
stable source of good nutrition outweighs the potential risk of BPA exposure.

Additional Studies

FDA supports additional studies, by both governmental and non-governmental entities, to
provide additional information and address uncertainties about the safety of BPA.

FDA’s Studies. FDA’s National Center for Toxicological Research is pursuing a set of studies
on the safety of low doses of BPA, including assessment of the novel endpoints where concerns
have been raised. These include studies pursued in collaboration with the National Toxicology
Program and with support and input from the National Institute for Environmental Health
Sciences. Depending on the results, each could influence regulatory decisions about BPA.

FDA’s studies include:

e Physiologically based pharmacokinetic modeling studies in both rodents and nonhuman
primates are under way to predict internal exposure of BPA in both the free and
conjugated forms, and to provide data on the magnitude of inter-individual differences.
These data will facilitate comparisons of exposure across all stages of development and
development of relationships between the results of rodent and nonhuman primate
feeding studies, and will allow comparisons of internal doses of BPA when given by oral
and intravenous routes. This approach has been identified as critical in order to fully
evaluate the potential human health implications of studies that have used novel
endpoints or non-oral dosing, particularly in rodents, which may metabolize BPA
differently than humans. These data will also allow the agency to assess the magnitude of
the potential differential exposure (and risk) to neonates. Results from this study are
expected to be available to FDA to inform the agency’s decisionmaking starting in spring
2010.

o Rodent subchronic studies are in progress to characterize potential effects, and, where
observed, the dose-response relationship in the prostate and mammary glands for orally
administered BPA. In addition, these studies will explore other issues including potential
effects of BPA on metabolic changes and cardiovascular endpoints. These studies will
include an in utero phase, mimic bottle feeding in neonates, and employ a dose range that
will cover the low doses where effects have been previously reported in some animal
studies, as well as higher doses where estrogenic effects have been measured in guideline
oral studies. Results from this study are expected to be available to FDA to inform the
agency’s decisionmaking starting in 2012.
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o Rodent behavioral/neuroanatomical pilot studies are also already in progress as part of
the sub-chronic study to characterize dose levels at which behavioral, neuroanatomical,
neurochemical and hormonal endpoints may be affected by developmental exposure to
BPA. These data are intended to evaluate possible effects of exposure to BPA during
development that have been reported in some published studies on sexually dimorphic
behavioral endpoints such as anxiety, as well as on standard developmental neurotoxicity
tests. Results from this study are expected to be available to FDA to inform the agency’s
decisionmaking starting in 2012.

Other Studies. Other studies on the safety of BPA are also underway. For example, the
National Institute of Environmental Health Sciences has recently announced that it is providing
$30 million in funding to study BPA, which includes support both for FDA studies and external
grants.

Public Comment and Next Steps for FDA’s Assessment of BPA

FDA will open a public docket for comment on BPA. The docket will contain the Center for
Food Safety and Applied Nutrition’s review of the low dose toxicity studies and recently
published studies, the five expert reviews, and other relevant material. The agency welcomes
comments on these documents, other available evidence, and the agency’s regulatory options.
This docket will be open for public comment for 60 days.

FDA will also continue to consult with other expert agencies in the federal government,
including the National Institutes of Health (and National Toxicology Program), Environmental
Protection Agency, Consumer Product Safety Commission, and the Centers for Disease Control
and Prevention.

Based on this outside input and the results of new studies, FDA will update its assessment of
BPA and will be prepared to take additional action if warranted. As the scientific field is
evolving rapidly, FDA anticipates providing further updates on BPA to the public as significant
new information becomes available.

Interim Public Health Recommendations

At this interim stage, FDA supports reasonable steps to reduce exposure of infants to BPA in the
food supply. In addition, FDA will work with industry to support and evaluate manufacturing
practices and alternative substances that could reduce exposure to other populations.

Given that these are preliminary steps being taken as a precaution, it is important that no harmful
changes be made in food packaging or consumption, whether by industry or consumers, that
could jeopardize either food safety or reduce access to and intake of food needed to provide good
nutrition, particularly for infants.

Infants. Infants are a potentially sensitive population for BPA because (1) their neurological
and endocrine systems are developing; and (2) their hepatic system for detoxification and
elimination of such substances as BPA is immature.
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e FDA is supporting the industry’s actions to stop producing BPA-containing bottles and
infant feeding cups for the U.S. market. FDA understands that over the past year, the

major manufacturers of these products have stopped selling new BPA-containing bottles
and infant feeding cups for the U.S. market. Glass and polypropylene bottles and plastic
disposable “bag” liners have long been alternatives to polycarbonate nursing bottles.

o DA is facilitating the development of alternatives to BPA for the linings of infant
formula cans. FDA has already noted increased interest on the part of infant formula
manufacturers to explore alternatives to BPA-containing can linings, and has received
notifications for alternative packaging. The agency is supporting efforts to develop and
use alternatives by (1) working with manufacturers regarding the regulatory status and
safety of alternative liners; (2) giving technical assistance to those wishing to prepare
applications for approval of alternatives; and (3) expeditiously reviewing any such new
apphcatlons for alternatives. Because reliable can lining materials are a critical factor in
ensuring the quality of heat processed liquid infant formula, safe replacement of such
materials requires not only that they both be safe for food contact but also allow for
processing that is fully functional in protecting the safety and quality of the infant
formula itself.

The American Academy of Pediatrics and other health authorities recommend breastfeeding as
the optimal nutrition for infants. Infant formula, including infant formula packaged in cans, is a
safe and acceptable alternative that provides known nutritional benefits and prevents life-
threatening nutritional deficiencies.

FDA is not recommending that families change the use of infant formula or foods, as the benefit
of a stable source of good nutrition cutweighs the potential risk of BPA exposure.

Other Populations. With respect to uses of BPA in packaging of food intended for other
populations, FDA will support changes in food can linings and manufacturing to replace BPA or
minimize BPA levels where the changes can be accomplished while still protecting food safety
and quality. FDA will support efforts to develop alternatives for other can lining applications
similar to those which are already being tested for liquid infant formula packaging. Reliable can
lining materials are a critical factor in ensuring the quality of heat processed foods. Therefore,
FDA will work to encourage and facilitate changes that minimize exposure to BPA and avoid
other adverse impacts on food safety or quality.

Other Advice. FDA is supporting recommendations by the Department of Health and Human
Services for infant feeding and food preparation to reduce exposure to BPA

The Regulatory Framework for BPA

Current BPA food contact uses were approved under food additive regulations issued more than
40 years ago. This regulatory structure limits the oversight and flexibility of FDA. Once a food
additive is approved, any manufacturer of food or food packaging may use the food additive in

accordance with the regulation. There is no requirement to notify FDA of that use. For example,
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today there exist hundreds of different formulations for BPA-containing epoxy linings, which
have varying characteristics. As currently regulated, manufacturers are not required to disclose
to FDA the existence or nature of these formulations. Furthermore, if FDA were to decide to
revoke one or more approved uses, FDA would need to undertake what could be a lengthy
process of rulemaking to accomplish this goal.

Since 2000, FDA has regulated new food contact substances 'thfough the Food Contact
Notification Program. Under this program:

o FDA receives notification from each manufacturer of the basis for the safe use of a food
contact substance, detailing the conditions of the substance’s use, allowing the agency
and public to know how much is being used, and for what applications;

e FDA can work with individual manufacturers to minimize exposure if a potential or
actual safety concern is identified after approval;

o FDA can require the submission of additional safety and exposure data from individual
manufacturers to address a significant safety concern;

o FDA can require additional studies by individual manufacturers to address a significant
safety concern; and

e If FDA were to reach a conclusion that revocation of one or more approved uses is
justified, FDA could quickly protect the public by revoking the use through a notice
published in the Federal Register.

Given concern about BPA, and the ongoing evaluation of and studies on its safety, FDA believes
that the more modern framework is more robust and appropriate for oversight of BPA than the
current one.

FDA will encourage manufacturers to voluntarily submit a food contact notification for their
- currently marketed uses of BPA-containing materials.

In addition, FDA will explore additional options to regulate BPA under the more modern
framework.

Collaboration with International Partners

FDA will continue to participate in discussions with our International regulatory and public
health counterparts who have also been engaged in assessing the safety of BPA.

For example, FDA has participated with Health Canada in encouraging industry efforts to refine
their manufacturing methods for the production of infant formula can linings to minimize
migration of BPA into the formula.

In addition, FDA is planning to support and participate in an upcoming planned Expert
Consultation on BPA to be convened by World Health Organization and the Food and
Agriculture Organization of the United Natlons Information about this expert consultation is
available from the WHO web site:

http://www.who.int/foodsafety/fs_management/infosan archives/en/
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1. Introduction

This document is a summary statement of the outcome from
the meeting: “Bisphenol A: An Examination of the Relevance of
Ecological, In vitro and Laboratory Animal Studies for Assess-
ing Risks to Human Health” sponsored by both the NIEHS and

- NIDCR at NIH/DHHS, as well as the US-EPA and Commonweal
on the estrogenic environmental chemical bisphenol A (BPA,
2,2-bis(4-bydroxyphenylypropane; CAS# 80-05-7). The meet-
ing was held in Chapel Hill, NC, 28-30 November 2006 due
to concerns about the potential for a relationship between BPA
and negative trends in human health that have occurred in recent
decades. Examples include increases in abnormal penile/urethra
development in males, early sexual maturation in females, an
increase in nevrobehavioral problems such as attention deficit
hyperactivity disorder (ADHD) and autism, an increase in child-
hood and adult obesity and type 2 diabetes, a regional decrease
in sperm count, and an increase in hormonally mediated cancers,
such as prostate and breast cancers. Concern has been elevated
by published studies reporting a relationship between treatment
with “low doses” of BPA.and many of theses negative health out-
comes in experimental studies in laboratory animals as well as
in vitro studies identifying plausible molecular mechanisms that
could mediate such effects. Importantly, much evidence suggests
that these adverse effects are occurring in animals within the
range of exposure to BPA of the typical human living in a devel-
oped country, where virtually everyone has measurable blood,
tissue and urine Jevels of BPA that exceed the levels produced
by doses used in the “low dose” animal experiments.

Issues relating to BPA were extensively discussed by five
panels of experts prior to and during the meeting, and are sum-
marized in five reports included in this issue: (1) human exposure

- to bisphenol A (BPA) [11; (2) in vitro molecular mechanisms of

bisphenol A action [2]; (3) in vivo effects of bisphenol A in
laboratory animals [3]; (4) an ecological assessment of bisphe-
nol A: evidence from comparative biology [4]; (5} an evaluation

Abbreviations: ADHD, attention deficit hyperactivity disorder; BADGE,
* bisphenol A diglycidyl ether; BIS-DMA, bisphenol A dimethacrylate; BIS-
GMA, bisphenol A plycerolate dimethacrylate; BPA, bisphenol A; ER, estrogen
receptor

(0890-6238/$ — see front matter © 2007 Published by Elsevier Inc.
doi:10.1016/j.reprotox.2007.07.005

of evidence for the carcinogenic activity of bisphenol A. [5].
Further discussion occurred at the meeting where participants
from the panels were reorganized into four breakout groups. The
consensus statements from the mecting are presented below.

The definition of “low dose™ of BPA at this meeting used the
same two criteria established at a prior NIH meeting concerning
the low dose endocrine disrui;t"or issue [6]: (1) for laboratory ani-
mal studies “low doses” involved administration of doses below
those used in traditional toxicological studies conducted for risk
assessment purposes. For BPA the lowest dose previously exam-
ined for risk assessment purposes was 50mg (kg~! day~!) in
studies with rats and mice. The 50 mg (kg1 day~!) dose is the
currently accepted lowest adversé effect level (LOAEL) that
was used to calculate the current US-EPA reference dose (the
daily dose that EPA calculates is safe for humans over the Jife-
time) of 50 pug (kg ' day~!). The current reference dose is thus
based on “high dose” experiments conducted in the 1980s [7].
(2) “Low dose” also refers to doses within the range of typical
human exposure (excluding occupational exposures). For pur-
poses of this meeting, the published literature that was reviewed
met both of these criteria for being considered within the “low
dose” range. ' :

Hundreds of in vitro and in vive studies regarding the mech-
anisins and effects of low doses of BPA, as well as studies of
biomonitoring and sources of exposure, have been published in
peer reviewed journals over the last 10 years, since the first “low
dose™ BPA in vivo studies were published [8-10). The meeting
was convened specifically to integrate this relatively new infor-
mation. This task required the combined expertise of scientists
from many different disciplines, and care was taken to ensure
that participants covered these-diverse areas.

BPA is a high-volume (>6 billion pounds per year) production
chemical used to make resins and polycarbonate plastic [11]. Of
particular concern is the use of BPA in food and beverage plastic
storage and heating containers and to line metal cans. In addition,
potential environmental sources of BPA contamination are due
to use in dental fillings and sealants [12], losses at the production
site [13], leaching from landfill [14,15], and presence in indoors
air [16].

BPA has become a chemical of “high concern” only in recént
years, even though BPA was shown to stimulate the reproductive
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addition, identify any in vivo findings that are unex-
. pected based on the in vitro literature.

Issue (2) Assess the degree to which ecological studies with
wildlife are consistent with laboratory studies in sim-
ilar and different species. For example, determine the
similarity of exposure levels and types. of responses
seen in wildlife and laboratory animals.

Issue (3) Discuss the degree to which the low doses of BPA
used in laboratory animal studies relate to the lev-
els detected in human serum and tissues (including
urine), :

Issue (4) Assess the importance of life stage in the pharma-

: cokinetics of BPA, levels of exposure to BPA, and the
health effects of BPA in animals and humans.

3. Findings submitted by the four breakout groups

The reports from the breakout groups are presented below.
The four breakout groups conducted a critical examination of
the published research on BPA in relation to the four topics
“described above. Each of the breakout groups identified areas of
knowledge and research gaps and made suggestions for future
directions of research. In addition, each group identified which
of the following two categories applied to specific outcomes:

o “We are confident of the following™: this category applied
when there were findings reported in multiple papers from
multiple labs that were in agreement. There should have been
no papers reporting conflicting findings, unless there were
flaws in those papers, in which case the flaw(s) should have
been identified.
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of the low dose BPA phenomena (effects have been reported
at doses as low as 1 pM or 0.23 ppt). This increases the plau-
sibility of effects at low doses, which are within the range of
environmentally relevant doses (human and wildlife levels of

| exposure),
. In vitro mechanistic information has informed us that expos-

ing tissues to only an extremely narrow range of doses. 5f
BPA may lead to erroneous conclusions. Non-moenotoriic
dose-response curves are encountered frequently in bzsic
endocrinological research, and numerous examples have -
been reported for BPA reviewed in Refs. [18,23,24]. Beor use
of this animal experiments on unstudied systems must ax'oid
narrow dose ranges, especially the use of only a few very
high doses. Thus, testing one or two doses and concluding
that there are no effects is inappropriate. At somewhat higher
doses than are required for estrogen receptor (FR)-mediated
responses, BPA also interacts with androgen and thyroid hor-
mone receptors, making predictions of effects at different
doses very complex.

. In vitro studies can dissect mechanisms of complicated

effects observed in vivo. The proposed potential mechanisms
acting in vitro and in vivo are the same, involving estro-
gen receptor mediated (nuclear- and membrane-associated)
actions. However, specific effects are dese and cell/tissoe
specific. In addition, there are in vivo processes that are not
reflective of currently known mechanisms that have been
identified in vitro. This is due to previously unknown mech-
anisms as well as the complexity (due to interactions among
cell and tissue types) of ir vive systems.

“We believe the following to be likely but requiring con-
firmation™: This category applied when there were multiple
consistent findings from one Iab, or there may have been some

" 4.1.2. Issue2: ﬂﬁldl@‘ew—laboratory animal research

connect_ion
1. BPA is found in the environment: aquatic, terrestrial and air.
2. Studies of wildlife demonstrate estrogenic responses that are

conflicting repotts along with reports of significant findings.
4. Levels of confidence for published BPA findings

_The responses-from the four different breakout groups were
integrated together and organized based on levels of confidence.
The criterion for a statement being included in a category was
that there had to be-consensus among all four of the breakout
groups about the statement.

4.1. Based on existing data we are confident of the
Jfollowing

4.1.1. Issue 1: In vitro mecharistic research—taboratory

animal research connection

1. In vitro studies have provided two routes of plausibility for
low dose in vivo effects of BPA. These include binding to
nuclear estrogen receptors that regulate transcription as well
as estrogen receptors associated with the cell membrane that
promote calcium mobilization and intracellular signaling.

Receptors associated with the cell membrane are more sensi- .

tive to BPA than the nuclear receptors. Actions miediated by
membrane associated receptor signaling may underliec much

similar to responses seen in laboratory animals. Specifically,
reductions in spermatogenesis are seen in wildlife at ecolog-
ical concentrations of BPA, and these effects are also seen
in controlled laboratory studies with BPA. In addition, vitel-
logenin response is a common biomarker in non-mammalian
wildlife and laboratory species for BPA-induced estrogen
receptor activation as well as activation by other estrogens.

- BPA exposure induces similar effects in reproductive sys-

tems in wiidlife and experimental animal model systems,
but concentrations used in experiments involving wildlife
species are often higher than environmental exposures. There
are conditions in the environment, such as landfil} leachates
and effluent outflow that cause episodic exposure of field
populations to elevated doses of BPA.

- Responsesin a variety of vertebrate wildlife species are qual-

itatively consistent with controlled laboratory studies with
BPA. Thus, animals in the wild show evidence of harm,
and controlled laboratory studies with model aquatic animals

(i.e., medaka, zebrafish, and fathead minnows) are consistent
with observations made in wildlife species. Low dose effects

~of BPA (low ppb range) have been observed in many of these

animals.



Correspondence / Reproductive Toxicology 24 (2007 131-138

4. In wildlife and laboratory studies, BPA induces alteration in
steroid biosynthesis/ metabolism/excretion.

5. Wildlife residing in sediment is likely exposed to higher
levels of BPA.

4.2.3. Issue 3: Laboratory animal research—human

exposure connection )

1. Human exposure is likely to be continuous, unlike exposure
in most laboratory animal studies of BPA pharmacokinetics.

4.2.4. Issue 4: Life stage—relationship to exposure

pharmacokinetics and health effects ]

1. Clearance of BPA in the fetus is reduced compared to
other life stages. Different effects and metabolic clear-
ance mechanisms are also observed in neonatal and adult
animals. Conjugation (glucuronidation) and other mecha-
nisms of metabolic clearance of BPA thus vary throughout
life,

2. Exposure to BPA during different life stages differentially

- influences reproductive cancer etiology and progression, and
exposure during sensitive periods in organogenesis may
increase susceptibility to development of cancers in some
organs, such as the prostaie and mammary glands.

3. Early life exposure to environmentally relevant BPA doses
may result in persistent adverse effects in humans,

4. The function of the immune system can be altered following

adult exposure to BPA.
5. Effects on insulin metabolism occur following adult expo-

sure.

4.3. Areas of uncertainty and suggestions for future
research

4.3.1. Issue 1: In vitro mechanistic research—laboratory

animal research connection

1. Since BPA can act as an agonist or an antagonist in differ-
ent tissues and against different background physiological

“"states, the specific co-regulators that mediated these dif-
ferent responses of BPA: need to be elucidated based on
in vitro mechanistic studies, which should be confirmed
in vivo.

2. Research is needed on specific receptor sub-types (i.e., classi-
cal nuclear and non-classical membrane-associated estrogen
receptors) in relation to the potency of BPA in different tis-
sues.

3. The identification of multiple estrogen receptor genes and
variants as well as different co-regulators with different activ-
ities reveals that different levels of potency of BPA could
be obtained by complex interactions between these differ-

- ent components that would not be predicted in homogeneous
recombinant systems. '

4.3.2. Issue 2: Wildlife—laboratory animal research

CORnection :
1. To directly relate the effects seen in wildlife with BPA expo-

sure, biomonitoring data are needed from wildlife. In addition
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to BPA levels, these studies should assay total estrogenic and
antiandrogenic activity from other contaminants.

2. There is a need to examine sensitive endpoints in wildlife
that have been identified in laboratory animals.

3. There are substantial amounts of plastic debris within marine
and fresh water ecosystems, and studies are needed to
examine the impact of BPA in the environment on aquatic
organisms. Doses used in laboratory experimerits involving
wildlife should reflect environmental exposurés.

4. More stndies need to be done with BPA in invertebrates, and
a fundamental understanding of estrogen action in inverte-
brates is required.

5. Studies should determine if amplification of BPA through the
food chain occurs, particularly under anaerobic ot hypoxic
conditions due to the lack of microbial or photodegrada-
tion,

6. Future research emphasis should be placed on populations
of aquatic animals exposed to landfill leachate and sewage
cfiluent, as these are the primary point sources for BPA expo-
sure, .

4.3.3. Issue 3: Laboratory animal research—human

exposure connection

1. Even though there have been attempts to. estimate daily
human intake of BPA, these estimates require many assump-
tions. The best measures we have to estimate whether humans
may be affected by current exposures to BPA are levels
in blood {not exposure levels), which can be related to
bloed levels in experimental animals after acute exposures.
Known sources of human exposure to BPA do not appear
sufficient to explain levels measured in human tissues and
fluids.

2. While BPA is not persistent in the environment or in humans,

~ biomonitoring surveys indicate that exposure is continuous.
This is problematic because acute animal exposure studies
are used to estimate daily human exposure to BPA, and at
this time, we are not aware of any studies that have éxamined
BPA pharmacokinetics in animal models following continu-
ous low level exposures, Measurement of BPA levels in serum
and other body fluids suggests that either BPA intake is much
higher than accounted for, or that BPA can bioaccumulate in
some conditions such as pregnancy, or both. Research using
both animal models, as well as epidemiology studies, are
needed to address these hypotheses, and this research needs
to better mimic the apparent continuous exposure of humans
to BPA.

3. More comprehensive exposure and biomoniforing studies are
needed, especially in developing countries.

4. In both animal and human studies, internal exposure mea-
sures need to be related to health effects. In particular, there
is a need for epidemiological studies relating health out-
comes to BPA exposure, particularly during sensitive periods
in development. These studies should be based on hypothe-
ses from findings in experimental animals. This will require
additional development of appropriate biomarkers in animal
studies that can be used in epidemiological research.
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4.3.4. Issue 4: Life stage-—relationship to exposure
pharmacokinetics and health effects

1. While there is a great need to continue studying prenatal
and perinatal exposures in laboratory animal studies, many
organs and endpoints continne developing at later stages
(throughout puberty and adolescence). Additional studies
are needed during these later periods of development.

2, Additional research is needed regarding exposure to BPA in
adulthood to determine whether post-exposure effects are
temporary or are permanent and associated with subsequent
age-related diseases.

3. Becanse aging adulis lose repair mechanisms, metabolic
enzymes, and imprinted genes, the possibility that adult
exposures (long-term, low level) canincrease the risk of can-
cers and othér conditions during aging should be addressed
with additional human research and the development of
appropriate animal models.

4. Epigenetics should be examined as a potentlal mech-

anism mediating developmental effects as well as the’

trans-generational effects of BPA and other contaminants.

Potential effects of adult exposures also need to be examined

in relation to disruption of epigenetic changes that occur
normally during aging.

5. Trans- and multi-generational effects of BPA must be exam-
ined in laboratory animals and humans.

6. There is a need for studies that involve collection of human
blood and wvrine from humans at several life stages, with
specific emphasis on infants and young children and contin-
ued monitoring throughout adulthood. Additionally, there
is a need to characterize the basis for the variability in
BPA levels in studies examining both human urine and
serum.

7. There is a need for research on the genetic basis for differ-
ences in susceptibility to BPA and other contaminants.

8. Studies are needed on comparative BPA pharmacokinet-
ics in invertebrates and vertebrates (non-human pnmates
included).

9. There is a need to measure total endocrine disrupter load in
humans and wildlife. Therefore, biomarkers of enddcrine
disrupter exposure are necessary.

10. There is a need for more research directed at examining
human exposure, pharmacokinetics and health effects of

selected BPA precursors (i.e., BADGE, BISGMA, and BIS-

DMA) and metabolites (e.g., halogenated BPAs).

11. There is a need for more studies focused on identification
of other- (non-estrogen-receptor mediated) mechanisms of
action of BPA.

12. Effects of chemicals on the immune system are life stage
dependent, and identifying the life stage dependency for
BPA effects on the immune system is necessary. In addition,
studies examining BPA effects on the immune system in

wildlife are necessary.

5, Cenclusions

The published scientific literature on human and animal expo-
sure to low doses of BPA in relation to in vitro mechanistic
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studies reveals that human exposure to BPA is within the range
that is predicted to be biologically active in over 95% of peo-
ple sampled. The wide range of adverse effects of low doses
of BPA in laboratory animals exposed both during development
and in adulthood is a great cause for concern with regard to the
potential for similar adverse effects in humans. Recent trends
in human diseases relate to adverse effects observed in experi-
mental animals exposed to low doses of BPA. Specific examples
include: the inerease in prostate and breast cancer, uro-genital
abnormalities in male babies, a decline in semen quality in men,
early onset of puberty in girls, metabolic disorders including
insulin resistant (type 2) diabetes and obesity, and neurobehav-
ioral problems such as attention deficit hyperactivity disorder
{ADHD).

There is extensive evidence that outcomes may not become
apparent untii long after BPA exposure during development has
occurred. The issue of a very long latency for effects in urero to
be observed is referred to as thé developmental origins of adult
health and disease (DOHaD) hypothesis. These developmental
effects aré irreversible arid can occur due to low dose exposure
during brief sensitive periods in development, even though no
BPA may be detected when the damage or disease is expressed.
However, this does not diminish our concern for adult exposure,
where many adverse outcomes are observed while exposure is
occurting. Concern regarding exposure throughout lfe is based
on evidence that there is chronic, low level exposure of virtually
everyone in developed countries to BPA. These findings indicate
that acute studies in animals, particularly traditional toxicolog-
ical studies that only involve the use of high doses of BPA, do
not reflect the situation in humans.

* The fact that very few epidemiological studies have been con-
ducted to address the issue of the potential for BPA to impact
human health is a concern, and more research is clearly needed.

. This also applies to wildlife, both aquatic and terrestrial. The for-

mulation of hypotheses for the epidemiological and ecological
studies can be greatly facilitated by the extensive evidence from
laboratory animal studies, particularly when common mecha-
nisms that could plavsibly mediate the responses are known to
be very similar in the laboratory animal models, wildlife and
humans.
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5. The similar effects observed in wildlife and Iaboratory ani-
mals exposed fo BPA predict that similar effects are also
occurring in humans.

4.1.3. Issue 3: Laboratory animal research—human

expositre connection

1. Human exposure to BPA is widespread.

2. Human exposure to BPA is variable, and exposure levels
cover a broad range [central tendency for unconjugated BPA:
0.3—4.4ngml ! (ppb))] in tissues and fluids in fetuses, chil-
dren and adults,

3. Becanse the current published literature states that there is a
linear relationship between administered dose and circulating
levels of BPA in animal studies, this allows circulating levels
at lJower administered doses to be predicted in experimental

animals based on the results from studies in which higher

doses were administered.

4. All of the currently published metabolic studies in rats predict
circulating BPA levels after acute low dose oral exposures at
blood levels less than or equal to 2ngml~! (ppb), which
is the approximate median and mean unconjugated circulat-
ing BPA level in humans. Therefore, the comrrionly reported
circulating levels in humans exceed the circulating levels
extrapolated from acute cxposure studies in laboratory ani-
mals.

3. BPA levels in the fetal mouse exposed to BPA by maternal
delivery of 25 pgkg™!, a dose that has produced adverse
effects in multiple experiments, are well within the range of
unconjogated BPA levels observed in human fetal blood,

4.1.4. Issue 4: Life stage—relationship to exposu}re
pharmacokinetics and health effects

1. Sensitivity to endocrine disruptors, including BPA, varies

extensively with life stage, indicating that there are spe-
cific windows of increased sensitivity at multiple life stages.
Therefore, it is essential to assess the impact of life stage on
the response to BPA in studies involving wildlife, 1ab0ratory
animals, and humans:

2. Developmental windows of susceptlblhty are comparable in
vertebrate wildlife species and laboratory animals.

3. BPA alters “epigenietic programming” of genes in experimen-
tal animals and wildlife that results in persistent effects that
are expressed later in life [25]. These organizational effects
(functional and structural) in response to exposure to low
doses of BPA during organogenesis persist into adulthood,
long after the period of exposure has ended. Specifically, pre-
natal and/or neonatal exposure to low doses of BPA results
in organizational changes in the prostate, breast, testis, mam-
mary glands, body size, brain structure and chemistry, and
behavior of laboratory animals.

4. There are effects due to exposure in adulthood that occurs at
low doses of BPA. Substantial neurobehavioral effects and

" reproductive effects in both males and females have been
observed during adult exposures in laboratory animals,

5. Acult exposure studies cannot be presumed to predict the
results of exposure during development.

6. Life stage impacts the pharmacokinetics of BPA.

4.2, We believe the following to be likely but require
confirmation

4.2.1. Issue I: In vitro mechanistic researchmlaboratmy
animal research contiection

_ 1. BPA metabolism oceurs in cell culture systems, and alit.ough

there are differences between ceil types, there is less variabil-
ity than in the entire animal. Metabolism is an importani issue
for humans and wildlife field populations with large genetic
variability. Individual differences in BPA pharmacokinetics
allow for underlying variability within a population, and may
allow for the identification of sensitive and insensitive sub-
populations.

2. ‘The activity of various enzymes involved in drug, chemi-
cal, and hormone metabolism, as well as protection against
oxidative stress, are programmed by hormone levels during
sensitive périods in development. Developmental alterations
in hormonal programming (activation or inhibition) may thus
affect metabolism of BPA and other hormones and chemicals.
Direct interaction of BPA with enzymes in cells has only been
reported at higher doses than expected for human exposures.

3. The setof genesregulated by BPA is expected to differ among
doses, Therefore, different doses of BPA do not produce dif-
ferent effects only due to a quantitative difference in the
expression of the same set of genes.

4. Differential expression of estrogen receptor subtypes (o/B;
variant isoforms), and protein-protein interactions (estrogen
receptor homo- and hetero-dimer formation, co-regulators,
etc) modulate the celinlar response to BPA. Direct actions of
BPA on intracellular signal transduction modulate some cel-
lular responses, which are similarly dependent on differential
expression and protein—protein interactions.

-3, Bioactive doses can be mathematically modeled, but further

model refinement and experimental confirmation is required.

6. Other mechanisms (androgen receptors, thyroid hormone
receptors) may be relevant for BPA action, but at higher doses
than for estrogen responsive mechanisms,

4.2.2. Issue 2: Wildlife—laboratory animal research

connection

1. The effects observed in laboratory animals could be present
in wildlife, because the low doses being studied in labora-
tory animals are now relevant to environmental exposure
levels of wildlife. The similarities in mechanisms that have
been observed between different species suggest that field
populations will respond to the same low levels.

2. Measurements of vitellogenin production in fish have estab-
lished that there are exogenous estrogenic signals in the their
environment. BPA may be contributing to this phenomenon
as it enters natural water systems after leaching from landfills
and due to plastic debris in water.

3. Delayed spawning is seen in male and female fish, which may
relate to observed changes in estrous cyclicity in mammals
in laboratory experiments.
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system in female rats and thus to be an “environmental estro-
gen” in 1936 {17], long before it was used as the monomer to
synthesize polycarbonate plastic and resins in the early 1950s.
However, more recent evidence has shown that BPA also exhibits
other modes of endocrine disruption in addition to binding to
estrogen receptors, such as alterations in endogenous hormone
synthesis, hormone metabolisin and hormone concentrations
in blood. BPA also results in changes in tissue enzymes and
hormone receptors, and interacts with other hormoné-response
systems, such as the androgen and thyroid hormone receptor
signaling systems. While BPA -was initially considered to be a
“weak” estrogen based on a lower affinity for estrogen recep-
tor alpha relative to estradiol [18], research shows that BPA. is
equipotent with estradiol in its ability to activate responses via
recently discovered estrogen receptors associated with the cell
membrane [19-22]. Tt is through these receptors that BPA stimu-
lates rapid physiological responses at low.picogram pér mi (parts
pér trillion) concentrations.

2. Purpose and organization of the BPA meeting
2.1 Topicfocused exben: panels

To address the strength of the evidence regarding the pub-
lished BPA research, an organizing committee was formed, and
five panels of experts from different disciplines were established.
Each panel had a chair or c¢o-chairs and included a scientist
who agreed to be primarily responsible, along with the chair,
for preparing a preliminary draft of the panel’s report. A web
site was established on which all of the available electronic

files of articles concerning BPA were posted, along with other .

pertinent information relating to the meeting. Prior to the meet-
ing, the panel members began working on draft reports and
communicated via electronic média and telephone conference
calls. The resulting preliminary report from each panel was
posted on the web site and distributed at the meeting for ali
participants to read. After the meeting, each panel completed
a manuscript that is a part of this meeting report. These five
panel reports were peer reviewed using the normal manuscript
submission process to Reproductive Toxicology. The following
specific concerns about BPA led to the five expert panels being

established:

(1) Leaching of BPA occurs from the resin lining of metal cans

_and from plastic food and beverage containers under con-

ditions of normal use. BPA is also detected in water and air
samples.

(2) Parts per billion (ppb} levels of BPA that are unconjugated
{not metabolized and thus biologically active) are detected
in human blood and tissues in different countries, and these
levels appear to be higher than blood levels that would be
present in animals exposed to the US-EPA reference dose.

(3) BPA causes a wide range of adverse effects at “low doses”
that are below the US-EPA reference dose in animals, both
terrestrial and aqguatic.

(4) Thereis evidence from in vitro mechanistic studies that indi-
cates the potential for disruption of human and animal cell
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function at concentrations «+f BPA far below unconjugated
levels typically found in human blood and tissues.

(5} There is evidence that at very low doses, BPA may be car-
cinogenic or increase susceptibility to cancer in animals.

The five panels each addressed a different topic related to their
specific area of expertise with BPA and prepared a panel report
that included documentation of the relevant published studies:

Panel (1) Sources and amounts of human exposure to BPA as
well as pharmacokinetics.

Panel (2) In vitro studies related to the molecular mechanisms
that mediate responses to BPA with an emphasis on
studies using low doses.

Panel (3) In vivo studics of BPA at “low doses” in laboratory

7 animals.

Panel (4) In vivo studies of BPA in agnatic wildlife and labora-
tory animals.

Panel (5) Relationship of BPA to cancers.

The purpose of the 3-day meeting was to provide an oppor-
tunity for members of the different panels to interact with each
other to integrate information from different disciplines con-
cerning low dose effects of BPA after each panel of experts had
prepared a report in its specific area. The agenda of the meeting
was designed to allow the members of the five panels to have
time to discuss the information in their panel reports and finalize
staterents about the strength of the evidence for the literature
that the panel had reviewed,

2.2. Integration of information by bredkout groups

For the second part of the meeting the focus was on inte-
grating the information from each of the panel reports. This
was accomplished by assigning panel members to one of four
breakout groups. The four replicate breakout groups were estab-
lished using the following criteria, such that each breakout group
should have

(1) At least two members from each of the five panels.

{2) A person from each panel who had published on BPA.

(3) A person with general knowledge of endocrine disruption
research or endocrinology, but who had ot necessarily pub-
lished on BPA.

{4) A person with experience in the process of reaching con-
Sensus. .

(5) A mixture of junior and senior investigators,

The charge to the replicate breakout groups was to individually
integrate the information relating to the following four issues:

Issue (1) Determine the degree to which the findings on BPA
mechanisms of action identify mechanisms and bioac-
tive doses that explain results of the studies reported
by the panel on in vivo laboratory animal studies.
Determine the strength of the evidence for plausible
mechanisms mediating in vive effects at low doses. In
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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
onreproduction and development in humans. The
CERHR Expert Panel on Bisphenol A completed
its evaluation in August 2007.

CERHR selected bisphenol A for evaluation
" becaunse 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 recychng
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. o

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 htip://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 resultin fetal
or neonatal mortality, birth defects, or reduced
birth weight and growth in their offspring.

The NTP has negligible concern that exposure
to bispheno! A will cause reproductive effects in
non-occupationally exposed adults and minimal

- concern for workers exposed to higher levels

vii

in occupational settings.



NTP will transmit the 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.nichs.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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Bisphenol A (BPA), a component of poly-
carbonate plastics and epoxy resins, is one
of the highest-volume chemicals produced
worldwide. Many studies suggest char the
amount of BPA to which humans are exposed
may cause adverse health effects (reviewed by
Bondesson et al. 2009).

The field of endacrine disruption, and
particularly BPA research, has been influ-
enced by social issues, legislation, and the
media. BPA has attracted the attention of
regulatoty agencies and scientists around the
world because of its estrogenic properties
(Wetherill et al. 2007). Since 2006, several
panels and agencies have examined the BPA
literature and have come to quite different
conclusions regarding the safety of human
exposure levels [reviewed by Gies et al. (2009)
and Vandenberg et al. (2009}, Specifically,
exposure of humans to free (unconjugared)
BPA has been questioned. These conflict-
ing decisions seem paradoxical because each
was generated using approximately the same
literature database.

EFSA Risk Aésessment: An
Example of Use of Limited Data

As stated in our review (Vandenberg et al.
2010), great concern exists abour exposure
of human fetuses, infanss, and neonates to
BPA because of the sensitivity of developing

Environmental Health Perspeciives -

organs and the brain 1o exogenous hormones
{Vandenberg er al. 2009). However, to trans-
late findings from animal studies to health
risks in humans, exposure assessments and
biomonitoring of BPA in different popu-
lations are essendal. Thus, in November 2006,
the European Food Safety Authority (EFSA)
released its opinion on the plausibility of data
regarding levels of BPA in human blood and
excretion of BPA and BPA metabolites in
environmentally exposed humans. The EFSA
panel (2006} concluded chat

[TThere is very low oral bicavailability of che parent
substance, BPA, in humans apd other primates.
Due to this rapid biotransformarion and excre-
tion and plasma protein binding in humans, peak
BPA-concentrations after diétary exposures o BPA
available for receptor binding are predicted to be
very low even in wosst case expesure SCenarios.

The EFSA panel was asked to reconsider
their assessment based on recent studies that
suggested the possibility for age-dependent
toxicokinetics of BPA. In July 2008, the
EFSA released its second opiniorn in suppert
of their original statement (EFSA 2008):

The Panel therefore considers that its previous risk
assessment ... can be considered as conservative
for humans. ‘The Panel concluded char the differ-
ences in age-dependent toxicokinetics of BPA in
animals and humans would have no implication
for the EFSA 2006 risk assessment of BPA,
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In stark contrast to these statements, we
analyzed > 80 biomonitoring studies and
cami to the conclusion that measurable fevels
of BPA and BPA conjugates are present in
human bleod and urine, as well as in other
tissues and fluids (Vandenberg et al. 2010).
Thesc biomonitering smdies examined thou-
sands of individuals from many developed and
some developing countries and collectively
indicate that humaris are intemnally exposed to
unconjugated BPA (Vandenberg et al. 2007,
2010; Welshons et al. 2006). Biomonitoring
studies are crucial for understanding current
human exposure levels because, by their very
nature, they account for all exposures, This is
essential, becduse all exposure sources for BPA
have not yet been identified, and existing data
sugpest that non-otal exposures may be signifi-
cant (Gies et al. 2009; Stahlhut et al. 2009}.

A comprehensive review of the large num-
ber of biomenitoring studies indicates that
they are highly consistent and therefore refi-
able (Vandenberg er al. 2010). The detection
rates and concentrations of BPA in urine and
blood of environmentally exposed individuals
are remarkably similar-in studies performed
in many laboratories using a variety of tech-
niques, including highly accurate and sensitive
methods [eg., solid-phase extraction coupled
with isotope dilution-HPLC-tandem mass
spectrometry, as used by the ULS, Centers for
Disease Control and Prevention (Calafat er al.
2005, 2008)]. Further, there is no evidence to
suggest that these studies should be invalidated
because of poor quality contrel (e.g., contami-
nation from collection materials, breakdown
of conjugates during storage, inadequate
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blanks) {Gies et al. 2009; Vandenberg et al.
2010). In total, the reproducibility of these
tesults indicates thar humangs are internally
exposed to doses of unconjugated BPA, with
a central measure of the distribution in. the
0.5-3 ng/mL range. In spite of these con-
sistent findings, the EFSA panel came to a
completely different conclusion about current
human exposures {EFSA 2006, 2008). Whar
is the basis for this disparity?

The pivotal factor we identified in the
EFSA report was the bias in the selection of
_ studies used in this evaluation. The EFSA
panel {EFSA 2006) ignored the majority of the
biomonitoring studies. Although they reviewed
2 toxicokinetic studies (Volkel et al. 2002,
2005) extensively, only 2 of the 17 urine bio-
monitoring studies published by 2006 were
discussed in any detail. Only a small number
of the blood biomonitoring studies were cited
in the EFSA report, and none of these studies
weee discussed in detail at any level. Instead,
the EFSA panel identified potential problems
with these biomonitoring studies, including
the use of ELISA (used only in a few studies),
possible contamination of reagents with BPA,
and the leaching of BPA from materials used
for sample collection, storage, and processing.
Without providing any evidence that these
arc indeed_issues. in the biomonitoring studies
examined, the EESA. (2006) concluded that

Duie to-all these confounders, the reported analytical
results on BPA blood concentrations most probably
considerably overestimate real blood concentrations
actually presenc.

Of particular concetn relative to this stance
is thar although the biomonitoring studies have
produced reliable, consistent results, the two
wxicokinetic studies (Volkel et al. 2002, 2003)
the EFSA (2006) relied upon heavily for their
risk assessment have significant inconsistencies
and are yet to be replicated. Most concerning
is the fact that the methods used in these two
toxicokinetic studies were much less sensitive
than those used in almost all biomonitoring
studies. The toxicokineric studies had limits
of detection (LODs) as high as 2.28 ngfmL
for unconjugated BPA and 10.1 ng/mL for
conjugated BPA, compared with LODs of
0.0063-0.4 ng/mL in other studies using
similar analytical methods (Vandenberg et al.
2010). These two toxicokinetic studies exam-
ined only 2 small number of adult subjects
administered BPA (15 adults toral) compared
with the thousands of individuals {(including
infants, children, adolescents, and pregnant
women) sampled for biomonitoring purposes.
Only one of these studies (Volkel et al. 2002)
examined concentrations of BPA in both
blood and urine samples, whereas the other
study (Volkel et al. 200%) reported conjugated
BPA concentrations in urine but provided no
information about BPA concentrations in the
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plasma samples collected by the authors. Yer
both studies were used by the EFSA to dis-
count the presence of BPA in plasma and blood
samples reported in nutnerous other studies
(EFSA 2006). Additional problems with data
analysis and interpretation in the Volkel et al.
studies (2002, 2005) are discussed in greater
detail in our review (Vandenberg et al. 2010).
The EFSA panel (2006) speculated that
the repeated detection of inconjugared BPA
in human blood was due to poor sample pro-
cessing conditions and/or unreliable methods,
stating,
The studies reporting detection of BPA in human
bleod in concentrations higher than 1 [pg]
BPA/L have usually determined [unconjugated]
BPA, without prior enzymatic cleavage of BPA-
glucuronide.... The fate of BPA-glicuronide _
under the conditions of the diverse sample pro-
cessing conditions and 2 possible cross-reactivity of
the [ELISA] antibodies with BPA-glucuronide is
not repotted, leaving the possibility thar reported
BPA levels actually reflect BPA-glucuronide levels.

Consistent results from a large number of
biomonitoring: studies cannot be disregarded
based only on the speculation that they over-
estimated unconjugated BPA levels because of
hypothetical peor analytical controls. The defi-
ciencies speculated by the EFSA were addressed
and invalidated by one or more appropriate
controls within each of the individual biomoni-
toring studies in question; most studies
contained numerous controls to. counter specu-
lations of contamination or cross-reactivity of
ELISA antibodies. For example, blanks reported
in these studies would show measurable BPA if
cross-contamination occurted at any step in the
sample-handling process or analysis—yet they
did not, leaving the speculations made by the
EFSA without any scicntific basis.

The EFSA panel (EFSA 2006) continued
to rationalize their dismissal or lack of atten-
tion to biomonitoring studies by referencing
the results of oxicokinetic studies:

[ rally administered BPA is rapidly absotbed
from the gastrointestinal tract and undergoes
intensive fitst-pass metabolism to BPA-glucuronide
in the gut wall and in the liver.... Concentrarions
of [unconjugated] BPA were below the limit of
detection both in urine ... and blood samples. ...

Further reasoning provided to reject the find-
ings from biomonitoring studies was thar the
levels measured in environmentally exposed
humans are “higher than the peak BPA.concen-
trations determined in blood of monkeys after
oral administration of a dose of 100 pg BPA/kg
bw [body weight].” The panel conduded that

[TThese reported concentrations of BPA in blood
of unintentionally exposed human subjects of up to
10 [pg} BPA/L are ordets of magnitude above the
maxitmal concentrations of BPA predicted in blood
by PBPK [physiofogically-based pharmacokinetic]
models on the basis of human BPA toxicokinetics
after oral adminiscration.

49

In science, if data contradict the hypothé-
sis {i.e., the model), the hypothesis, not the
data, must be rejecred. It is unexpected, and
pethaps unprecedented, for a scientific body
to reject studies because their findings did
not match'a model, rather than to reconsider
the model or reassess the findings from the
extremely limited toxicokinetic studies that
were used to generate the model. This rea-
soning is simply not founded in logic and is
not how science-based regulatory decisions
should be made. Considering the size of the
biomonitering literature, the consistency
of the results from biomonitoring studies,
and the significant problems in the toxico-
kinetic studies, conclusions drawn primarily
from the two roxicokinetic studies (Volkel
et al. 2002, 2005) cannot be valid, Therefore
the EFSA conclusion that there is negligible
internal exposure to unconjugated BPA has
no scientific basis. :

The EFSA Panel inappropriately
Extrapolates from Adults to
Fetuses and Neonates
Considering the reliance of the EESA panel
on two extremely limited toxicokinetic studies
to inform their risk assessment, their state-
ment that “the differences in. age-dependent
toxicokinetics of BPA in animals and humans
would have no implication for the EFSA
2006 risk assessment of BPA” (EFSA 2008)
is particulatly surprising. The July 2008 EFSA
report stated,
The Panel considers that there is sufficient capacity
in the neonate to conjugate BPA at doses below
1 mg/kg bw (the Panel noted that exposures at
the TDI of 0.05 mg/kg bw ate 20 fold lower than
this). Therefore, the Panel concluded that there is
sufficient capacity for hiowransformation of BPA
to hormonally inactive conjugates in neonatal
humans at exposurcs 1o BPA. that were considered
in the EFSA opinion of 2006 and the European:
Union Risk Assessment Report.

To date, there are no studies to support
this statement. To the contrary, there are
many studies that contradict it. First, the
two toxicokinetic studies relied upon by
EFSA (Volkel er al. 2002, 2005) examined
a total of 15 adults (mixed groups of males
and females) administered BPA. Although
the authors of these studies concluded that
there are no kinetic differences between
volunteers {Volkel et al. 2005), evaluation of
the data presented shows variable metabolic
responses after BPA administration, Second,
dara from biomonitoring studies in different
groups of adults clearly indicated differences
in urinary concentrations of BPA that are
influenced by both sex and age (Calafar et al.
2005, 2008; He et al. 2009). Associations
between age and BPA concentrations are also
evident from studies that examined children
and adolescents; younger children typically
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have higher concentrations of BPA metabo-
lites in urine compared with older children
and adolescents (Becker et al. 2009; Calafac
et al. 2008). Infants in a neonaral infant
care unit were found to have total urinary
BPA concentrations approximately 11 dines
higher than those observed in-adules {Calafar
et al. 2009)._Third, researchers using rwo
physiologically based toxicokinetic models
thar simulated the blood concentration time
profile in several age groups predicted. that
newborns have 311 times greater blood
BPA concentrations than adules (Edginton
and Ritter 2009; Mielke and Gundert-Remy
2009). Finally, a recenty published study
examining rat fetuses provides evidence that
BPA-glucuronide paises from the mother
through the placenta 4nd is deconjugated to
BPA in the fetus, clearly showing that BPA
metabolites can be converted to the biologi-
cally active form in the ferus (Nishikawa
et al. 2010). A study of human placentas also
indicates that unconjugated BPA crossing
the placental barrier remains largely in its
unconjugated form. Less than 4% of BPA
detected in the fetal compartment was conju-
gated (Balakrishnan et al. 2010).

Similatly, there is little evidence in sup-
port of complete conjugation of BPA, even in
adults. Six of the seven biomonitoring studies
testing for unconjugated BPA in urine found
measurable concentrations in at least some
individuals examined {Calafat et al. 2009;
Kim et al. 2003; Quichi and Watanabe 2002;
Schoringhumer and Cichna-Markl 2007;
Volkel et al. 2008; Ye et al. 2005). The one
study that failed to detect unconjugated BPA
examined five pooléd urine samples (Brock
et al, 2001). One of the toxicokinetic studies
relied heavily upon by the EFSA (2006, 2008)
also detected unconjugated BPA in the urine
of two of the six individuals administered
BPA (Volkel et al. 2005). The presence of
unconjugated BPA in urine swuggests that first-
pass metabolism of orally administered BPA
may be incomplete, that significant levels of
BPA enter the body via routes that circumvent
first-pass metabolism, or that BPA metabolites
are deconjugated in the body. Importandy,
unconjugated BPA has also been measured
in fetal umbilical cord blood, amniotic fluid,
and placental tissue (Vandenberg er al. 2010}
Collectively, these findings clearly indicate
that the fetus does not have “sufficient capac-
ity for biotransformation of BPA. to hormon-
ally inactive conjugates” (EFSA 2008) and
that human adults may not either.

Divergent Conclusions from
Other Expert Panels

In the past few years, threc other major evalu-
ations of the BPA toxicological database have
been undertaken. These expert panels came
to seemingly disparate conclusions, yet all

BPA risk assessments rieed biomonitoring studies

four evaluations took place within a short
period of time and had access to essentially
the same literature. How is it possible for the
same studies to be reviewed so differently by
regulatory agencies [the EFSA and the U.S.
Food and Drug Administration (FDA)], the
National Tozicology Program (NTP}, and
academic¢ scientists? .

‘The answer lies in- how the various panels
evaluated the scientific literature. In a pre-
vious commentary in Environméntal Health
Perspectives, Myers et al. (2009) described the
selection process used by cach panel in its
assessment of the hundreds of animal studies
that, to date, overwhelmingly indicate that
developmental exposure to BPA causes adverse
effects. The EFSA {2006) and FDA (2008)
assessments used only data produced using
validated protocels [i.e., studies that con-
formed to Goed Laboratory Practices (GLP)]
with the ability to establish no observed
adverse effect levels. Although the EFSA and
FDA stated that they would use all available
data to make regulatory decisions, their guide-
lines restricted their fecus to only a few GLP-
compliant studies; ail other studies (rearly
1,000 for BPA) were not used because they
did not meet this criterion. .

Sirmilatly, the EFSA panel (EFSA 2006)
clearly divided the human exposure data-
base into two groups: dozens of biomoniror-
ing studies (which did not fit their model of
BPA metabolism and were largely ignored or
rejected) and two toxicokinetic studies (which
fit their model and were used in spite of their
higher LODs and small number of individuals
examined). The studies used by the other three
expert panels and the conclusions reached by
cach of these panels ar¢ discussed below.

Chapel Hili Consensus
Statement

In the fall of 2007, a group of scientists from
universities and government agencies devel-
oped a wotkshop sponsored by the National
Institutes of Health to which experts research-
ing BPA and other endocrine-disrupting
chemicals were invited. These academic sci-
entists wrote the Chapel Hill Consensus
Statement (vom Saal et al. 2007), which stared,
in part, that “the commeonly reported circulat-
ing levels in humans exceed the circulating
fevels extrapolated from acute exposure studies
in laboratory animals.”

In reaching these conclusions, vom Saal

et al. (2007) examined the entire body of
scientific data (Crain et al. 2007; Keri et al:
2007; Richter et al. 2007; Vandenberg et al.
2007; Wetherill er al. 2007), including
> 40 human biomonitoring studies available
at the time and the two human toxicokinetic
studies. The panel concluded that humans,
including children, adult men and women,
and pregnant women, have measurable
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levels of unconjugated BPA in their bod-
ies, stating succinctly that “[hluman expo-
sure to BPA is widespread” (vom Saal et al.
2007). Additionally, a subpanel of experts
{Vandenberg e al. 2007) concluded thar

Unconjugated BPA has been measired repearedly
in human blood (serum and plasma) with a central
measure of the distribution in the 0.3-4.4 ng/ml
range {1-19.4 aM), and in breast milk, amniotic-
fluid, and placental tissue in the fow [nanogtams

per milliliter] or [nanograms per gram] range.

NTP

During the same period of time, the NTP
Center for .the Evaluation of Risks to Human
Reproduction (CERHR) established a com-
mittee to evaluate the effects of BPA on repro-
ductive healch in humans (CERHR. 2007). The
original CERHR report, and several subsequent
drafts, were challenged and harshly critcized
by scientists because they used arbitrary cri-
teria to evaluate animal studies, applied these
ctitetia unevenly to different studics, and con-
tained scientific errors and misinterpretations
of published data [reviewed by Vandenberg
et al. (2009)]. In the spring of 2008, the NTP
undertook its own extensive review of the BPA
literature, including recommendations from
the CERHR report and comments from the
public (NTP 2008). '

The NTP (2008) limited its review
to those studies related to risks for human
reproduction; most of the human exposure
studies available at the time were included
in the assessment, ‘whereas only a portion of
the animal literature was considered useful.
Regarding human exposures, the NTP came
to a much less decisive conclusion compared
with the Chapel Hill panel (vom Saal et al.
2007), stating that “there. are data reporting
bisphenel A concentrations in urine, breast
milk, and amniotic fluid.” Yer, the NT?
{2008) also stated that the many biomonitor-
ing studies may be unreliable because BPA
conjugates can be unstable under some storage
conditions and because laboratory equipment
may leach BPA: “it is possible that free bisphe-
nol A concentrations measured in biological
samples may be overestimated.” Similar to the
EFSA report (EESA. 2006), the N'TP (2008)
reached these conclusions without evidence
that contaminations had occurred.

FDA

The FDA assessed. the BPA literature in 2008
(FDA 2008), stating in cheir assessment
summary that

Based on our ongoing review, we believe there is
a large body of evidence that indicates that FDA-
regulared products containing BPA cutrendy on
the marker are safe and the exposure levels to BPA
from food contact materials, including for infancs
and children, are below thase that may cause
health effects.
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The FDA (2008) largely avoided the issue
of current human exposure levels, giving very
little attention to either the available (> 40)
biomonitoring studies or the toxicokinetic
studies. The FDA (2008) summarized that

‘There are several publications detailing measure-
ments in biological fiuid for BPA. Although [the]
FI¥A is aware of these data and consideérs them
extremely useful, [the] FDA also understands the
experimental limitations that have been identified
with regard to these datz.... [The] FDA’s updated
safety assessment is focused on a-subpopulacion,
infants. Accordingly, the currendy available data,
which consider exposisre to adults or young chil-
dren {6 years of age or older), were not used or
relied upon in FDA’s safety assessment.

Thus, to make their decision, the FDA incleded
no biomaenitoring studies, even those from
adults that dearly indicate internal exposures ro
unconjugated BPA (Vandenberg et al. 2010).

Biomonitoring Studies Should
Be Used to Generate Risk
Assessments

In our opinion, it is time to reassess how
regulatory agencies such as the EFSA make
decisions. Agencies should consider all avail-
able data in making risk assessments. As pre-
viously argued by Myers et al. (2009), the
value of the peer-reviewed literature should
not be judged on its ability to meet stringent
regulatory criteria but on the stength of the
integrated data: The large database of human
biomonitoring data should be used to define
human exposure levels and develop models
for risk assessment. Studies in which humans
were environmentally exposed to BPA are
particularly relevant in this regard for assess-
ing true human exposure levels, especially
because BPA metabolism is influenced by age,
sex, and physiological state (pregnant vs. non-
pregnant) (Calafat et al. 2009; Vandenberg
et al, 2007; Zalko et al. 2003). In addition,
the two available toxicokinetic studies should
be evaluated in cheir correct context, consid-
ering that 4) their findings do not match find-
ings from a large number of biomonitering
studies; £} there are serious inconsistencies in
their methods and reported resules; ¢) chese
studies are yet to be replicated; and 4} these
studies provide no information about fetal or
neonatal exposure to BPA.

In summary, there is still significant con-
troversy surrounding current human exposures
to BPA. We propose that this controvessy is
not due to the lack of valid scientific biomoni-
toring studies, bur instead stems from risk
assessments generated using the same fiterature
but applying different selection criteria that
are not scientifically valid. We hope thar the
BPA saga will stimulate regulatory agencies to
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reassess how they determine the usefulness of
the peer-reviewed literature and lead to the use
of one integrated database of scientific infor-
mation, including biomonitoring studies, to
protect human health.
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Bisphenol A (BPA) is one of the highest vol-
ume chemicals produced worldwide, with
> 8 billion pounds produced each year and
> 100 tons released into the atmosphere by
yearly production. Data from multiple sources
indicate that the amount of BPA to which
humans are exposed tay cause adverse hiealch
effects; this has raised concerns among regula-
tory agencies all over the world.

As an essential component of poly-
carbonate plastic, BPA is found in numerous
consumer products, including baby bottles,
reusable water bottles, reusable food contain-
ers, polyvinyl chloride seretch films, papers,
and cardboards (reviewed by Vandenberg
et al. 2007). Metallic food and beverage cans
are protecscd from rusting and corrosion
by the application of epoxy resins as inner
coatings. The synthicsis of many of these
resins requires the condensation of BPA with
epichlorohydrin to create BPA diglycidyl ether.
When incomplete polymerization occurs,
residual BPA leaches from the epoxy resin.
High temperatures and exposure to acidic or
basic solutions can also increasc leaching of
BPA from coatings and plastics, even when
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complete polymerization has occurred. More
than 10 studies have detected BPA leach-
ing from the liniags of metal cans into foods
{(Vandenberg et al. 2007). BPA has also been
detected in a vatiety of environmental samples,
including water, sewage leachates, indoor and
outdoor air samples, and dust (Vandenberg
et al. 2007). It is also found in papers and in
implanted medical devices and other medical
equipment (Welshons et al. 2006}

BPA attracted the artention of regulatory
agencies and scientists in dozens of countries
because of its estrogenic properties in vifre and
in vive and the conserved role that estrogen
plays in regulating human and animal physiol-
ogy and pathophysiology (Dodds and Lawson
1936; Markey et al. 2001; Wetherill et af,
2007). Biochemical assays have examined the
kinetics of BPA binding to the estrogen recep-
tors (ERs) and have determined that BPA
binds both ERar and ERf, with approzimately
10 times higher affinity for ER} (Gould er al.
1998; Kuiper et al. 1998). Uniil recendy, BPA
was considered a weak environmental estrogen
because of ies relatively low affinity for the
nuclear ERs compared with estradiol in some
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- assays (Andersen et al. 1999; Fang et al. 2000}.

However, results from several studies have
revealed that BPA. can stimulate rapid cellular
responses at very low concentrations, below
the levels where BPA: is expected to bind to
the classical nuclear ERs (Welshons et al.
2006). BPA has also been shown to bind to
a membrane-associated ER and produce non-
genomic steroid actions (Wetherill e al, 2007)
with the same efficicy and potency as estradial
{Alonso-Magdalena et al. 2005; Hugo et al.
2008). Whaiever the mechanism, BPA can
cause effecrs in animal models at doses in the
range of human exposures, indicating thar it
cani act at lower doses than predicted from
sonie 77 vitro and in vivo assays (Richter et al.
2007; Vandenberg et al. 2007; vom Saal et al.
2007; Wetherill et al. 2007).

For risk assessmient, a reference dose
{RfD) is calculated as an acceprable daily
hiuman intake, typically 106-fold less than the
no observed adverse effect level (NOAEL).
However, the RfD for BPA (50 pglkefday)
was calculated using the lowest observable
adverse effect level (LOAFL) and 1,000-fold
safety factors because a NOAEL had not been
determined (Welshons et al. 2003). More than
150 published studies describe BPA effects in
animals exposed to < 50 mg/ke/day; including
altered development of the male and female
reproductive tracts, organization of sexu-
ally dimorphic circuits in the hypothalamus,
onset of estrus cyclicity and earlier puberty,
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altered body weighy, altered organization of
the mammary gland, and cancers of the mam-
mary gland and prostate; > 40 of these studies
examined doses less than the RfD (Richter
et al. 2007). Many of these end points are in
areas of current concern for human epidemio-
logical trends {Soto er al. 2008; Vandenberg
et al. 2009). Indeed, it has been suggested that
exposure to xerioestrogens such as BPA dur-
ing early development may be a major con-
tributing factor to the increased incidence of
infertility, genital tract abnormalities, obesity,
attention deficit hyperactivity disorder, infer-
tility, and prostate and breast cancer observed
in European and U.S. human populations
over the last 50 years (Sharpe and Skakkebaek
1993; Soto ex al. 2008).

There is great concern about exposure of
human fetuses, infants, and neonates to BPA
because of the sensitivity of the developing
organs and brain to cxogenous hormones
(Vandenberg et al. 2009). However, for
transiating the findings from animal scudies
o hcalth riSkS Of CnVifGllmenEa; EXPOSHICS
to humans, exposure assessment from bio-
monitoring of BPA in different populations
is essential.

In this review, we examined > 80 biomon-
itoring studies that measured BPA concentra-
tions in human tissues and fluids, speciﬁc.z.lly
focusing on individuals that were exposed
to BPA via their environment (i.e.,
occupational exposures). These studics, cxam-
ining thousands of individuals from several
different countries, overwhelmingly detected
BPA in individual adults, adolescents, and
children. Interestingly, results from the large
body of research encompassing biomonitoring
studies are at odds with the results from two
toxicokineric studies that determined the dis-
position of BPA in humans after oral adminis-
tration of BPA {Volkel et al. 2002, 2005).

Volkel et al. (2002} reported thar afier oral
absorption, BPA was promptly mewbolized
in the liver and intestines. However, find-
ings from the > 80 biomenitoring studies we
reviewed support the hypothesis that hepatic
metabolism of BPA or its presystemic clear-
ance is not 100% efficient, because unconju-

non-

gated BPA has been regularly detected in yrine -

and blood samples. Theoretically, the pres-
ence of unconjugated BPA in blood andfor
urine samples could also be exphined by
exposure via non-oraf routes that circum-

vent liver and intestinal first-pass metabolism

(Stahlhut et al. 2009). All sources for oral
and non-oral expostres have not been defini-
tively identifted, thus increasing the value. of
biomonitoring studies, which do-nor ke into
account exposure sources. Throughout this
review, when we discuss conjugated BPA it is
specifically identified; otherwise, “BPA” refers
to the unconjugated molecule. Note also that
whén we identify signiﬁcant differences, we
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are referring to statistically significant differ-
ences identified by the original study authors,
each of whom established a relevant o-value
for their study populations.

I this review, we propose several hypothc—
ses to explain why biomonitoting and toxico-
kinetic studies could come ro seemingly
conflicting conclusions. Additionally, the reli-
ance of regulatory agencies on the two studies
that predict no human exposure, in contrast to
the > 80 studiés that measure actual incernal
exposures, is contrary to scientific principles.

Biomonitoring Studies:
General Overview

Biomonitoring studies allow the determina-
tion of internal circulating levels and excreted
concentrations of a chemical of interest,
which account for exposures from all possi-
ble sources, rather than suspected exposures
from specific soirces, In the United States, the
Centers for Disease Conttol and Prevention
{CDC} is the major source for information on
human exposures to a multitude of environ-
mental contaminants-and has developed sen-
sitive assays to reliably measure them (CDC
2008; Kuklenyik et al. 2009). In Europe, the
German Environmental Survey is a repre-
sentative population study to determine the
exposure of Germany's general populadon to
environmental contaminants (Umwelr Bundes
Ame 2009). Its main objéctive is to gener-
ate, update, and evaludic representative data
in order to facilitate environmental health—
related observations and reporting of informa-
tion at the national level.

Proper biomonitoring studies take into
account the kinetics, bioaccumulative proper-
ties, and metabolism of the target chemical
to determine which tissue (biological matrix)
should be examined. The chemical propettics
of the substance being examined also have an
impact on the matrices that can be examined
reliably, because some substances are altered
by enzymes in blood and other substances can
break down in urine (Calafat and Needham
2008), Furthermore, the toxicokinetics of the
substance being investigated is likely to be
influenced by the physiological status of the
individual. Finally, the sensitivity and reli-

ability of the methods used for analysis, the.

collection methods and materials, and the
contamination of laboratory chemicals and
equipment with the substance of interest
are all important factors to be considered in
biomonitoring studies. We discuss these issues
in greater detail below.

Analytical Methods Used in
Biomonitoring Studies

Maliple techniques have been used to meas-
ure total, unconjugated, and conjugated BPA
in human blood, urine, and tissuc samples.
Gas chromatography (GC) and liquid
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chromatography (LC) are rypically used with
various detection methods, including mass
spectrometry {MS), tandem MS (MS/MS),
and electrochemical or fluorescence deriva-
tizatiort. The CDC has measured BPA using
solid-phase extraction coupled with isotope
dilution—HPLGC (high-performance liquid
chromatography}—-MS/MS, which is con-
sidered the “gold standard” for urine bio-
monitoring studies because of its high level of
accuracy, negligible interference, and abiliry
to identify chemical structures (Calafat et al.
2008). However, this method is limited by its
high cost per sample, making it impractical
for many studies.

The methods used in biemonitoring stud-
ies are crucial for the acceptance of the results
(Dekant and Volkel 2008; Vandenberg et al.
2007). 'The ELYSA {enzyme-linked immuno-
sotbent assay) has also been used in several
studies of human Auids and tissues because
it is convenienit, inexpensive, and useful for
the screening of a large number of samples.
However, the use of ELISA to measure BPA
concentrations in human samples has been
specifically challenged because this method is
considerediless specific than methods employ-
ing anatytical chemistry (Dekant and Volkel
2008; Fukata et al. 2006); that is, there is
concérn that ELISA assays detect substances
other than BPA and its conjugates, includ-
ing other bisphenols {Ohkuma et al. 2002).
Studies rarely report the controls chat are
necessary to determine whether or not cross-
reactivity has occurred; however, if infor-
mation about cross-reactivity and standard
validations are included, these data should
be considered valid, as they are for the many
other compounds that are measured with this
method. In general, ELISA has fallen our of
favor for the quantification of BPA in human
biomonitoring studies, particulaly because:
more sensitive, accurate, and precise methods
employing, analytical chemistry are now avail-
able for high-throughput screens (Kuklenyik
et al. 2009). Nonetheless, it shiould be recog-
nized that this method is much more afford-
able than analytical chemistry methods and,
most important, it has successfully been used
to measure BPA in samples in a comparable
dose range and in a similar percentage of sam-
ples as the methods that are considered more
accurate {Vandenberg et al. 2007).

In addition to the methods used to meas-
ure BPA in human tissues and fluids, the
equipment and containers used to collect
and store samples are critical for the accu-
rate assessment of BPA concentrations. It has
been suggested that the low levels of uncon-
jugated BPA detected in bodily tissues and
fluids weré due to contamination from col-
lection materials or nonenzymatic deconjuga-
tion of BPA during storage (Atkinson er al.
2002; Dekant and Volkel 2008; Willhite
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et al. 2008}, Organic solvents used in the
laboratory may release BPA from plastic lab-
ware, leading to contamination; water has
also been found to contain detectable levels
of BPA (Vandenberg et al. 2007}, and the
columns used for HPLC may contain and/or
¢ trap BPA (Volkel et al. 2005). For these rea-
sons, the use of adequate blanks is essential
for every step of the biomonitoring process,
including sample collection and every point
in the chemical analysis. These blanks should
be subjected to the same extraction/injection
protocols as the actual samples. Most of the
biomonitoring studies we reviewed included
daca from blanks to indicate that, contrary to
the claims made by some scientists (Dekant
and Volkel 2008}, concamination from equip-
- ment cannot explain the concentrations of
BPA reported.

In terms of sample collecrion, stud-
ies should control for contamination from
syringes used to draw samples, pipettes used
to transfer plasmalserum to storage tubes, and
the nature of sample storage tubes. If samples
are obtained in hospital settings where the
patient has an intravenous tube, it is essen-
tial to account for BPA leaching from these
tubes during saline infusion. Studies need o
be performed using appropriate matrix {blood
or urine) spiked with known amounts of BPA
and subjected 1o collection procedures similar
to that of actyal sampling to rule out BPA
contribution from these various sources. One
study used sheep blood to perform such vali-
dations and found very litle BPA contamina-
tion from these sources (Padmanabhan et al.
2008). However, for translation to humans,
similar studies using human blood and/or
urine need to be undertaken.

Ye et al. {2007) addiessed the issue of
sample storage by comparing the stability of
BPA conjugates for urine stored for up to
6 months at three temperatures: room tem-
perature, 4°C, or =70°C. Storage at -=70°C
leept con;ugated BPA stable for at least 180
days, whereas storage at room temperature
led to degradation of BPA conjugares within
24 hr, The effects of storage temperature on
the detection of BPA and BPA conjugares
in saliva samples have also been investi-
gated. Atkinson et al. (2002) spiked saliva
samples with BPA, BPA dimethylacrylate
(Bis-DMA), or triethylene glycol dimethacry-
late {TEGDMA), stored at —20°C or -70°C,
and then tested the samples by HPLC and
GC-MS. In contrast to samples stored at
—20°C, concentrations of BPA, Bis-DMA,
and TEGDMA were unchanged in salivary
samples stored at =70°C, suggesting that this
condition was appropriate for biolegical sam-
ple storage. Finally, in a recent study Ye et al.
{2009b) examined the stability of phenols
in 16 commercially avaifable serum samples
stored under worst-case—scenario conditions
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{4°C, 25°C, or 37°C). Concentrations of
BPA merabolites and other phenols did not
vary significantly, even when samples were
stored at 37°C for at least 30 days. This find-
ing suggests thar phenolic compounds, likely
including BPA, are more stable in serum
than in urine, and it gives greater credence to
those studies that measured BPA. in human
serum samples.

Exposure Assessment from
Urinary Measures of BPA
In 2001, the CDC conducted the first
biomonitoring study of BPA (unconjugated
and conjugated) in pooled urine samples
{(Brock et al: 2001). The authors developed
a method that was fairly sensitive [limit of
detection (LOD) = 0.12 ng/ml]; concentra-
tions of unconjugated BPA were < LOD, and
concentrations of BPA glucuronide ranged
from 0.11 to 0.51 ng/mL. After this inicial
examination in pooled urine, more than a
dozen additional small studies examined uri-
nary BPA concentrations andfor its metabo-
lites in < 100 adults each (Arakawa et al. 2004;
Carwile et al. 2009; Garcla-Prieto et al. 2008;
Joskow et al. 2006; Kawaguichi et al. 2005;
Kim et al. 2003; Liu et al. 2005; Mao et al.
2004; Matsumoto ct al. 2003; Moors et al.
2007; Nepomnaschy et al. 2009; Ouichi and
Watanabe 2002; Schéringhumer and Cichna-
Markl 2007; Tsukioka et al. 2003; Volkel
et al. 2005; Yang et al. 2003; Ye et al. 20054,
2005b) (Table 1). Although these studies used
slightly different methods and different popu-
lation samples, they overwhelmingly detected
BPA or its conjugates in wine. Collectively,
these studies examined spot urine samples col-
lected from 604 adults, and BPA andfor its
conjugates were detected in 518 (85.8%).
Because most studies of urine used enzy-
matic treatment with either glucuronidase or
sulfatase, or both, many studies reported only
the total BPA concentration, that is, uncon-
jugated plus conjugated BPA. Of the seven

-studies that specifically examined unconju-

gated BPA, six detected unconjugared BPA
in at least one sample (Calafar er al. 2009;
Kim et al. 2003; Ouichi and Watanabe 2002;
Schéringhumer and Cichna-Markl 2007;
Volkel et al. 2008; Ye et ak. 2005b); only one
study failed to detect unconjugated BPA in
any sample (Brock et al. 2001). The distinc-
tion between conjugated and unconjugated
BPA. is an important one, especially in blood
samples, whete the presence of unconjugated
BPA in circulation indicates internal expo-
sure to the parent compound, which is estro-
genically active. ‘The presence of unconjugated
BPA. in urine is also indicative of internal
exposure to BPA and suggests either a failure
of first-pass metabolism to conjugate and rap-
idly remove BPA from the body or the decon-
jugation of BPA metabolites in the body. Tr is
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also possible that these repeared measurements
of unconjugated BPA in urine are the result
of nonenzymatic deconjugatien of conjugaced
BPA during storage, although storage proto-
cols provided in these studies and its repeated
detection suggest that this is unlikely.

In contrast to the many small studies
detecting BPA. and/or its conjugates in urine,
one study failed to detect either unconjugated
or conjugated BPA in the 19 samples exam-
ined (Volkel et al. 2005). To our knowledge,
this is the only published study that com-
pletely failed to detect or measure any form
of BPA in urine samples from environmen-
tally exposed individuals. Volkel et al. (2005)
used HPLC-MS/MS; this is the same tech-
nique that was used in several other studies
in which unconjugated and conjugated BPA
were detected in urine (Calafir et al. 2008;
Hong et al. 2009; Mahalingaiah et al. 2008;
Nepomnaschy et al. 2009; Teitelbaum et al.
2008; Wolff et al. 2007; Yang YJ et al. 2009;
Ye ét al. 2009a). Why did Volke] et al. (2005)
not detect any form of BPA? The first pos-
sibility to consider is whether their study was
the only one that successfully avoided external
contaminarion of samples with BI’A. Because
several of these biomonitoring studies were
performed by high-standaid analytical labo-
ratories (e.g., CDC), it is unlikely thar all of
these studies except the one by Volkel et al.
{2005) failed to adequately prevent external
contaminations (Ginsberg and Rice 2009).
The second possibility to consider is whether
Volkel et al. (2005) used a method with suf-
ficient sensitivity to detect any form of BPA
in urine. Unlike the other studies using
HPLC-MS/MS, which is generally a very
sensitive method (LODs < 0.4 ng/ml), the
LOD of Volkel et al.’s study was 1.14 ng/mL.
Two other studies used analytical methods
with similar or higher LODs: Matsumoto
et al. (2003} used HPLC and detected toral
BPA in most of the 106 individuals examined
(LOD = 1.7 ng/ml), and Mao et al. (2004)
used HPLC with fluorescence detection and
found total BPA in mest of the 20 individuals
examined (LOD = 2.7 ng/mL). In addition,
consideting the mean (or median) concentra-
tions of total BPA detected in other studies
examining urine samples with HPLC-MS/MS
[2.0 ng/mL (Wolff et al. 2007); 2.6 ng/mL
(Calafat et al. 2008); 1.3 ng/mL (Mahalingaiah
et al. 2008); 2.7 ng/mL (Hong et al. 2009);
1.82 ng/mL (Nepomnaschy er al. 2009);
0.52-0.61 ng/mL {Yang Y] et al. 2009); 2.52—
4.50 ng/mL (Ye et al. 2009a)], this less sensi-
tive analytical method would likely be able
to detect some form of BPA in the average
person. To address the issue of whether their
experimental system was able to detect BPA at
alt in urine samples, Volkel et al. (2005) spiked
urine samples with large amounts of BPA
glucuronide. Under these conditions, they
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were able to successfully derect this compound
using their methodology, suggesting that there
were no problems detecting high concentra-
tions of BPA metabolites in utine. Considering
that this study examined < 20 adulrs, the nega-
tive result reported by Volkel et al. (2003)
could be explained as a sampling érror com-
bined with a relasively insensitive analytical
method, but this is unlikely, leaving us with no
scientific explanation for their lack of detection
of BPA. Because science is based on repearabil-
ity of data, the fact that this one negative study
stands against mote than a dozen studies that
successfully measured BPA in urine samples
suggests that it is an outlier.

The smaller studies described above pro-
vide little information about exposure of the

general population. In 2005, the first study to
measure total BPA concentrations in a refer-
ence population was performed by the CDC
(Calafat et al. 2005); total BPA was detected
in 95% of spot urine samples collected from
394 American adults. The CDC followed this
study with a second one, examining spot urine
samples from 2,517 Americans > 6 years of
age from the 2003-2004 National Health and
Nutrition Examination Survey (NHANES)
{Calafar et al. 2008). Total BPA was detecred
in 92.6% of participants, with conceritrations
ranging from 0.4 to 149 ng/ml. and a geomer-

ric mean (GM) of 2.6 ng/mL urine.

Urtinary volume is influenced by varicus
factors (e., glomerular fileration, wbular secre-
tion and reabsorption, alimentary regimen,

Tabte 1. BPA levels in human urine after environmental exposures.

YA5

intake of liquids, perspiration) that give rise to
differing urinary dilutions and, consequiently,
to changes in the concentrations of excreted
substances (Carrieri et al. 2000). Dilute or
concentrated samples provide low or high
values, respectively, of the biological marker,
with underestimation or overestimation of the
result. Therefore, to compare exposures among
groups of individuals, urinary concenttations
of chemicals must be adjusted to urinary crea-
tinine concentration (Barr et al, 2005). Afier
correcting for urine creatinine concentration,
Calafar er al. (2008} found that total urinary
BPA concentrations were associated with age,
sex, racefethnicity, and household income.
Four additional studies examined fairly
large populations of adults. In a study of

Detection method
and enzymatic LoD
treatment? {ng/mL)

Refarence

Sample size Study population

Detection rate

BPA lavel
Ing/ml. {ppb), mean + SE]

Uncenjugated BPA Total BPA

2601

BL-MsE (.17

PL
column switching?

Volkel et !, 2005
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!
Online SPE- 0.3
HPLC-MS/MS

Ye et al. 2005b

Garcia-Pricto et al 2008 CMELCFD!

ECDwith 02

achipoolLontained
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“Ranga, ND-0.2¢

BPA, 100% BPA
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-+ Améican female

Adult volunteers
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75% unéonjuéated
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Exact valugs-NR
. Exactvalues NR

Range, ND—395
Range, 3-074.
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172 Korean adults, Yang et al. (2006} found.
that 97.5% had detectable levels of total BPA,
and in a study of 516 Korean adults, Hong
et al. (2009} found detectable levels of total
BPA in 76%. Yang Y] et al. (2009) exam-
ined urine from 485 Korean adults (259 men,
92 premenopausal women, and 134 post-
menopausal women) and found detectable
levels of toral BPA in 76%, a suikingly similar
result, In the fourth study, Volkel et al. (2008)
examined 438 urire samples from 285 indi-
viduals, as well as additional samples collected
from members of the research team; some
of the samples examined had been stored for
several years at —20°C. Because of problems
with methodology, total BPA could only be

Tahle 1. continued

Biomonitoring suggests widespread BPA expaosure

measured in a subset of the samples; toral
BPA concentrations ranged from undetected
levels to 9.3 ng/mL. In sum, these six large-
scale studies (Calafat et al. 2005, 2008; Hong
et al. 200%; Volkel et al. 2008; Yang et al.
2006; Yang Y] et al. 2009} reinforee findings
from small studies; providing further evidence
that most individuals in sevéral countries have
detectablé fevels of BPA andfor its conjugates
in theirurine (Table 1),

Levels of BPA exposure and concentra-
tions in bodily fluids and tissues from indi-
viduals in less developed countries have been
refatively understudied and were previously
identified as an important research need
(Vandenberg et al. 2007). In a recent study in

China, He et al. (2009) addressed this issue by
examining > 900 human subjects. Derectable
levels of total BPA were measured in 50% of
the subjects. With this large sample size, the
authots were able to detect several statistically
significant associations: Detection rates were
higher in males, in people > 40 years of age, in
people with moie education, and in individu-
als who smoked and/or consumed alcohel.
Some of these resulss differ ffom the CDC’s
findings in the United States {i.e., sex- and
age-refated differences in exposure) and thus
may Sllggest that CXPOSU['E routes or soufces
are different berween these populations.
Biomonitoring measurements for adults
are generally not informative about internal

Detection method

and enzymatic LOD
Reference ~ treatment?

Study population

Detec‘nan rate

EPA level
[ng/mL (pph), mean + SE]
Unconjugated BPA Total BPA

Wiaaliigeat el al, 2006

HPLCMS/MS 036

Online SPE-
HPLC-MS/MS

Walff et al. 2008 036

5
LC/LC-MS/MS

Becker et al. 2009 0.25

nine

HPLC-MS/MS

"4{‘an‘g YJ et aE.‘ZD‘UQ,'

{ng/mL)

Sample size
AR T B mafertsiafy ciamc

: 'Menma erl&lﬂyclsmc

150 samples from
35 children
g

Ameman chlldren 5—10 years
ofege

_German chsidrpn 5w6 y :

99% of all samples

95%

Range, ND-35.2

137 German children, 3% years GM, 3.55
of age >100

145 German children, 6-8 years GM, 272
of age

149 German children, 9-11 years GM, 2.22
of age .

168 German adolescents, 12—14 GM, 242

f

merican college students
avoiding polycarbonate bottles

Same studants using

puly.farhonate bottles

Premenepausal Korean women
menopausel K I(nrean women

F’regnant Durch WG
nnant Amerlc::n WOME

GM, 2.1

18
GM, 052
M, 0.61
§

Abbreviations: CMF, coacervative microextraction; CD eEectrun capture detection; £D, fluoremetric detection; GM, geomemc mean; LOQ, limit of quantification; NCI, negative chemi-
cal ionization; NI, not detected; NR, not reported; RP, reverse phase; SBSE, stir bar sorptive extractien; SGIC, saf-gel immunoaffinity column; SPE, solid-phase extraction; SULTIAT,
sulfotransferase 1A1 gene.

a1 samples were treated with glucuronidase and sulfatase unless otherwise noted. 2Samples were treated with glucuronidase enly. “BPA glucuronide was also measured. “BPA
sulfate was alse measured. *Samples were treated with chemical hydralysis, which deconjugates Goth sulfate and glucuronide groups. fCorrected for creatinine and presented as pg/g
creatinine. 90nly 37 samples were tested for unconjugated BPA.
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concentrations or exposure levels in children.
The CDC study (Calafat et al. 2008} exam-
ined total BPA content in spot urine sam-
ples from 314 American children 611 years
of age and reported a GM concentration of
3.6 ng/mL urinte. The GM level of total BPA
in the 715 adolescents 12-19 years of age
examined in the same study was 3.7 ng/mL
urine. When adjusted for creatinine levels,
exposures were highest in children and still sig-
nificantly higher in adolescents than in adults.
Six additional studies measured BPA and its
metabolites in urine of infants and children.
Liu et al. (2005} examined urine from nine
9-year-old American girls and derected rotal
BPA in eight of the girls. Wolff et al. (2007)
detected toral BPA in 94% of urine samples
collected from 90 American gitls 6-9 years of
age. In another study, Teitelbaum et al. (2008)
examined 159 urine samples that had been col-
lected from. 35 black and Hispanic American
children 6-10 years of age; of these spot urine
samples, 95% had detectable concentrations of
total BPA, with a GM of 3.4 ng/mL urine, a

level very similar to those of children examined -

in the larger CDC study (Calafar et al. 2008).
In a large study that included a subset of
30 German children 56 years of age, Volkel
et al. (2008) measured unconjugated BPA
concentrations up to 0.9 ng/mL dnd total BPA
concentrations up to 7.5 ng/mlL, although the
frequency of detection was not reported. In a
study of 599 German children 3-14 years of
age, Becker et al. {2009) detected total BPA
in the urine of 591 individuals (98.7%; GM
of 2.66 ng/mL}; they detected sigrificantly
higher levels in children 3—5 years of age
(GM, 3.55; n = 137). Finally, Calafat et al.
{2009} studied 41 premature infants in an
American neonatal infant cate unit and found
BPA conjugates in the uring of all the babies
examined. Amazingly, the GM concentra-
tions measured in these infants were 11 times
higher than the concentrations measured in
the NHANES study (30.3 vs. 2.6 ng/mL
urine). Unconjugated BPA was also detected
in the urine of 34 of the 37 neonates exam-
" ined, with 2 GM of 1.8 ng/mL urine (Calafat
et al. 2009). These authors noted that the
presence of unconjugated BPA in urine was
unexpected, and because of the collection of

urine from cotton placed in didpers, there is -

uncertainty as to whether this is a contaminant
from the collection process or a true meas-
ure of unconjugated BPA. from these young
individuals. Collectively, these seven studies
included 41 premature infants (Callafat et al.
2009), 909 children 311 years of age (Becker
et al. 2009; Calafar et al. 2008; Lia et al.
2005; Teitelbaum et al. 2008; Vollel et al.
2008; Wolff et al. 2007), and 883 adolescents
1219 years of age (Becker et al, 2009; Calafar
ct al. 2008) and repeatedly found detectable
levels of total BPA in a vast majority of the
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individuals examined. These studies clearly
indicate that children are exposed to BPA and
suggest that exposures are highest among neo-
nates and young children.

Four studies examined total BPA concen-
trations in urine collected from women dur-
ing pregnancy, further suggesting exposure of
the fetus to BPA during gestation (Table 1).
First, in a study examining spot urine samples
collected: from 100 pregnant Duich women,
Ye et al. (2008b) detected toral BPA in 82%
of samples, with 2 median concentration of
1.2 ngfmL urine, similar to the levels of BPA
detected in other populations, including U.S:
reference populations (Calafat et al. 2005,
2008). An even larger study examined urine
from 404 Amerzican women in their third
trimester of pregnancy. In that study Wolff
et al. (2008} detecred total BPA in the urine
of 90.8% of the women, and urine concen-
trations were associated with offspring birth
weighit. A third study examined total BPA
in 10 pooled urine samples from 110 preg-
nant Norwegian women (Ye et al. 2009a);
the concentrations measured were higher
than in any other study of pregnant women
(mean, 4.5 ng/mL}. These authors afso exam-
ined urine samples from 110 pregnant Dutch
wormen and 87 pregnant American women.
The concentrations in these populations were
relatively high compared with other groups
that have been examined, with mean con-
centrations of 2.52 and 3.93 ng/mL, respec-
tively {Ye et al. 2009a}. In the final swdy w
include urine samples from pregnant women
(Mahalingaish et al. 2008), samples were col-
lected from 2 ferrility center in Massachusetts.
In urine samples collected from 45 women
before pregnancy, the GM concentration of
total BPA was 1.09 ng/mL urine. During the
study period, 10 subjects became pregrant.
In these women, toral BPA concentrations in
their urine were 26% higher than in urine of
nonpregnant wotnen and 33% higher than
in urine samples collected before pregnancy.
This last finding is perhaps the most concern-
ing indicator of exposure of the human fetus
o BPA.

Other studies have estimated associations
between BPA concentrations and activities
that may increase BPA exposure. For example,
Matsumoto et al. (2003) associated the urinary
concentrations of Japanese subjects with their
consumiption. of coffee and tea drinks from
cans containing BPA resins. Interestingly,
when can coatings were changed to a formufa
with 2 lower BPA content, the association
they found was no longer evideng in addi-
tion, removal of BPA from can linings led to 2
> 50% reduction in conjugdted BPA detected
in urine. Carwile et al. (2009) measured total
BPA concentrations in utine collected from
a group of American college students dus-
ing a washout phase when all cold beverages

H3A1

were consumed from stainless steel contain-
ers, and compared these concentrations with
those from the same students during a phase
when all cold beverages were consumed from
polycarbonate plastic containers. The authors
found that urinary concentrations of total BPA
were increased significantly (69% higher) dur-
ing the week when polycarbonate bottles were -
used, suggesting that these containers may be a
significant source of BPA exposure to individ-
uals in this age group and that interventions
would help fower exposure levels. Joskow et al.
(2006) made an interesting observation about
urinary concentrations of total BPA in male
volunteers receiving dental sealant creatments:
Compared with baseline Jevels (2.41 ng/mlL},
individuals who received one brand of sealant
known to contain BPA had significantly more
BPA metabolites in their urine 24 hr after seal-
ant placement (7.34 ng/mL), whereas ind:-
viduals who received a different sealant had
concentrations similar to the pretreatment level
(2.06 ng/mL) (Joskow et al. 2006). Another
brief study examined total BPA in urine sam-
ples collected from American children: before
and after placement of dental sealants (Martin
et al. 2005). Total BPA levels increased rap-
idly from baseline levels {0.26 ng/mL) within
24 hr of sealant placement {1.18 ngfmL) and
peaked 7 days after placement (1.21 ng/mlL).
However, the measured concentrations did
not return to baseline 14 days after place-
ment (0.73 ng/mL), suggesting that exposure
of children to BPA from dental sealants may
be more than the acute exposure that has
been suspected. Finally, Schéringhumer and
Cichna-Marld (2007) compared urinary con-
ceritrations of unconjugated and total BPA in
10 dialysis patients and 12 healthy adulrs but
found no significant differences between these
™wo gl'oups'.

Estimates of BPA Consumption
from Urinary Measures

Only a few studies have estimated total BPA
exposure in the human population. Using
expostute estimates from a varlety of environ-
mental sources (Le., water, air, and soil) and
from food and beverage contamination (ie.,
leaching rates from plastic containers and can
linings), several studies estimated daily human
intake of < 1 pg/kg body weight (BW)/day
(Kang et al. 2006; Wilson et al. 2003, 2007).
Additional studies have estimated daily
BPA exposute by calculating BPA ingestion
from food sources (European Union-2002),
Biomonitering data provide more reliable
information abour exposures because they do
not require afl the sources of exposure to be
identified. This is especially important for the
case of BPA, where non-oral routes of expo-
sure are suspected and the totality of sources
has not yet been identified (Stahlhut et al.
2009; Welshons et al. 2006},
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Using toxicokinetics, urinary BPA levels
have been extrapolated to estimate daily
intake levels. For instance, using urine sam-
ples collected from 48 women, Ouichi and
Watanabe (2002) estimated daily intake to be
0.6-71.4 pg/day. Using backward calculations
from urinary BPA concentrations detected
in Japanese adults, worst-case~scenario daily
intakes for chat population were estimated
at 0.037-0.064 pg/kg BW/day for males
and 0.043-0.075 pg/kg BW/day for females
(Miyamoto and Kotake 2006). Kamrin
(2004) utilized urine concentrations reported
in two previous studies {Arakawa et al. 2004;
Brock et al. 2001) o calculate daily intake
levels of 0.002-0.3 pglkg BW/day. Although
these calculations and estimates have provided
a range of doses thar researchers can target
for experimental animal studies, these figures
were determined based on toxicokinetic mod-
els that may be flawed, a topic that we discuss

in further detail below..

Salivary Measures of BPA

Like urine, saliva is a preferred bodily fluid for
biomenitoring purposes because collection
requires relatively noninvasive procedures.

To date, studies that have examined saliva -

for BPA have focused on the effects of dental
sealant application to BPA concentrations.
Since the 1960s, BPA diglycidyl methacrylate
has been used as 2 component of many dental

restorative materials, including those used for-

sealing molars.

Six studies have measured BPA in saliva
after dental sealant application, and all were
able to detect BPA in the saliva of some of

the individuals examined (Arenhole-Bindslev

et al. 1999; Fung et al. 2000; Joskow et al.
2006; Olea et al. 1996; Sasaki ex al. 2005;
Zafta et al. 2002) (Table 2), These studies used
different analytical methods and examined

Tahle 2. BPA levels in saliva.

Biomonitoring suggests widespread BPA exposure

saliva collected at different points after sealant
application. Although these studies provide
interesting information about the dynamics of
BPA leaching from sealants shortly after seal-
ant placement (Vandenberg et al. 2007), they
are less informative about the use of saliva as
a matrix for biomonitoting of BPA. Joskow
et al. (2006) measured BPA concentrations
in saliva before any treatment, with 2 mean
level of 0.3 ng/mL saliva; this concentration
is much lower than that measured in urine
(Table 1). Owing to the possibility of con-
tamination with BPA leaching from dental
materials, saliva does not seem to be a refiable
biomonitoring tool for estimating systemic
exposute to unconjugated BPA,

Internal Dosage Assessment
from Blood Measures of BPA

Seventeen studies have measured BPA in blood
and serum samples from healthy male and
nonpregnant female adults (Dircu ex al. 2008;
Fung et al. 2000; He et al. 2009; Hiroi et al.
2004; lkezuki et al. 2002; Inoue et al. 2000,
2001; Kaddar et al. 2009; Kurodz et al. 2003;
Liu et al. 2007; Sajiki et al. 1999; Sugiura-
Ogasawara et al. 2005; Takeuchi and Tsutsumi
2002; Takeuchi et al. 2004; Volkel et al. 2005;
Yarig M et al. 2009; Yoshimura et al. 2002)
{Table 3). Of these studies, five used ELISA,
one used a radioimmunocassay (RIA), and the
remainder used analytical chemistry to assess
BPA concentrations, These studies had similar
LODs compared with studies of urine, but
unlike most urine studies, measuremencs per-
formed on blood, serum, or plasma samples
usuzlly measured unconjugated BPA specifi-
cally. In healthy, nonpregnant adults, uncon-
jugated BPA was-detected in 14 of 16 studies
{including & of 10 studies using analytical
chemistry). Compared with the magnitude of
studies examining BPA levels in urine, most

of these studies involved smaller sample sizes.
Large-scale biomonitoring studies measuring
circulating levels of unconjugated BPA, an
index of internal exposure levels, remain to be
done, particularly in the United States; only
wwo studies to date examined > 100 individu-
als, and neither of these included samples from
Americans. Howevet, of those studies that
used analytical chemistry methods and meas-
ured detectable levels of BPA, mean concen-
trations were typically iri the range of 1 ng/mL
blood. These concentrations are quite similar
to those reported for BPA conjugates in urine
{Table 1) and clearly indicate that humans ate
internally exposed to unconjugated BPA,

In one of the larger studies of human
blood, Kaddar et al. (2009) examined plasma
samples from 207 individuals, collected ran-
domly in a French hospital, using an RTA
{LOD = 0.08 ng/mL plasma; correlation with
HPLC-MS, 2 = 0.92). Unconjugated BPA
was detected in 83% of the samples, and 12%
had > 2 ng/mL plasma. Paticnts undergoing
dialysis were also examined in this study, and
> 70% of patients had measurable concen-
trations of unconjugated BPA > 10 ng/mL
plasma. In another recent study performed in
China, He et al. (2009) measured total BPA
concentrations in > 900 individuals. Because
samples were treated with f-glucuronidase,
it is impossible to determine the proportion
of conjugated and unconjugated BPA that
was present. Measurable levels of toral BPA
were found in 17% of the samples; detec-
tion levels were significantly higher in females
than in males and in people < 40 years of
age compared with people > 40 yeats of age,
and were highest in individuals who smoked
and/or consumed alcohol. Finally, a study
examining stored blood samples collected
from Korean women during 1994-1997
measured both uncenjugated and total BPA
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Detection
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Heference
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Joskowelal 2006 GOMS 01 14

Pat
applied to a total of 4 molars
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in > 150 individuals (Yang M et al. 2009).
About half of these women were breast cancér
patients, and the other half were age-marched
controls. These authors found no associarions
beeween breast cancer starus and BPA conicen-
trations. Total BPA was detected in 50.8% of
the samples, However, the levels of uncon-
jugated BPA in most samples were < LOD
0.012 ng/ml}. .

We. are aware of only two studies chat
were unzble to detect BPA in any individual
samples of blood from adults (Fung et al.
2000; Volkel et al. 2005). Fung et al. {2000)
examined 40 aduits before and after the appli-

BPA. This study had an LOD of 5 ng/ml;
considering other studies that suggest expo-
sures are typically in the 1 ng/mlL range, it is
not surprising that this study was unable to
derect BPA in blood. In the second study that
did not detect BPA in the blood of healthy
individuals, Volkel et al. {2003) used LC-MS/
MS, typically a highly sensitive method, but
examined only 19 aduits. The authors of that
study reported multiple LODs for blood
samples (0.57 and 1.14 ng/mL), although
a later study from this group suggested that
the LOD was 0.5 ng/mL blood (Dekant and
Volkel 2008). That study, which examined

a7

unable to detect any form of BPA. in urine
{(Volkel et al. 2005), suggesting that it is hin-
dered by methodological problems.

Several studies that examined BPA con-
centrations in blood or serum from relatively
healthy adults also measured BPA in individu-
als with diseases or health-related conditions.
Two studies found women with polyeystic
ovarian syndrome (PCOS) had higher serum
levels of BPA than did healthy control women
{Takeuchi and Tsutsumi 2002; Takeénchi etal.
2004). These studies also found a positive asso-
ciation berween serum testosterone levels and
BPA concenerarions; this ﬁnding is cspecially

cation of dental sealant marerials containing  only 19 adults, was the same one that was  interesting because it provides a posential basis
Table 3. BPA levels in human serum/blood after envirenmental exposures {nonpregnant adets). )
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for gender-biased exposuses or metabolism of  2002; Tan and Ali Mohd 2003; Todaka and  adults; several studies that used analytical
BPA {Takeuchi et al. 2006). Mori 2002; Yamada et al. 2002) (Tables 4  chemistry to assess BPA concentrations meas-

Because of concerns that BPA alters the  and 5). Of the cight studies examining these  ured mean concentrations in the blood or
development of rodents exposed during gesta-  populations, six ised analytical chemistry and ~ serum from pregnant women at > 4 ng/mL
tion, several human bicmonitoring studies  two used ELISA. Regardless of the method  (Lee ct al. 2008; Padmanabhan et al. 2008;
have focused on measuring BPA in serum  used for detection, every study was able to  Schonfelder et al. 2002). However, only two
from pregnant women, and in plasma, serum,  detect unconjugated BPA: in at least some of  scudies collected samples from pregnant and
and tissue from umbilical cords (Ikezuld et al.  the samples collected. Interestingly, the levels  nonpregnant women and directly compared
2002; Kuroda er al. 2003; Lee et al. 2008;  detected in pregnant women were typically  them using identical methods; one reported
Padmanabhan et al. 2008; Schonfelder er al.  higher than those reported for nonpregnant  slightly lower levels in pregnant women

Table 4. BPA levels in human serum and blood during pregnancy (maternal; or gestation (fetall. ;
Sample BPA level

Reference Detection method LOD{ng/ml}  size Sample type Study pepulatlon {ng/mL (ppb) mean £ SE
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Abbreviatians: ESI, electrospray ionization; ND, not detected.
“Data on nengregnant females is included in Table 3.

Table 5. BPA levels in human fissues and fluids during pregnancy and lactation.

LoD Sample BPA level
Heferenne Detection method {ng/mL} size End point{s) Study population [ﬂgme[ppb) mean + SE]
“keziki 2 2 DT R RUSA e 0 32 - Farly ampiati -ﬂusd(?ﬁ-ﬂﬂ S :[ffegﬁahf_Jé_piénésé armien: i i
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Yamada et al. 2002 ELISA 05 200 Norrat fetal amniotic flui

regnarnt Japanese women .
{14-18 weeks) ' ND 5.62

48 Abnormal fetal karyotype fetal  Pregnant Japanese women Median, 0
amniotic fluid {14-18 weeks)

TgE
Sun et aI 2004 DIB-Cl derivatization- 0.11 23 Breast milk Japanese women 0.61 + 0.042

HPLG

Ye et al. 2006 Culine SPEHPLC-MS/MS  0.28 20 Braast mik American women Unconjugated BPA:
mean, 1.3; 80% cetection

Total BPA: mean, 1.9;
9% detaction

Unconjugated BPA:
mean, (.80

Breast milk American women

Abbreviations: DIB-CI, 4-{4,5-diphenyl-1H-imidazol-2-yllaenzeyl chloride; ND, not detected; SPE, solid-phase extraction.
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(Tkezuki et al. 2002), and the other found ne
differences in these two populadons (Kuroda
et al. 2003). Thus, this is also an important
area for future research.

Of the four studies that measured
unconjugated BPA in umbilical cord blood
(Table 4), two detected levcls higher in fetal
bload than in maternal samples (Tkezuki et al.
2002; Kuroda et al. 2003), and owo detected
levels higher in maternal samples than in
fetal blood (Lee et al. 2008; Schénfelder
~ et al. 2002). Interestingly, two of these
studies derected concentrations in a range
(- 1 ng/ml} similar to those measured in
healthy adules (Kuroda et al. 2003; Lee et al.
2008). The other rwo studies measured BPA
concentrations two to four times higher in
fetuses than in nonpregnant women (Ikezuki
et al. 2002; Schonfelder et al. 2002). As with
the maternal blood samplés, only two studies
directly compdred plasina/bloed BPA con-
centrations in fetuses and nonpregnant adules
(Tkezuki et al. 2002; Kuroda et al. 2003}, so
iris difficult to make any cenclusive com-
parisons regarding internal concentrations,
metabolism, or exposute.

With the exception of one recent study that
measured BPA concentrations in the blood
of 300 women and their fetuses (Lee et al.
2008), the studies mentioned above are limited
hecatise of their relatively small sample sizes.
This one large-scale study (Lee et al. 2008) is
the most robust blood biomonitoring study of
BPA to date. Despite the relatively high LOD
(0.625 ng/mL) for the method used, rotal BPA
was detected in the blood of 84% of pregnant
women and 40% of fetal samples collecred;
23% of blood samples collected from pregnant
women contained total BPA concentrations
> 10 ng/mL, but concentrations of unconju-
gared BPA alone were not measured.

" 'The overall consensus that can be deter-
mined from blood sampling of healthy adults,
adults with certain diseases, pregnant women,
and fetuses is that internal exposures to uncon-
jugated BPA are in the range of 0.5-10 ng/ml,,
with most studies suggesting an average inter-
nal exposure of approximately 1-3 ng/mlL
(Vandenberg et al. 2007). These concentra-
tions are higher than those required to'stimu-
late responses in cell cultures (Wetherill et ol.
2007), suggesting that these low levels could
influence biological end points and develop-
ment in humans (vom Saal et al. 2007). At
this time, no information is available on BPA
concentrations in the blood of infants after
birth or of childrer and adolescents, indicating
a significant data gap. Because neonates are
not thought to have the metabolic enzymes
to effectively conjugate BPA (Mykkanen er al.
1997; Taylor et al. 2008), it is plausible and
even likely that these individuals have higher
concentrations of unconjugated BPA in their

blood than do adults (de Wildt ex al. 1999).
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BPA Measurements
in Amniotic Fluid, Placenta,
and Follicular Fluid

Only a few studics have examined additional
tissues and fluids associated with pregnancy
{Table 3). In 2002, Schénfelder et al. {2002)
measured unconjugated BPA concentrations
in placental tissue from 37 pregnancies. BPA
was detected in all samples, ranging from
1.0 to 104.9 ngfg tissue, with a median value
of 12.7 ng/g and a mean value of 11.2 ng/g.
This study suggests that BPA is transplacen-
tally transferred to the embryo/fetal compart-
ment. Additional scudies support the idea that
the fetus is continuously exposed to BPA;
three studies have demonstrated that it can be
measured in amniotic fluid (Engel et af. 2006;
Tkezuki et al. 2002; Yamada et al. 2002).
Tkezuki et al. (2002) found eight times higher
concentrations of unconjugated BPA in amni-
otic fluid from eatly pregnancy compared
with later pregnancy; they proposed that BPA
may accumulate in early fetuses because of
a lower metabolic clearance of BPA or may
be conjugated more efficiently in the fetal
liver during later gestacion. In another study,
Engel et al. (2006) detected unconjugated
BPA in < 10% of the amniortic fluid samples
vollected from pregnancies before 20 weeks
of gestation. Collectively, these studies lend
support to the idea that che ferus is exposed to
unconjugated BPA. In summary, additional
studies using larger sample sizes, collection of
samples controlled for BPA. contamination,
and sensitive methods of detection are needed
to more accurately quantify BPA in amniotic

fluid and placental tissue. However, published -

studies indicate thart the fetus is likely exposed

to unconjugated BPA via maternal uptake.
With an increase in the number of suc-

cesstul pregnancies that have resulted from

.assisted reproductive rechnologies, two studies

examining unconjugated BPA levels in fol-
licular fluid raise additional concerns {Tkezuki
et al. 2002; Kaddar et al. 2009) (Table 3).
First, Ikezuki et al. (2002) found an average
concentration of 2.4 ng/mL fluid collected
from women undergoing in vitro fertiliza-
tion (IVF) procedures. Secend, Kaddar et al.
(2009) measured BPA in follicular fluid from
28 infertile women undergoing IVF. The
authors detecred unconjugated BPA in 11 of
these samples (39%) at cencentrations that
ranged from 0.15 to 1 ng/mL fluid. These
studies have several limitatioss, including
the analytical methiods used and the selection
of human subjects. However, studies from
rodents suggest that BPA can cause aneu-
ploidy in oocytes {Susiarjo et al. 2007) and
alter the body weight of offspring resulting
from intrautetine transplantation of embryos
culrured in media containing BPA (Takai
et al. 2001). As such, presence of measurable
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concentrations of unconjugated BPA in fol-
licidar Auid is a potential concern,

BPA Exposure Assessment

in Breast Milk

There is significant interest in defining all
sources of BPA exposure, especially those
specific to neonates, infants, and children;
baby bottles and packaging of infant formu-
las are currendy identified sources of oral
BPA exposure (Gies et al. 2009; Vandenberg
et al. 2007). An additional and important
consideration for the health of the develop-
ing neonate is potential BPA exposure from
breast milk. BPA is somewhat lipophilic [K,
(octanol-water partitioning coefficient) =
2.2-3.4], allowing it to parritien into far and
breast milk. Four small studies using ana-
lytical chemistry have measured BPA. in the
breast milk of healthy women (Table 5). The
first study examined breast milk from three
women and found detectable levels of uncon-
jugated BPA in two of the samples (Otaka
et al. 2003}. In another study, Sun et al,
(2004) detected unconjugated BPA (range,
0.28-0.97 ng/mL; mean, 0,61 ng/ml} in the
breast milk of 100% of the women studied.
A third study detected unconjugated BPA in
60% of samiples {mean, 1.3 ng/mL milk) and
total BPA in. 90% (mean, 1.1 ng/mL milk)
(Ye et al. 2006). In the fourth study, Ye et al.
(2008a) detected unconjugated and total BPA
in all four of the samples examined.

In a larger study, Kuruto-Niwa et al.
{2007) examined BPA concentrations in
human colostrum, the milk produced within
the first 3 days after giving birth that contains
high levels of antibodies, carbohydraes, and
protein. Using ELISA, the authors reporred
detecting unconjugated BPA in 1009 of the
101 samples examined {range, 1-7 ng/mL
colostrum; mean, 3.41 ng/mL). Although
the sample sizes in these studies are relatively
stnall, these findings highlight the concerns
about exposute of human infants to BPA via
breast milk in addition to other exposures
from baby bottles and other containers.

BPA Exposure Assessment

in Adipose Tissue

To address the potential for BPA to accumu-
late in adipose tissue, Fernander et al. (2007)
examined 20 adult women from Spain for
both unconjugared BPA and chlorinated BPA
derivatives. Chlorinared BPA derivatives are
thought to form when BPA is conjugated
in treaced water sources. Fernandez et al.
(2007) detected unconjugated BPA in 55%
of the samples and Cl,BPA in 80% of sam-
ples; other chlorinated detivatives, including
CIBPA and CI;BPA, were detected less fre-
quently, and Cl,BPA was not detected in any
sample. Of those samples in which BPA was
detected, concentrations ranged from 1.80 to
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12.01 ng/g adipose tissue (mean, 3.16 ng/g)
(Fernandez et al. 2007). In another study,
Nunez et al. (2001) reported that repeated
exposure to relatively high BPA doses resulted
in the distribution of BPA to bodily tissues
in rats, including adipose tissue. Human
biomonitoring studies using adipose tissue
are understandably quite limited because of
the invasive procedures needed to isolate this
biological matrix, so it is not likely that this
study will be repeated with a larger sample
size or a broader population. However, it does
point out that there are other metabolites of
BPA that should be examined for biological
and hormonal activity.

Relationships between
Measured BPA Concentrations
and Disease Outcomes

In 2008, a large and well-conirofled study
of the possible health effects of BPA expo-
sure on humans was conducted using sam-
ples and informadon collected for NHANES
{(Lang et al. 2008). By examining data from
1,455 American adults, chese authors found
positive associations between urinary (total)
BPA concentfatians and the prevalence of
diaberes, heare disease, and liver toxicity. In
a recent stady, Melzer et al. (2010) retested
the originally identified associations between
higher urinary total BPA concentrations
and reported heart disease using a second
NHANES database. Indeed, the authors were
able to replicare carlier associdtions that were
detected between higher urinary concentra-
tions of total BPA and an increased prevalence
of coronary heart disease, even though urinary
BPA concentrations in this second stiady were
substantially lower than those measured in
the first (Lang er al. 2008). In both of these
studies, adult expesure levels were associated
with chronic diseases that probably began
much carlier in the individual's life. Also of
note is that, as with maost epidemiological
studies, it ts impossible to determitie cause-
and-effect relationships between measured
concentrations and disease states. Therefore,
the authars cannot determine whether higher
concenitrations of BPA cause these conditiens,
or if the presence of these diseases leads to
increased exposure or decreased metabolism
of BPA; either of these situations is poten-
tially concerning. Additional scudies are there-
fore needed to determine whether there is a
causal link berween elevated BPA concentra-
tions in urine and these chronic diseases. In
addition, it should be noted that these stud-
ies used only single urine collections from
the individuals examined (Lang et al. 2008;
Melzer et al. 2010); muleiple collections
from individuals over a range of life stages,
especially encompassing periods of organo-
genesis, would be more useful for determining
causztive relationships,

Biomonitoring suggests widespread BPA exposure

Another recent study examined BPA con-
centrations in urine and blood collected from
516 Korean adults living-in urban areas (Hong
et al. 2009). Urinary copcentrations of total
BPA were associated with at least one marker
of oxidative stress, although these associations
were no longer statistically significant when
age, sex, weight, smoking, and exercise were
considered iri the regression models, Hong
et al. (2009) also detected an association
between high BPA exposures and increased
fasting blood glucose levels, perhaps lending
addirional weight to a possible link berween
BPA exposure and diabetes. Another study
supports the connection berween BPA expo-
sute and oxidative stress; Yang Y] et al. (2009)
found that total BPA levels were associated
with markers of stress in postmenopausal
women, but not in premenopausal women or
men, leading the authors to suggest that post-
menopausal women may be mote susceprible
to BPA-induced adverse health effects.

Several smaller studies have examined the
effects of BPA exposute on other health our-
comes. For instance, BPA levels in blood have

been associated with a variety of conditions in .

women, including obesity, endomeuial hypes-
plasia, endometriosis, recurrent miscarriages,
sterilicy, and PCOS (reviewed by Vandenberg
et al, 2007). Other studies detected asso-
ciations between high BPA exposure and
chromosomal abnormalities, including preg-
nancies with feruses that had an abnormal
karyotype {Yamada et al. 2002}, recurrent
miscarriage {Sugiura-Ogasawara et al, 2005},
anel sister chromatid exchange measured in
peripheral lymphocytes (Yang et al. 2006).
These epidemiological studies have several
limitarions, including small sample sizes,
insufficient information on subject selection
criteria, and cross-sectional designs that failed
to adequately control for potential confound-
ers {Vandenberg et al. 2007), thus preventing
accurite assessments regarding the potential
health risks of BPA. Even more recent stud-
ies have identified relationships between BPA
exposure and reproductive hormone levels in
male patients at an infertilicy clinic (Meeker
et al. 2010) and the number of oocytes
retrieved from women undergoing IVF fertl-
ity treatments (Mok-Lin et al. 2009). Finally,
prenatal BPA exposures, as determined by
maternal urine concentration during preg-
nancy and at delivery, were found to be asso-
ciated with increased externalizing behaviors
{i.e., aggression, hyperactivity), especially in
female roddiers {Braun et al. 2009).

It is somewhar surprising that most stud-
ies underraken to understand human health
hazards have relied heavily on biomonitoring
of BPA from the general population, and only
a few studies have measured exposures to BPA
in occupational settings or have associated
occupational exposures with adverse health

Environmental Health Perspectives « volume 118 | numeer 8| Adguﬂ 2010

outcomes. This limitation may stem from the
belief that BPA exposure comes predominantly
from contamination via food sources. Despite
reports suggesting exposure of healthy individ-
uals ro BPA by non-cral routes (Stahthur et al.
2009), a data gap exists relative to exposure
levels in employees in BPA-producing indus-
tries or those workers using BPA in different
manufacturing processes. Thus, measurement
strategies and studies to investigate occupa-
tional exposure to BPA and health outcomies
are very much reeded.

Reliability of Biomonitoring
and Toxicckinetic Studies

The need for human biomonitoring of BPA
for risk assessment purposes is undispured
because 2l sources of exposure have not been
identified, and thus internal exposures can-
not be properly calculated. Groups charged
with assessing risk from exposure have heared
debates about the toxicokinetics of BPA
and the plausibility and reliability of indi-
vidual datz and analytical approaches used in
biomonitoring studies. Two studies thus far
have attempted to determine the kinetics of
BPA metabolism in human subjects (Volkel
et al. 2002, 2005).

The first toxicokinetic study was desighed
to resolve issues regarding the internal expo-
sure to BPA that originated from animal
studies: Volkel et al. (2002) administered
5 mg deutetium-labeled BPA (equivalent to
54-90 pglkg BW) orally to adult volunteers
and monitored blood and urinary BPA lev-
els. Unconjugated BPA was always < LODs
in both plasma (LOD = 2.28 ng/ml) and
urine (LOD = 1.37 ng/mL) at all time points
studied after BPA administration; the results
were interpreted by the authors as indicative
of rapid metabolism, noting that “only a small
percentage of the dose of [BPA] is available for
other biotransformation pathways, due to the
rapid glucuronidation” (Volkel et al. 2002).
In support of this statement, concentracions
of conjugated BPA were 2lso measured. in
blood and urine; the authors reporced that -
BPA glucuronide concentrations fell below
the LOD in both urine and blood 24-34 hr
after BPA administration, although this is not
apparent from the concentratjon—time course
mocde] they presented. Using their finding that
the terminal half-life of BPA glucuronide in
bloed was 5.3 hi, Volkel et al. (2002) con-
cluded that conjugated BPA is also rapidly
cleared from the blood.

Several inconsistencies in the article by
Volkel et al. (2002) raise questions about its
reliability. For instance, the authors reported
two different values for the rime when maxi-
mal plasma concentrations (Cp,,) were
achieved (1.35 hr vs. 4 hr}. In addition, the
BPA glucuronide levels reported in blood
are higher than the total BPA concentrations
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mieasured in the same individuals. Finally, the
authors indicated that they measured BPA
merzbolism in three women, a group of thiec
men, and then in a separate group of four
men, yet the groups of male volunteers clearly
overlap {at least 2 men were sibjects in both
groups), making the data compiled from com-
bining these two groups questionable.

In drawing their conclusion that there
is no tisk from current human exposure lev-
els, Volkel et al. (2002) overlooked several
important points from a risk assessment per-
spective. First, they did not acknowledge the
likefihood of different toxicokinetics when
BPA exposure is continutous compared with
2 single administration. Ginsberg and Rice
(2009) suggested that results from the Volkel
et al. (2002} study were more consistent with
delayed excretion from long-term internal
storage or cycling between conjugation and
deconjugation. Second, the potential for BPA
to have actions at low levels {in the nanograms
per milliliter range} was not considered. Third,
this toxicokinetic study was designed to assess
the metabolism of BPA after oral exposure
because, until very recently (Stahlhur et al.
2009), it was assumed that most if not all BPA
exposure in humans oceurs via the oral route.
However, because 4ll sources of BPA have not
been identified, non-oral exposures cannot
be discounted. Finally, Volkel et al. (2002)
overlooked the possibility of differences in
toxicokinetics under diffetent physiological
paradigms; they used a small mixed-subject
group composed of individuals of both sexes
and different ages. The differences berween
sexes and age groups in urinary BPA levels
found in CDC biomonitoring studies (Calafat
er al. 2005, 2008) raise the possibility that
theé roxicokinetics of chemicals and drugs,
including BPA, are likely to be very differ-
ent in fetuses and neonates compared with
adults. In fact, this assumption was confirmed
in two independent kinetic models, which
found thar the internal exposure to BPA in
newborns can be 3-10 times higher than in
adules (Edginton and Ritter 2009; Mielke and
Gundert-Remy 2009). There is also the poten-
tial for deconjugation of BPA glucuronide
in utero by B-glucuronidase, an enzyme that
is present in high concentrations in placenta
and various other tissues (Ginsberg and Rice
2009). Furthermore, studies in rodents have
found that neonates have limited ability to
convert BPA into an inactive conjugated form,
independent of the route of administration
(Taylor et al. 2008). This may also be true for
human fetuses and neonates.

In 2 follow-up investigation, Volkel et al.
(2005) further examined the kinetics of BPA
in urine and plasma. They assessed BPA
exposure both after administration of labeled
BPA and in an environmentally exposed
population. For direct testing; subjects were
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administered 25 g labeled BPA (equivalent
to 0.28-0.43 palkg BW), a much smaller
dose than that administered in their earlier
study; unconjugated and conjugared BPA
were then measured in urine (Volkel et al.
2005). Although the authors suggested thar
they had developed a very sensitive and selec-
tive method, the LODs for this study were
again higher than those in othér studies using
the same analytical methods (for unconju-
gated BPA, LOD = 1.14 ng/mL; for BPA
glucuronide, LOD = 10.1 ng/mL}.

Volkel et al. (2005) examined BPA kinet-
ics in six individuals administered BPA,
although they provided no information about
the characteristics of these subjects, making it
difficult ta draw any conclusions from their
study. The authors suggested that there were
no differences in kinetics among volunteers,

yet a closer look at their results shows a wide

varfation in BPA measurements across indi-
viduals. In the three men examined, 85% of
the administered BPA dose was recovered in
uarine after 3 hr, mostly as BPA glucuronide.
In the three women examined, 75% of BPA
was recovered as BPA glucuronide after the
same period of time. In two of six individuals,

unconjugated BPA was detected at levels of

approximately 1 ng/mL urine. This finding
directly contradices the conclusions reached
by the study authors, who suggésted that
100% first-pass metabolism would promprly
converr BPA to its conjugated metabolites.
As mentioned above, several other stud-
ies have also derected unconjugated BPA in
urine (Calafat et al. 2009; Kim et al. 2003;
Ouichi and Watanabe 2002; Scharinghumer
and Cichna-Markl 2007; Volkel et al. 2008;
Ye et al. 2005b). Volkel et al. {2005) also
collected plasina samples for measurement
of BPA, although no measurements of con-
jugated or unconjugated BPA were reported.
Finally, unfike other biomonitoring stud-
ies, these investigators failed to detect any
BPA in the environmentally exposed group,
likely because the LODs in these kinetic stud-
ies were 10 to 100 times less sensitive than
methods used in most biomonitoring stud-
ies. These limited observations emphasize the
need for risk assessment studies to employ
state-of-the-art analytical techniques that are
sensitive enough to detect low levels of BPA
with large sample sizes so that one can con-
sider vatiability in the populaton and influ~
ence from physiological status; these kineti¢
studies therefore are not appropriate for risk
assessment of BPA.

The next issue to consider is whether
biomenitoring studies per se are sufficiently
relizble and therefore useful for risk assess-
ment purposes. The detection rates and
concentrations of BPA in urine and blood
of environmentally exposed individuals are
remarkably similar in studies performed by
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several independent groups using state-of-
the-art analytical techniques; independent
confirmation of these results alone indicates
tha that these studies are reliable. These find-
ings are furcher supported by the dozens of
additional studies that have used less sensirive
or less selecéive methodologies, becatise all
of these studies report conjugated or uncon-
jugated BPA levels in human samples in a
very narrow range of concentrations. Taken
together, although the discussions about the
reliability of unconjugated BPA measure-
ments within human tissues and fluids appear
1o be ongoing, especially in the risk assess-
ment community, the cohsistency of available
data on internal exposure to BPA across inves-
tigative groups is more than convincing,

Several biomonitoring studies (Calafat
et al. 2005, 2008; Kim et al. 2003; Mao 1 al.
2004) and one of the toxicokinetic seudies
(Volkel et al. 2005) suggest that men and
women differ in their uptake and/or metabo-
lism of BPA. Other studies suggest thac preg-
nant and nonpregnant women differ in their
uptake or metabolism of chemicals, includ-
ing BPA. These findings reinforce the fact
that kinetic models based on metabolism of
BPA from a mixed group of adults cannot be
extrapolated to different physiclogical states,
especially vulnerable populations such as preg-
nant women and children.

Utility of Physiologicaily Based
Toxicokinetic Models of BPA
Physiologically based toxicokinetic (PBTK)
modeling incorporates information on the
physiology and anatomy of the experimental
animal or human and the biochemistry of the
chemical of interest into a conceprual model
for computer simulation. Compared with the
essentially empiric kinetic models (i.e., the so-
called classical kinetic models), PBTK model-
ing has the advantage of being more grounded
in physiclogy. PBTK models are powerful
tools for interpolations and extrapolations
that are particularly useful in the context of
risk assessment, such as dose to dose, route
route, single to multiple exposure, continuous
to discontinuous exposure, species to species,
“external” or administered dose and internal or
target tissue concentration, males o females,
adults to children, nonpregnant women to
pregnant, and so on {Loizou et al. 2008},

A few PBTK models have been developed
for deseribing the toxicokinetics of BPA in rats
{Shin et al. 2004), pregnant mice (Kawamoto
et al. 2007), adult humans (Teeguarden
et al. 2005}, .and children < 2 years of age
(Edginton and Ritter 2009). First, Shin ¢ al.
(2004) developed a2 PBTK model involving
vein, artery, lung, liver, spleen, kidneys, hearr,
testes, muscle, brain, adipose tissue, and small
intestines for predicting tissue distribution
and kinetics of BPA in. rats. The model was
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vatidated by predicting the steady-state lev-
els of BPA in the blood and tissues of rats
that had received repeated intravenous injec-
tions, These investigators used their PBTK
model to simulate blood and tissue levels of
unconjugated BPA in an adult human (70 kg
BW) receiving multiple oral doses of BPA
(100 mg every 24 hr for 10 days) and found
steady-state venous blood levels of 1.3 ng/mL,
a concentration remarkably similar to what is
measured in environmentally exposed humans
(Table 3).

It a model of oral route exposure to BPA
in rats and humans, Teeguarden et al. (2005)
imposed restrictions on the concentration of
unbound (free) BPA resulting from plasma
protein binding and predicted the degree of
ER binding that may occur in the rat werus
at different BPA doses. Based on simulations
using the model, terminal BPA elimination
in rats, but not humans, was found to be
strongly influenced by the enterohepatic recit-
culation of BPA glucuronide. The oraf route
blood kinetics in rats and the oral route plasna
and urinary elimination kinetics in humans
described by the model of Teeguarden et al.
{2005) were consistent with data reported
by Pottenger et al. (2000) and Volkel et al.
{2002) for BPA-treated rats and human volun-
teers, respectively. However, their model was
based on single exposures to BPA and did not
account for repeated exposures to humans, as
actually occurs. Nonetheless, as far as roxi-
cokinetic modeling in humans is concerned,
plasma levels of unconjugated BPA predicred
by the physiologically based pharmacokinetic
(PBTK) model for a single oral dose of 5 mg
BPA per person were less than the analytical
LOD of the method used by Volkel et al.
(2002). Thus, only appropriately sensitive
analytical methods should be used 1o deter-
mine metabolic parameters after adminis-
tration of BPA.

More recently, a PBTK model was devel-
oped to assess the age dependence of the
toxicokinetics of both unconjugated BPA
and BPA glucuronide in children < 2 years of
age {(Edginton and Riccer 2009). This PBTK
model was initially built using informacion
gathered from toxicokinetic studies of BPA
in adults and then scaled down taking into
account the age dependence of physielogical
parametets relevant for absorption, distribu-
tion, metabolism, and elimination. According
to the medel predictions, steady-state plasma
concentrations of unconjugated BPA in nevw-
borns were expected to be 11 times higher
than those found in adults who received the
same body weight—normalized dose. Taking
into account estimates of dietary exposures,
plasma levels of unconjugated BPA in 3-
to G-month-old children were expected to
be 5 times higher than the levels found in
adules. Simulations using this PBTK model
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are therefore consistent with the idea that
newborns and young children are internaily
exposed to higher levels of unconjugated BPA
than levels that have been estimated for adults.
Indeed, dara from infants in neonatal infant
care units in American hospitals suggested
that BPA levels in these infants were 11 times
bigher than GM concentrations in American
adults (Calafat et al. 2009), matching exactly
the predictions from the PBTK model.

Another PBTK model—one for BPA in
pregnant mice—was developed by Kawamoto
et al. (2007). The authors used experimental
kinetic data from a single oral dose of BPA
administered to pregnant tice on gestational
day 15 for calibrating their kinetic model.
Simulations using their PBTK model indi-
cated thar (total) BPA was rapidly wransferred
through the placenta to the fetus and that it was
only slowly eliminated from the fetal compart-
ment. It should be stressed that this model was
calibrated using data fot otal (unconjugated
plus conjugated) BPA, so it did not specifically
estimate the toxicokinetics of unconjugated
BPA. As far as we are aware, no other PBTK
model for BPA in pregnant rodents or preg-
pant humans has beesi constructed. Additional
and more refined PBTK models of unconju-
gated BPA in pregnant rodents and humans
are therefore urgenty needed. -

Current PBTK models for BPA do not
take into consideration the influence of local
deconjugation of BPA metabolites at or in the
vicinity of targer tissues. Ginsberg and Rice
(2009) recently discussed literature reports
supporting, the biological plausibility of local
deglucuronidation of BPA glucuronide occur-
ring at a number of target tissues, such as
placenta and the fetal compartment. For
instance, Takahashi and Oishi (2000) dem-
onstrated that placenra has rather extensive
B-glucuronidase activity and that liver and
kidneys show much higher uncenjugated
BPA levels than blood. More information is
needed to determine if, in fact, BPA is decon-
jugated in situ; if so, this should be added tw
furure models.

Finally, a recent study determined that
there is a linear relationship between applied
doses and circulating unconjugated BPA con-
centrations (Vandenberg et al. 2007). This
linear relationship was used to back-calculare
the applied dose needed o generare the con-
centrations of unconjugated BPA that have
been repeatedly measured in environmentally
exposed humans; the applied dose needed o
achieve circulating BPA levels of 1-3 ng/mL
blood that have been detected in biomonitor-

ing studies (Table 3) exceeded 500 pg/kg/day.

This matches the predictions from the PBTK
model developed by Shin et al. (20604), which
clearly indicated that doses of 100 my every
24 hr for 10 days were needed to produce
blood levels of 1.3 ng/mL in rats. These dara
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need to be verified, but if true, they provide
strong evidence that one cannot use urine
levels to back-calculate to exposure levels.

Future Directions and
Research Needs

Throughout this review we have mentioned
research needs; these are summarized below.

We suggest that several small biomonitor-
ing studies performed previously should be
repeated using large reference populations.
First, it is imperative that estimates of uri-
nary BPA levels over 24 hr be undertaken.
Second, there is a need for obtaining multiple
samples of blood and urine from individuals
to assess variability of exposure over time,
likely encompassing wecks, months, or years.
Finally, large-scale biomonitoring studies
across the life span are needed fo confirm lev-
els of total and unconjugated BPA in blood:
Thiese studies need to compare exposure levels
in men and women, adults, neonates, children
(spanning the prepubertal to pubertal period),
pregnant and nonpregnant women, and obese
and nonobese individuals, and across discase .
states. It is clear from animal studies that
developmental periods (i ufero and fheonatal
periods) are the most sensitive to BPA; thus,
special atterition should be given to assess-
ment of total and unconjugated BPA in these
vulnerable populations.

Mote studies are needed to examine preg-
nancy otitcomes from large groups of racially
and socioeconomically diverse women, relat-
ing them to internal exposure levels through-
out pregnancy. It has been hypothesized
that racial disparities in exposures to BPA
and other endocrine-disrupting chemicals
may account for the reduced feral survival
and birth weight of offspring (Ranjit et al.
2010). Recent epidemiology studies suggest
telationships between urinary BPA concentra-
tions and fertility end points (Meeker et al.
2010; Mok-Lin et al. 2009). Additional stud-
ies are needed to extend these findings and
also to define the levels of total and uncenju-
gated BPA in ovarian follicular fluid, semen,
amniotic fluid, and cord blood to relate 1o
reproductive disease outcomes and adulr con-
sequences,

Human toxicokinetic studies of BPA that
employ sensitive methods across physiological
states and age groups are needed. In additien,
studies directly comparing the toxicokinetics
of BPA metabolistm in humans and laboratory
animals will help to determine if animals can
accurately predict human merabolism.

Studies are needed to identify all sources
of exposure and to assess the daily dose of BPA
actually coming from the oral route versus
other routes. Measurement of BPA in all food
and drink sources and in indoor and outdoor
air samples could be mandated by legislative
actions. .
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Longitudinal studies in children linking
developmental exposures to BPA and later-
onset diseases are especially important and
needed. Twe epidemiological studies have
related adult urinary BPA concentrations to
disease outcomes such as obesity, type 2 dia-
betes, and cardiovascular disease (Lang et al.
2008; Melzer et al. 2010), all of which are on
the rise. Studies that focus on relating BPA
exposure to disease outcomes should also con-
trol for dietary phytoestrogen exposure and
consider mixture effects.

In addition to these specific data needs,
it is important to take advantage of the
NHANES data and database (http://www.
cde.gov/nchs/nhanes.him) for assessment of
BPA levels and the relationship of those levels
and disease outcomes. Several recent stud-
ies are excellent examples of using this dawa-
base to answer important questions relating to
BPA exposure and linking BPA exposufes to
disease otitcomes {Lang et al. 2008; Swhlhut
et al, 2009). The NHANES darabase is a
vittual treasure of data awaiting analysis and
copaparison.

Conclusions

We helieve that human biomenitoring data
cleatly indicate that the general pepularion is
exposed to BPA ubiquitously, including signif-
icant internal exposures to unconjugated BPA.
More important, animal stadies suggest that
fetuses and children ate particularly vulnerable
to BPA exposures and, at the same time, are
exposed to higher levels of unconjugared BPA.

The two toxicokinetic studies performed
to date (Volkel et al. 2002, 2005), which sug-
gest that human exposure is negligible, have
significant flaws and are therefore not reli-
able for risk assessment purposes. Further, the
biomonitoring data, coupled with predictions
from PBTK models, indicate thar human
exposures are higher than have been suggested
from the toxicokinetic studies. Weighing all
the evidence available to date—because of the
significant data showing human exposures to
unconjugated BPA and animal data indicar-
ing increased susceptibility to disease art levels
found in humans—we recommend that the
precautionaty principle be followed until fur-
ther data are available on exposure of fetuses
and children 1o BPA. The health of the public
is at stake.
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: government laboratories to identify hazards and molecutar mechanisis mcdlatmg adverse effects.;
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Regulatory agencies in the United States
and the European Union (EU) have justi-
fied rhe decision to declare the estrogenic
chemical bisphenol A {BPA) safe at current
levels of human exposure based on a few
studies conducted using Good Laboratory

mWWORl)§ blsphenol A, enducrme dlsmpmrs FDA, Food and Drug Admmlstratmn, GLP, gsmdii.
b ciices; Iaw—dasc, 2 nmono 'mc, posnwe c,ontro] anmﬁ Hmlrﬁ Peripect 117 309-315- .

¢ state-of- the-art mc.hmquss shiould ;ﬂzxy 2 prominept re!e in safety evaluations of chemicals.

Practices (GLP). In contrast, these agencies
have rejected for consideration in their risk
assessment of BPA hundreds of laboratory
animal and mechanistic cell culture studies
cenducted by academic and government sci-
entists reporting harm at very low doses of
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BPA. These studies were rejected primarily
because they weré not conducted using GLP.
We suggest that decisions based on this logic
are misguided and will result in continued
tisk to public health from exposure to BPA,
as well as other manmade chemicals,

GLP is a federal rule for conducting
research on the health effects or safety testing
of drugs or chemicals submitted by private
research companies for regulatory purposes.
The GLP outlines basic guidelines for conduct-
ing scientific research, including the care and
feeding of laboratory animals, standards for
facility maintenance, calibration and care of
equipment, personnel requirements, inspec-
tions, study protocols, and collection and
storage of raw dara (Goldman 1988). These
regulations were developed in response to wide-
spread misconduct by private research compa-
nies; this misconduct was possible because their
data usually do not go through the rigorous,
muldtistage scientific review that is normal for
academic data funded by federal agencies and
published in the peer-reviewed literature. The
lack of these safeguards from academic science
had enabled fraud. The U.S. Food and Drug
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Administration (U.S. FDA) first issued rules
for GLP in 1978 after a 2-year federal inves-
tigation into sloppy laborarory practices of a
number of private research companies (Lublin
1978; Markowitz and Rosner 2002). What
began as serious concerns about poor quality
research expanded into a criminal investiga-
tion of Industial Bio-Test (IBT), one of the
laigest private laboratories at the time and a
subsidiary of Nalco Chemical Company. In
response to the federal investigation, the U.S.
Environmental Protection Agency (EPA)
demanded-thar 235 chemical companies re-
examine the > 4,000 tests conducted by the
labotatory. In 1983, three men from IBT were
found guilty of deliberating doctoring data
and were sentenced to prison {Lublin 1978;
Markowirz and Rosner 2002). The fraudulent
practices of IBT brought info question 15% of
the pesticides approved for use in the United
States. That same year, the U.S. EPA issued
simifar GLP rules for regulatory testing;
Both the U.S. FDA (2008a) and European
Food Safety Authority (ESFA 2006) have
recently published documents demonstrating
that their decision to continue to declare BPA
safe ar current exposure levels was based pri-
marily on the results of a few industry-funded
studies that followed GLP guidclines. These
decisions stand in stark contrast to the deci-
sions concerning the potential tisks to human
health reached by a panel of 38 experts ata
U.S. National Institutes of Healch (INITH)-
sponsored conference, who published The
Chapel Hill Consensus Statement {vom Saal
et al. 2007), as well as five review articles (Crain
et al. 2007;.Keri et al. 2007; Richter et al.
20072; Vandenberg et al. 2007a; Wetherill
et al. 2007). These peer-reviewed articles cov-
ered approximately 700 articles concerning
BPA and represented a comprehensive review
of the literature as of the end of 2006. In
addition, the U.S. FDA draft decision contra-
dicted the conclusions reached by the National
Toxicology Program (NTP), which had spenc
2 yeats investigating this question (NTP 2008).
An important role of the N'TP is to advise the
U.S. FDA about the science relating to toxic
chemicals in food, but in an unusual move,
the U.S. FDA chose to release its draft report
.before the release of the final report on BPA
by the NTP and without indicating who at the
1.S. FDA was involved in preparing the draft
report (U.S. FDA 2008b). At a hearing on
16 September 2008 regarding the draft report
on BPA, the U.S. FDA annourniced that their
goal was to have a subcommittee of the U.S.
EDA Science Board complete a review of the
draft decision by the end of October 2008.
This would presumably also involve review by
the subcommittee members of the approxi-
mately 1,000 articles relating to BPA.
We believe that the methods employed in
chemical industey—sponsored GLP studies are
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incapable of detecting low-dose endocrine-
distuptng effects of BPA and other hormon-
ally active chemicals. Detecting endocrine-
disrupting effects at low doses of chemicals
such as BPA. requires sophisticated and mod-
ern assays and analyses that have been devel-
oped in advanced, usually federally funded
laboratoties over the past decade. This is espe-
cially apparent when one examines what is
now known about fancrional effects of BPA
on a wide range of end points (Richrer et al.
2007a; Welshons et al. 2006; Wetherill et al.
2007). These end points include those medi-
ated by recently discovered estrogen response
pathways initiated in human and animal cell
membranes {nonclassical or alternative estro-
gen response mechanisms), which multiple
laboratories have shown. to be equally sensitive
to BPA and estradiol in terms of activating
effects in human and animal cells at low pico-
molar through low nanomeolar concentrations
(Alonso-Magdalena et al. 2008; Wetherill
et al. 2007; Wozniak et al. 2005; Zsarnovszley
etal. 2005).

The effects of BPA documented in these
studies include a diverse array for which there
are nto data from GLP studies because the
end points have not been examined: altered
metabolism related to metabolic syndrome
{Alonso-Magdalena et al. 2005, 2006, 2008;
Ropero et al. 2008); altered adiponectin secre-
tion {Hugo et al. 2008), which is a conditon
predicting heart disease and type 2 diabetes
(Lang et al. 2008); altered epigenetic pro-
gramming leading to precancerous lesions
of the prostate (Ho et al. 2006); differential
growth patterns in the developing prostate
{T'imms et al. 2005); abnormal growth,
gene expression, and precancerous lesions
of the mammary glands (Soto et al. 2008);
and adverse effects on the female reproduc-
tive system, including uterine fibroids, para-
ovarian cysts, and chromosomal abnormalities
in oocytés {(Newbold et al. 2007; Susiarjo
et al. 2007}, There is also a large literature
on neuroanatomic, neurochemical, and
behavioral abnormalities caused by low doses
of BPA (Leranth et al. 2008; Richter et al.
2007a), which also are not capable of being
detected by current GLP studies conducted
for regulatory purposes because of their our-
of-date assays.

The approaches used by academic and
government scientists to study the potential
health hazards of BPA contrast sharply with
those still used by the chemical industry that
are relied on by regulatory agencies in the
United States and Europe, including the two
studies identified by both the U.S. FDA and
European Food Safety Authoriry (EFSA) as
central to the decision to declare BPA safe
at current human exposute levels (Tyl et al,
2002, 2008a). By using outdated and insensi-
tive assays that were supposed to have been
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replaced by a new battery of screens and tests
by 2000 [as mandared by the U.S, Congress
in 1996 in the Food Quality Protection
Act (1996), but which has, as yet, still not
occurred], these studies conducted using GLP
fail o find any adverse effects.

Reliability and Validity

Reliability and validity are separate issues,
although in the experimental research described
here, validity and reliability basically refer ro
research thar is credible. Golafshani (2003)
noted that “reliability” refers to the extent to
which results are consistent over time and are
an accurate representation of the total popu-
lation under study. Of central importance is
that the tesults of a study must be reproduced
undet a similar methodology to be considered
to be reliable. “Validity” refers to whether
the research measures what it was intended
to measure, and valid findings are considered
to be true. In other words, reliability is deter-
mined by whether the results are replicable,
whereas validity is assessed by whether the
methods used result it finding the wuth as a
result of the investigator actually measuring
what the study intended to measure.

Use of GLP in Regulatory
Decision Making

Despite strong evidence of aberrations caused
by low doses of BPA in animals exposed
during fetal and neonatal life in studies con-
ducted by the world’s leading academic and
government experts in the felds of endocrine
disruption, endocrinology, neurobiology,
reproductive biology, genetics, and metabo-
fism, a relatively small number of studies
reporting no adverse effects at low dosés of
BPA have continued te be promoted by the
chemical industry and used by regulatory
agencies {e.g., Ashby et al. 1999; Cagen et al.
1999; Tyl et al. 2002, 2008a). According to
the U.S. FDA, these are accepted because they
used GLP (U.S. EPA 2008), with the implica-
tion that studies not employing GLP are not
reliable or valid (U.S. FDA 2008a).

GLP does not guarantee relinbility or
validity of scientific results. Unfortunately,
although GLP creates the semblance of reli-
able and valid science, it actually offers no
such guarantee. GLP specifies nothing about
the quality of the research design, the skills of
the technicians, the sensitivity of the assays,
or whether the methods employed are cusrent
or out-of-date. (All of the above are central
issues in the review of a grant proposal by
an NIH panel.) GLP simply indicates that the
laboratory rechnicians/scientists performing
experiments follow highly demiled U.S. EPA
requirements [ot in the EU, Organization for
Econemic Co-operation and Drevelopment
(OECD) requirements] for record keep-
ing, including details of the conduct of the
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experiment and archiving relevant biological
and chemical materials (U.S. EPA 2008).

These record-keeping procedures in GLP
were instituted because of widespread mis-
conduct being committed by commercial
testing laboratories (described above). These
fraudulent results were possible because con-
tract laboratory studies used in the regula-
tory process are rarely subject to the checks
and balances that peet-reviewed, replicated
scientific findings undergo. Without that
acid test of reliability (replication by other
independent scientists), other procedures
were needed. Hence GLP was implemented,
despite its severe limitations.

NIH funded research subject to more strin-
gent reviews than GLP. Although few NIH-
funded investigators adbere to GLP-mandated
record keeping, the procedures of GLP are
actually surpassed by the procedures required
for NIH-funded science published in peer-
reviewed journals. NIH-funded studies pass
through three phases of peer review thar are
far moie challenging than GLP requirements.
First, the principal scientists must have dem-
onstrated competerice to conduct the research,
and experimental methods, assays, and labora-
tory efivironment must involve use of state-of-
the-art techniques to be competitive for NIH
funding. Second, results are published in peer-
reviewed journals, with detailed evaluations
by independent experts examining all aspects
of the study. And third, the findings are chal-
lenged by independent efforts to replicare; for
example, the initial findings concerning the
stimulating, effects of estrogenic chemicals on
the mouse prostate (Nagel et al. 1997; vom
Saal et al. 1997) were independently replicated
and exrended by Gupta (2000), which led o
an editorial identifying “initial results con-
firmed” {Shechan 2000).

Typically, within a laboratory, interest-
ing findings are also followed by subsequent
publications extending the prior findings;
examples include the findings of BPA effects
on B cells in the mouse pancreas (Alonso-
Magdalena et al. 2003, 2006, 2008) and the
effects of estrogenic chemicals and drugs on
" the developing mouse prostate that followed
earlier findings (described above) from this
same group (Timms et al. 2005; Richeer er al.
2007b}. In particular, independent replica-
tion by competent, respecred sclentists is the
main criterion of acceptance of the findings as
having been demonstrated to be reliable and
having been validated by virtue of coming to
the same conclusion using a variety of sophis-
ticated techniques in multiple publications.

An important criticism of the approach
taken by the U.S. FDA in its assessment of
the now approximately 1,000 articles on BPA
is that it appears to have made no attempt
to connect the dots between replicated stud-
fes; instead, the U.S. FDA appears to have
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assessed each study without regard w whether
it had been confitmed by other studies.

Thus, collectively, many phases used to
verify the reliability and validity of NIH-
funded published research have been com-
pletely ignored by the U.S. EDA, whereas
industry-funded GLP research is rarely, if
ever, subject to these central requiréments and
yet is accepred by reguldrory agencies as reli-

-able and valid.

The U.S. FDA's misguided gold stindard.
In this light, the U.S. FDIA’s reliance upon

GLP as the gold standard is scientifically mis- -

guided. Furthermore, U.S. FDA administra-
tors are ignoring published critiques of the
GLP studies it considers reliable and valid,
such as the study by Tyl et al. (2002) and two
coordinated studies conducted at the same
time by Ashby et al. (1999) and Cagen et al.
{1999). Fach was an industry-funded study
conducted using GLP. Each was harshly
criticized in peer-reviewed publications by

academic scientists and government pan-

els [Center for the Evaluation of Risks to
Human Reproduction (CERHR) 2007; N1P
2001; vom Saal and Hughes 2005; vom Saal
and Welshons 2006]. Yert, the U.S. EDA
and EFSA panels still assert thar these stud-
ies represent the gold standard in toxicologic
research.

Specifically, the studies of Cagen et al.
{1999) and Ashby et al. (1999) were recently
rejected. by the NTP CERHR panel on BPA
as unusable for consideration in its evaluation
of the health hazards posed by BPA (CERHR
2007). Both the Ashby et al. (1999) and Cagen
et al. (1999) studies reported finding no effect
of their positive contrel [the estrogenic drug
diethylstilbestrol (DES)] on any outcome,
although these failutes were not acknowledged
by the authors in either article. In expetimen-
tal science, the failure of a pesitive control
to show an effect indicates the experiment
failed, which is the conclusion reached by the
CERHR panel (CERHR 2007).

'The Tyl et al. 2002 study, which the U.S.
FDA still aceepts as a major study for determi-
nation of the safety of BPA (U.S. FDA 2008a,
2008b), was criticized by an NTP panel that
met in 2000 to examine the low-dose issue
(N'TP 2001), as well as in subsequent publica-
tions {vom Saal and Hughes 2005; vom Saal
and Welshons 2006), for using an insensitive
rat (the CD-SD rat) that requires extremely
high doses (= 50 ug/kg/day) of the porent
estrogenic drug ethinylestradiol to show
effects such as those examined in the study By
Tyl et al. (2002). This dose of ethinylestradiol
is > 100 times higher than the approximately
0.3 pg/kg/day used by women in oral con-
traceptives. The fact that Tyl ec al. (2002)
adhered to GLP did not protect them from
using insensitive animals. This led the NTP
(2001) to state:
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Because of clear species and strain differences
in seositivity, animal model selection shoild be
based on responsiveness to endocrine-active agents
of concern (i.e., responsive to positive controls),
not on copvenience and famiiaricy.

‘Thus, when reviewed by other scientists,
three prior major GLP studies of BPA have
been found to be so flawed as to be useless
for guiding regulatory agencies in decision
making. A new GLP study has now been pub-
lished by Tyl et al. (2008a). Close examina-
tion of this study also reveals fatal flaws which
render it uscless for regulatory purposes, even
though it conforms to GLP.

Examples of Flaws lgnored by
the U.S. FDA and EFSA in a

Recent GLP Study of BPA

In summary, the flaws in Tyl et al. (20084)
are as follows:

* The high dose required for the positive con-
trol (estradiol) to cause an effect means the
system used by Tyl et al. (2008a), at least
in her laboratory, is relatively insensitive w
exogenous estrogens and thus inappropri-
ate for studying low-dose effects of estro-
genic compounds such as BPA. The. lack
of response to low doses of estradiol or
BPA in the Tyl laboratory is puzzing, in
that the strain of mice used in these experi-
ments {the CD-1 mouse} has been reported
in > 20 other peer-reviewed publications to
show adverse effects in response to veiy low
doses of BPA (vom Saal 2008), as well as
many other studies showing low-dose effects
in response to the natural hormone estra-
diol, the estrogenic drugs ethinylestradiol
and DES, and to other estrogenic chemicals.
Tyl et al. (2008a) used insensitive, out-of-
date protocols and assays that are incapa-
ble of finding many of the adverse effects
reported by more sophisticated studies
conducted by independent NIH-funded
scientists as well as scientists funded by gov-
ernment agencies in other countries.

In the specific case of testing for changes in
prostate weight, Tyl et al. (2008a) reported
an abnormalty high prostate weight for con-
trol animals that exceeds by > 70% the pros-
tate weights reported by other studies for
animals of the same strain and similar age
{e.g:, Gupta 2000; Ruhlen et al. 2008). This
suggests that the dissection procedures for
the prostate in the Tyl laboratory included
other nonprostatic tissucs in the weight
measurements, rendering them unusable for
studying weight changes in the prostate in
response to BPA or estradicl; neither chemi-
cal showed any effect on the selected end
points, which directly contradicts other find-
ings concerning opposite effects of low and
high doses of estrogen on the prostate (Putz
er al. 2001; Timms et al. 2005; vom Saal
etal. 1997).
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Aberrant insensitivity of CD-1 mouse to
estrogens. Tyl et al. (2008a) used estradiol as
a positive control. It was fed to female mice
before and during pregnancy and lactation at
80220 pg/kg/day; after weaning, estradiol was
fed to offspring at doses of 80-100 pg/ke/day.
Estradiol was used as a positive control because
BPA is 2 man-made endocrine-disrupting
estrogenic chemical. .

Many published findings reporting effects
of very low doses of positive control estro-
gens and BPA in CD-1 mice demonstrate
that the CD-1 mouse was somchow rendered
insensitive in the test system used by Tyl et al.
{2008a). The fact that a dose of 100200 pg/
kg/day estradiol was necessary to show an
effect of the positive control predicts that Tyl
et al, (2008a) should not detect effects of BPA
< 10100 mg/kg/day, far above the low-dose
range relevant to human exposures that was
supposedly of interest.

For nuclear estrogen receptor-mediated
effects via regulation of gene activity (nuclear
estrogen receptors are transcription fac-
tors whose activity is regulated by binding to
estrogen), prior studies have typically shown
a 1,000-fold lower activity for BPA relative to
estradiol or potent estrogenic drugs, includ-
ing DDES and ethinylestradiol. For example,
Richter et al. {2007b) reported an increase in
androgen receptor gene activity to estradiol
ar 1 pM {0.28 pg/fml) in fetal CD-1 mouse
prostatic mesenchyme cells in primary culture,
and the same response was found for BPA at
1,000 pM (228 pg/ml); the iz vitro response
to estradiol was predicred by the response of
the prostate to increasing free serum estradiol

from 0.2 to 0.3 pg/mL in male mouse fetuses -

via estradiol administration to the mother

(vom Saal et al. 1997). Other research showed

that 2 significant effect on development of
" the male reproductive system in CF-1 mice
occurred at a maternal dose of 0.002 pgikg/day
ethinylestradiol (Thayer et al. 2001), similar
to effects observed with 2-20 pg/ks/day BPA
{vom Saal et al. 1998}, The research of Honmna
et al, (2002_) showed accelerated puberty in
CD-1 (ICR} mice at a DES dose of 0.02 pg/

kg/day (the positive control), and the same’

response to BPA occurred at 20 pg/kg/day,
again. revealing a 1,000-fold difference berween
the positive control estrogen and BPA.

"Therc are many other cxamples of findings
where a higlier dose of BPA was required to
cause the same effect as the positive control
estrogen (estradiol, echinylestradiol, or DES) in
studies where the effects were mediated by the
classical nuclear estrogen receptors, in contrast
to the more recently discovered rapid signaling
estrogen response system where BPA and these
positive contro] estrogens have equal potency,
as described above. In summary, CID-1 mice
have been used by a large number of academic

and government investigators and have been
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reported in peer-reviewed publications to be
sensitive to positive control estrogens within
the range of human sensitivity based on in vive
and in vitre studies via the classical estrogen
receptor t—mediated response mechanism.
The CD-1 mouse is the animal model thart has
been used by the U.S. Naticnal Institute of
Environmental Health Sciences (NIEHS) for
decades, because it is considered the best ani-
mal model for predicting the effects of devel-
opmental exposure to estrogen in humans
(Newbold 1995; Newbold et al. 2007).

The failure of traditional toxicologic stud-
ies conducted by Tyl et al. (2008a, 2008b)
to detect the wide range of adverse effects of
even relatively high doses of BPA or of low
doses of estradiol that have been reported in
numerous studies by academic and govern-
ment scientists provides evidence that the GLP
protocols established long ago by regulatory

agencies to determine the toxicity of chemicals

are inappropriaté for detecting the endocrine-
disrupting activities of chemicals such as BPA.
Indeed, this was theé premise of the conjres-
sional mandate in the Food Quality Protection
Act {1996} for the U.S. EPA to establish 2 new
set of assays for endocrine-disrupting chemicals,
although this process has been systematically
delayed and is > 8 years behind the congres-
sionally mandated date of 2000 to have these
new assays validated.

Citing Tyl et al. (2008a), the EFSA report
on BPA (EFSA 2006) stated that “the posi-
tive control substance, 17f-estradiol, resulted
in reproductive and developmental toxicity.”
This report failed to acknowledge that only a
very high dose of the positive control was suf-
ficient to elicit effects and that this meant thar
the experiments conducted in the Tyl labora-
tory were for some reason very insensitive to
any estrogen and thus inapproptiate for use in
a study to examine low-dose estrogenic effects
of BPA.

Based on the preliminary report released
by the U.S. FDA regarding BPA (U.S. FDA
2008a), it appears that the U.S. FDA has
followed the lead of the EFSA in its lack of
understanding of the importance of the dose
of the positive control estrogen required to
cause adverse effects. The consequence is that
the U.S. FDA has relied primarily on the study
of Tyl et al. (20084, 2008b}, with the resulc
that the U.S. FIDA has assuted Americans that
BPA is safe at current human exposure levels.

Several facrors might account for the insen-
sitivity of the CI-1 mouse in the Tyl er al.
studies (20082, 2008b) conducted at Research
Triangle Institute (RTT), a testing facility that
conducted these (as well as previous) studies
funded by the American Chemistry Council.
One possibility is that the diet used in these
studies may have interfered with the results.
The feed used by Tyl et al. (2008a) in this
experiment (Purina 5002) has been shown by
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others to interfere with responses to exogenous
estrogenic chemicals, blocking adverse effects
documented on other diets. For example, a
number of years ago, Thigpen et al. (2003} at
the NIEHS recommended against the use of
Purina 5002 in studies of endocrine-dismpting
chemicals, Tyl et al. (20082) measured some
specific phytoestrogens in Purina 5002 feed
by chemical analysis; however, in a report
on NIH-sponsored meetings on this subject,
Heindel and vom Saal (2008) pointed out that
this is an insufficient control for total dietary
estrogenic contatminants thar can disrupt stud-
ies involving the effects of estrogenic chemicals.

A second possibility is that there are
strain differences in sensttivity developed in
the CD-1 mouse sold by the various Charles
River Laboratories located in different regions.
We consider this unlikely, because most labo-
ratories regularly replace their CD-1 mouse
breeder stock from Charles River Laboratories,
and practices there make it unlikely that the
sensitivity of this outbred stock to estrogens
has chaiged dramatically over a very short
period of time. Also, because RT1, where the
Tyl studies were conducted, is very near the
laboratories of the NIEHS, it is likely that the
CD-1 mice used by these two programs were
purchased from the same breeding facility.

Use of insensitive, out-of-date protocoks and
assays. Another setious concern about the two
recetit studiés by Tyl et al. (2008a, 2008b) is
the experimental approach used, thus raising
questiotis about the validity of the studies.
The study design used by Tyt et al. {2008,
2008b) hias been superseded by advances in
both experimental design and analytical tools
developed by NTH-funded scientists (and their
counterparts in Europe and Asia) since the
mid-1990s. ‘The methods used by Tyletal,
primarily wet weight changes of tissues, gross
histologic changes, and dcvelopmental land-
marks siich as vaginal opening, were estab-
lished procedures by the 1950s. Thus, 2 major
limitation of the Tyl studies is the failure to
measure more- meaningful and sensitive end
points in order to detect the effects of low-dose
BPA exposure, which are often not macro-
scopic in nacure. Indeed, in 2001, the director
of the reproductive division of the National
Health and Environmental Effects Research
Laboratory at the U.S. EPA stated that the
inconclusive results concetning effects of BPA
on reproductive toxicology can only be solved
by understanding the mechanisims (Triend!
2001). With current GLP standards it is not
possible to study mechanisms because they
still rely on out-of-date assays.

As one example of 2 comparison between
the approach by Tyl et al. (2008a) and inde-
pendent government-funded academic scien-
tists, extensive research has been conducted
by Soto et al. (2008) and by other indepen-
dent academic and government scientists
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describing effects of exposure of female mice
and rats to very low doses of BPA during peri-
natzl development on the mammary glands
(Jenkins et al. 2009). Alchough Tyl et al.
(2008a) reported no low-dose effects of BPA
on the mammary glands using conventional
histologic analysis, there have been consistent
findings of adverse effects of low doses of BPA
from studies that used more sophisticated and
sensitive analysis of whole mounted mam-
mary glands to facilitate detection of micro-
scopic lesions, coupled with immunostaining
for regulatory proteins as well as techniques
for determination of aberrant gene expression
associated with progtession to cancer. These
peer-reviewed studies have reported detect-
ing changes duting embryonic development
of mammary glands as well as abnormalities
detected during adolescence through adule-
hood that are indicative of mammary gland
cancer as well as other developmental abnor-
malities (Colerangle and Roy 1997; Durando
et al. 2007; Jenkins et al. 2009; LaPenisee et al.
2008; Markey et al. 2001, 2005; Moral et al.
2008; Muncz-de-Toro et al. 2005; Murray
et al. 2007; Nikaido et al. 2004; Vandenberg
et al, 2006, 2007b; Wadia et al. 2007).

Similar to the findings for the mammary
gland, Ogura et al. {2007) reported that if
tissues were analyzed by conventional his-
tologic methods {staining with hematoxalin
and eosin), prenatal exposute to low doses of
BPA or DES showed no cffects on prostate
development, whereas if the sections were
analyzed using, antibodies that identified basal
cells and basal cell squamous metaplasia, then
significant effects were revealed. Squamous
metaplasia of basal cells indicates abnormal
proliferation and function of the prostate stem
cell population that is thought to transform
into neoplastic cells; Ho et al. (2006} reporred
that neonatal exposure to very low doses of
BPA caused 100% of male rats to develop
high-grade prostatic intracpithelial neoplastic
lesions later in life. All of chese studies were
rejected by the U.S. FDA as not adequate for
making regulatory decisions about the safery
of BPA. Instead, the U.S. FDA relied upon
Tyl et al. {2008a), even though the study used
techniques that Ogura et al. (2007) showed
lacked the sensitivity of 21st century experi-
mental approaches.

Although findings regarding changes in
brain structure, brain chemistry, and behav-
ior represent the lasgest portion of the litera-
ture on low-dose BPA, Tyl et al. (2008a) did
not examine any neurobehavioral end points.
The NTP (2008) and the NIEHS confer-
ence consensus reports (vom Saal et al. 2007)
both indicated concern about neurobehavioral
effeets of low doses of BPA. Thus, the absence
of studies that included neurobehavioral
end points is a glaring omission of Tyt et al.
{2008a, 2008b).
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Flawed prostate dissection. Data presented
by Tyl et al. (20083) raise questions about the
adequacy of techniques used in their BPA stud-
ies. Specifically, Tyl et al. (20084) reported that
the prostate in 3.5-month-old concrol male
CD-1 mice weighed > 70 mg [see Table 3
in Tyl et al. (20082) for data on F rerafned
males]. This average control weight conceasts
sharply with those reported from dther labo-
ratories. Specifically, the weight of the prostare
in 2- to 3-month-old CD-1 mice ising the dis-
section technique based on both Rublen et al.
{2008) and Gupta (2000) and at the NIEHS
{Newbold RR, personal communication) is
about 40 mg. Several studies have reported that
prenatal exposure to very low doses of BPA and
positive control estrogens increased prostate
size, prostatic androgen receptors, and pros-
tate androgen receptor gene activity (Gupta
2000; Richter et al. 2007b; Thayer et al. 2001;
Timins et al. 2005; vorm Saal et al. 1997), but
the enlarged prostate of experimental anirnals
exposed to BPA in these laborarories weighed
less than the prostates in the control animals of
Tyl et al. (20082), This raises serious questions
about the procedures and/or animals used by
Tyl et al. The weight of prostate reported by
Tyl et al. (2008a) suggests that the technique
used for dissecting the prostate resulted in don-
prostatic tissue being weighed along with pros-
tate. The seminal vesicle, coagulating gland,
and dorsolateral prostate all merge together
where the ejaculatory ducts enter the urethra,
and there are also fat deposits on the prostate.
This poses a challengg for those without proper
training in distinguishing these different tissues
during dissecdion in mice.

Alternatively, as male rodents age, they
are prone to develop prostatitis, Although
this inflammatory disease leads to an increase
in prostate size and could thus account for
the very large prostate weights reported by
Tyl et al. (20084}, anyone familiar with the
appearance of prostatitis would detecr this
abnormality upon histologic examination,
which Tyl et al (20082} supposedly con-
ducted. Also, prostatitis is rare in young-adult
mice or rats {Cowin et al. 2008), and the size
of the prostates in the Tyl et al. (20084} study
were similar to those for middle-aged and old
male mice.

The findings regarding effects of BPA on
the prostate presented by Tyl et al. (2008}
are thus suspect and cannot be used as evi-
dence that other eatlier studies {Gupra 2000;

Timms et al. 2005; vom Saal et al. 1997) are

not replicable. Given these problems in pros-
tate weight measurements, it is not surprising
that even very high doses of BPA or estradiol
reported by Tyl et al. (20084) had no effect on
the prostate, in sharp contrast to other studies
that showed stimulation of the prostate at low
doses of estrogen and inhibition at high doses
{Putz et al. 2001; Timms et al. 2005).
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In addition to the problem associated
with the high prostate weight reported by Tyl
et al. (2008a), in a separate measurement the
authors combined the anterior prostate {coagu-
Jating gland) and seminal vesicle, presenting
these two organs as one combined outcome
medsure. This is wrong and misleading. The
coagulating glands emeige as the anterior duers
of the prostate from the dorsoctanial region
of the urogenital situs, whereas the seminal
vesicles bud from the proximal region of the
Wolffian ducts. Elevated estrogen is associ-
ared with an increase in prostate size associated
with an increase in prostate androgen recep-
tots, whereas a decrease in seminal vesicle size
js associated with a reductien in S0t-reductase,
an ¢nzyme that converts testosterone to the
more potent androgen So-dihydrotestosterone
{Nonneman et al. 1992). Low doses of BPA
have been shown to decrease the size of organs
that differentiaté from the embryonic Wolffian
ducts (epididymides and seminal vesicles)
while increasing the size of regions of the pros-
tate that develop from the urogenital sinus
(vom Saal et al. 1998). Combining these dif-
ferent organs (it is technically not difficult to
separate them) was thus inappropriate because
they develop from different embryonic tis-
sues that show matkedly different responses to
estrogenic chemicals during development. In
fact, Ogura et al. (2007) reported that the ante-
rior prostate {coagulating glands) showed the
greatest expression of ER-0, and also showed
the most pronounced indication of basal cell
squamous metaplasia i responsé to develop-
mental exposure to low doses of DES and BPA
relative to other regions of the prostate.

Conclusions

Because the control data of Tyl et al. (2008a)
were not consistent with the prior published
literature for prostare weight of young-adult
CD-1 male mice and bécause their methods
were inappropriate for _revealing an extensive
body of adverse effects detected using more
sophisticated approaches, we deem the find-
ings by Tyl et al. to be invalid. Hundreds of
studies show adverse effects of BPA in ani-
mals, with many conducted at concentrations
equivalent to current human levels of BPA
exposure; thus, it is unlikely that academic sci-
entists would bother to replicate the outdated
approaches used by Tyl et al. (20082, 2008b}.
This lack of replication is typical of GLP stud-
ies, which tend to involve unnecessarily large
numbers of animals [Tyl et al. {2002} used
> 8,000 rats], and reliability appears to be
accepted because of the numbers of animals
that were used. Although using excessive .
numbers of animals is accepted as good sci-
ence by the U.S. FDA, the use of arbitrarily
large numbers of animals per group {> 20 ani-
mals per treatment group is common) actually
violates guidelines in the NIH Gride for the
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Care and Use of Laboratory Animals (lnstitute
of Laboratory Animal Research 1996) that
govern research conducted by academic and
government scientists. For research with ani-
mals to be approved by any university animal
care and use commitiee, group sizes must be
based on power analysis conducted using his-
toric data. Based on this criterion in the NIH
Guide, all of the studies by Tyl e al. were
significantly over powered and thus in direct
violation of federal guidelines for conducring
animal research, a facr about which U.S. FDA
regulators seem unaware.

Each of the four main industry-funded
GLP studies of BPA {(Ashby et al. 1999; Cagen
et al. 1999; Tyl et al. 2008a, 2008b) is flawed
and fiot appropriate for use in setting health
standards. Clearly, meeting GLP standards is
not a guarantee of reliable or valid science. It is
of great concern that the U.S, and EU regula-
tory commuinities are willing to accepe these
industry-funded, antiquated, and flawed stud-
ies as proof of the safety of BPA while rejecting
as invalid for regulatory purposes the findings
from 2 very large number of academic and gov-
ernment investigators using 2Ist-century scien-
tific approaches. The basis for these decisions
by U.S. and EU regulatory agencies should
be thoroughly investigated, particularly since
the NTP (2008) concluded that BPA expo-
sure to- human infants was in the range shown
to cause harm in experimental animals and
since both the Canadian Ministry of Health
and the Ministry of the Environment recently
concluded that BPA was a toxic chemical
(Environment Canada 2008).

Problems inhetent with reliance on GLP
as the standard for choosing dara are com-
pounded by the process used by federal agen-
cies to determine membership on science
advisory panels. Leading experts qualified by
specific experience on the chemical or end
points under consideration are often specifi-
cally excluded from membership. For example,
the U.S. FDA’s BPA review panel was identi-
fied as an expert panel, when in fact the panel
was composed largely of scientists lacking any
experience in research with BPA. "This process,
which appears to consider almost any scientist
knowledgeable about 2 chemical to create bias,
makes it vastly more difficulr for the panel
to integrate scientific data from the relevant
Hiterature, especially since, as with BPA, there
are almost 1,000 relevant studies and the
teview panel is provided with very litde time
to become knowledgeable about the details.
It means that the depth of knowledge pres-
ent on this and similarly constituted govern-
ment regulatory agency panéls is unlikely to
be sufficient to subject draft assessments to the
scrutiny that peer review by experts normally
entails. Combined with reliaitce on GLP data,
this process has a high potential to yield fawed
assessments that jeopardize public health.
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We are not suggesting that GLP should
be abandoned as 2 requirement for industry-
funded studies. We object, however, to regu-
latory agencies implying that GLP indicates
thar industry-funded GLP research is some-
how superior to NIH-funded studies that are
not conducted using GLP. This argument
demonstrates a lack of understanding of the
profound difference bétween the use of repli-
cation as a mechanism to assess reliability and
the methods used to assess validity for peer-
reviewed published academic studies, whereas
GLP was instituted with the expectation chat
this type of verification weuld not occur.

Public health decisions should be based
on studies using approptiate provocols and
the most sensitive assays. They should not be
based on criteria that incdlude or exclude data
depending on whether or not the studies use
GLP. Simply meeting GLP requirements is
insufficient to guarantee scientific reliability

and validity.
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The endocriné-disrupting chemical bis-
phenol A (BPA) has recenty garnered height-
ened attention because of widespread human
exposure and disruption of normal repro-
ductive developinent in laboratory animals
{Center for the Evaluation of Risks to Human
Reproduction {CERHR) 2008; Chapin. et al.
2008; Goodman et al. 2006; European Union
2003; vom Saal and Hughes 2005]. BPA is
thought to disrupt notmal cell funetion by
acting as an estrogen agonist (Wozniak et al,
2005) as well as an androgen antagonist (Lee
et al. 2003). In animal studies, prenatal and
neonatal exposure to BPA has been linked o
early onset of sexual maturation (Howdeshell
et al. 1999), altered development and tissue
organization of the mammary gland (Markey
er al. 2001), induction of preneoplastic mam-
mary gland (Durando et al. 2007) and repro-
ductive tract lesions (Newbold et al. 2007),
increased prostate size (Timms et al. 2005),
and decreased sperm production (vom Saal
et al. 1998) in offspring, Most recently, expo-
sure to BPA has also been associated with
chronic disease in humans, including cardio-
vascular - discase, diabetes, and serum rharkers
of liver disease (Lang et al. 2008).

Orally administered BPA is rapidly

metabolized by glucuronidation during firse-
pass metabolism, with a biological. half-life

1368

'ar f

of approximately & kir and nearly complete
elimination within 24 hr (Volkel et al. 2002).
However, because of continuous and wide-
spread exposure, > 92% of the 2,517 partici-
pants = 6 years of age in the U.S. 2003-2004
National Health and Nutrition Examination
Survey (NHANES) had detectable concen-
trations of BPA in their urine (Calafat et al.
2008). The geometric mean (GM) urinary
BPA concentration in that study was. 2.6 jig/L
(2.6 pglg creatinine), and the 95th percentile
was 15.9 pg/l. (11.2 pgf/g creatinine).

An important source of human exposure is
thought to be the ingestion of food and drink
that has been in contact with epoxy resins
or polycarbonate plastics {Kang et al. 2006).
Polycarbonate is a durable, lightweight, and
heat-resistant plastic, making it popular for
use in plastic food and beverage conuminets.
Indeed, nearly three-fourths of the 1.9 billion
pounds of BPA used in the United States in
2003 was used for the manufacture of poly-
carbonate resin (CERHR 2008). Other com-
mon uses of BPA include the manufacture of
epoxy tesins used as composites and sealants
in dentistry and in the lacquer lining of alumi-
num food and beverage cans (CERHR 2008;
European Union 2003).

Laboratory studies have demonstrated
that biclogically active BPA is released from

polycar_bonate bottles after simulated normal
use {Brede et al. 2003; Le et al. 2008). High
temperatures as well as acidic and alkali solu-
tions cause polymer degradation via hydroly-
sis, resulting in increased BPA migration. After
incubation for 8, 72, and 240 hr in foed-sim-
ulating solvents (10% ethanol at 70°C and
corn oil at 100°C}), mean BPA migration
increased with incubation time (Onn Wong
et al. 2005). After a sequence of washing and
rinsing, Le et al. (2008} found that new poly-
carbonate bottles leached 1.0 + 0.3 pg/mL
BPA (mean * SD) into the bottle content after
incubation at room temperature for 7 days.

Although exposure to boiling water increased
the rate of BPA migration up to 55-fold; used
bottles did not leach significantly more BPA
than new ones. However, other studies have
found that higher concentrations of BPA leach
from used polycarbonate plastic than from
new. BPA has been observed to leach from
polycarbonate animal cages after 1 week of
incubation at room temperature, with higher
levels of migration from used versus new cages
(Howdeshell et al. 2003). Similarly, after incu-
bation in 100°C water for | hr, the amount of
BPA leached from baby bottles subjected to
simulated use (indluding dishwashing, boiling, -
and brushing into the bottle) exceeded the
amount that leached from new baby bottles
{Brede et al. 2003).

Recently, some polycarbonate bottle manu-
facturers voluntarily eliminated BPA from their
products {Nalgene Qutdoor 2008), and several
retailers withdrew pelycarbonate bottles from
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their stores altogether (Mui 2008). Canada
has imposed a ban on the use of BPA in poly-
carbonate baby bottles in order to reduce expo-
sure of infants to BPA (Health Canada 2008),
and similar legistation is being considered by
several U.S. states {Austen 2008). However,
such actions have been largely preemptive,
as no epidemiologic. study has evaluated the
physiologic consequences of polycarbonate
bottle use. Therefore, we studied the impact
of cold beverage consumption from poly-
carbonate bottles on measurable urinary BPA
concentrations among a Harvard College
population. We also measured exposure 1o
the phenols triclosan {TCS), methyl paraben
{MePB), propyl paraben (PrPB), and benzo-
phenone-3 (BP-3), which occurs matnly
through the use of personal care products.
‘Therefore, because exposure of these chemicals
is considered unrelated to polycarbonate botde
use, we assessed their association with poly-
carbonate bottle use as a negative control.

Materials and Methods

Study population. We recruited Harvard
College students in April 2008 vid e-mails to
freshmani dormitory, upperclass house, and
student organization mailing lists. Students
were directed to a survey website, where
they provided contact information and indi-
cated their avdilability for the study- dates.
Participant insttuctions and infermed consent
forms wete also made available. Students at
least 18 years of age who were available for the
entire study period were considered eligible
and were invited to an introductory meeting.
The 89 students who attended the meeting
returned their signed informed consent forms,
provided demographic information (age, sex,
ethnicity), and received two stainless sceel
bottles. Seven participants withdrew from the
study before completing the washout phase,
and five participants withdrew after compler-
ing the washout phase but béfore completion
of the intervention phase. Participants who
withdrew were similar to those who completed
the study in terms of age (median, 19 years;
range, 18-22 years) but were slightly more
likely to be female (66.79%) than swidents who
completed the entire study. A total of 77 par-
ticipants completed the study, A $25 com-
pensation was provided only upon completion
of the study. The study was approved by the
Human Studies Institutional Review Board of
Harvard University. The involvement of the
Centers for Disease Control and Prevention
(CDC) laboratory was limited and was deter-
mined not to constitute engagement in human
subjects research.

Study desigr. ‘The study began with a 7-day
wrashout phase designed to minimize exposure
to BPA by limiting the consumption of cold
beverages to those contained in stainless stecl
bottles. Because orally administered BPA is
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rapidly excreted (Volkel ev al. 2002), we con-
sidered a 1-week washout petiod sufficient.
We provided participants with two stainless
steel bottles and advised them to drink all cold
beverages from the stainless steel botres and
avoid drinking water from #7 polycarbonate
plastic cold water dispensers available in col-
Iege dining halls. Participants donated urine
on their choicé of 2 of 3 final days of the wash-
out phase. Urine donation took place berween
1700 and 2000 hours on tweo of the days, and
berween 1600 and 1900 hours on the third
day. Two polycarbonare bottles were distrib-
uted to each participant on the second day
of urine donation during the washout phase.
Participants were advised to begin drinking all
cold beverages from the polycatbonate bottles
{intervention week) immediately. Urine was
donated again on the participant’s choice of
2 of 3 final days of die week of polycarbonate
bortle use between 1700 and 2000 hours, On
the final day of urine donation, participants
completed a brief questionnaii in which they
estimated their percentage comphiance during
the week in which they were asked to drink
cold beverages from the polycarbonate bottles.

Stainless steel bottles (27 flnid ourices, with
#5 polypropylene loop cap) were obtained
from Kleen Kanteen (763332017107; Chico,
CA). Polycarbonate bottles [Nalgene 32 fluid
ounce, Lexan narrow mouth (#53175), and
Lexan wide mouth (#53107)] were obtained
from Karst Sports (Shinnston, WV). All par-
ticipants were permitted to keep the bottles
used in the study. :

Urine sample collection. Urine was col-
lected in a polypropylene conrainer, aliquoted,
and frozen at —20°C. After study completion,
samples were defrosted at 4°C overnight and
vortexed; equal volumes of the two samples
from each phase of the study were then com-
bined and aliquoted. We shipped aliquots of
samples (blinded to those performing labora-
tory analyses) on dry ice overnight to the CDC
for measuring BPA and other urinary phenol
concentrations; samples were also taken to
N. Rifai (Children’s Hospital, Boston, MA)
for analysis of urinary creatinine.

Urinary phenol concentrations. Total uri-
nary concentrations (free plus conjugared spe-
cies) of BPA and the other four phenols were
determined using online solid-phase extraction
coupled to isotope dilution high-performance
liquid chromatography (HPLC)-tandem mass
spectrometry (MS/MS) on a system con-
structed from several HPLC Agilent 1100
modules (Agilent Technelogics, Wilmington,
DE) coupled to a triple quadrupale APT 4000
mass spectrometer (Applied Biosystems, Foster
City, CA) (Ye et al. 2005), First, 100 pL
urine was treated with P-glucuronidase/sul-
fatase {Helix pomatia; Sigma Chemical Co.,
St. Louis, MO) to hydrolyze conjugated spe-
cies of the phenols. The phenols were then
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retained and concentrated on a C18 reversed-
phase size-exclusion solid-phase extraction col-
umn (Merck KGaA, Darmstadt, Germany},
separated from other urine matrix components
using a pair of monolithic HPLC columns
(Merck KGaA), and detected by negative ion-
atmospheric pressure chemical fonization-MS/
MS. The limits of detection {(LODs) in a
0.1-mL utine sample were 0.4 pg/L (BPA and
BP-3), 0.2 pig/L (PrPB), 1.0 pg/L (MePB), and
2.3 pg/L (TCS). Low-concentration (~ 4 to
~ 25 pgfL) and high-concentration (- 10 to
- 65 pg/L) quality-control materials, prepared
with pooled human urine, were anakyzed with
standard, reagenit blank, and unknown samples
{Ye et al. 2005). Creatinine was measured by a
rate-blanked method using the Hirachi 917
analyzer and Roche Diagnostics reagents {(both
from. Roche Didgnostics, Indianapolis, IN).

Siatistical analysis. Urinary phenol concen-
trations were normalizéd for dilution. using the
formula 100 x urinary phenol concentration
{micrograms per liter) = creatinine concen-
tration {milligrams per deciliter). Creatinine-
adjusted phenol concentrations (micrograrms
per gram creatinine) were not normally dis-
tribured and were therefore log-transformed,
Phenol concentrarions < LOD were assigned
a value equal to one-half the LOD (Horung
1990) prior to creatinine adjustment.

We calculated GMs for cieatinine-
corrected concentrations. We used paired
t-tests to examine the association berween
log-transformed urinary creatinine-adjusted
phenel concentrations and drinking-container
assignment overall and within subsets defined
by percent compliance during the inter-
vention phase (z median and < the median).
When the participant reported compliance as
a range, we used the mean. Two sample #tests
were used to make comparisons between the
strata defined by percent compliance.

Resuits

The study population included 77 subjects
who ranged in age from 18 to 23 years, with
a median of 19 years (T'able ). On the basis

Table 1. Characteristics of 77 Harvard College
students enrolled in a nonrandomized intervention
study assessing changes in urinary phenol con-
centrations associated with use of polycarbonate
drinking containers.

No. (%)

Characteristic

Sex
hale 41{53.2)
Female 36(46.8)

Ethnicity
Caucasian 30(39.0)
Asian 38{49.3)
African American 5{6.5)
Hispanic 4{5.2)

Percent compliance [median a0 {50-108)
of proportion (rangel]

Age, years [median (range)] 19 (18-23}

1369
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of self-reported dara, we categorized race/
ethnicity into four groups: Caucasian, Asian,
African American, and Hispanic. Thirty par-
ticipants {39.0%) were Caucasian, 38 were
of Asian descent (49.4%), 5 were African
American {6.5%), and 4 were Hispanic
{5.29). Forty-one subjects were male (53.3%).
Protocol compliance for the week in which
participants drank from polycarbonate bottles
ranged from 50% to 100% but was generally
high, with 2 median of 90%.

Nine samples (11.7%) from the washout
week and three samples (3.9%) from the inter-
vention week (period in which participants
drank from polycarbonate bortles) had BPA
concentrations < LOD. BP-3 and MePB were
detected in all participants, and PrPB was

- detected in all but one participant each week.
TCS was detecred in 75.3% of the samples
taken at the end of the washout week and in
74.0% of the samples collected after the inter-
vention week. The GM concentration of BPA
was 1.3 pg/L (1.2 pglg creatinine) during the
washout period and 2.1 pg/L (2.0 pgfg creati-
nine} during the intervention week (Table 2).
GM concentrations for the washout phase and
intervention week were 46.1 and 66.8 pg/g
creatinine for BP-3; 51.3 and 48.4 pg/g crea-
tinine for MePB; 8.4 and 8.8 pglg creatinine
for PrPB; and 15.5 and 17.3 pg/g creatinine
for TCS, respectively.

Table 3 presents results from paired #tests
coinparing urinary BPA. concentrations in
weeks 1 and 2. Urinary BPA concentrations
increased by 69% after polycarbonate bottle
use. We observed 4 larger differenice between
the intervention and washout weeks in the
strarum with intervention compliance = 90%
(77% increase; p < 0.0001) relative to the stra-
tum with compliance < 90% (55%; p = 0.03);
however, the strata were not significantly dif-
ferent from each other (p = 0.54). Of the other
phenols, only urinary BP-3 concentration was
associated with polycathbonate botte use, with
relatively higher concentrarions observed after
use of polycarbonate bottles (45% increase;
2 = 0.001). A slightly larger change in BP-3

concentration was observed in the less

Table 2. GM concentrations of phenals {ug/creatinine}
after washout and intervention.

Phenal Week of study GM (95% CE}
BPA Washout 1.2{1.0-14)
Intervention 2001.7-24)
8pP-3 Washout 46.1 (30.6-69.5}
Intervention 66.8 (42.3-105.5)
MePB Washout 51.3(37.3-70.7}
Intervention 484 (35.2-64.8}
FriB Washout 8.4(5.4-12.9}
Intervention 8.8(5.8-13.1}
TCS Washout 15.5(9.5-25.3)
Intervention 17.3(10.7-28.1)

compliant stratum (64% increase; p = 0.01)
relative to the more compliant stratum (36%
increase; p = 0.04); however, this difference
was not statistically significant (p = 0.42).

Discussion

Several previous studies have demonstrated
that biolegically active BPA is released from
polycarbonate bottles into the botde content
after simulated normal use (Brede et al. 2003
Le et al. 2008). However, to our knowledge,
the present study is the first to quantify the
cotresponding increase in urinary BPA con-
centrations after use of polycarbonate drinking
bottles. Thus, this study suggests that BPA-

containing drinking vessels release sufficient

amounts of BPA into the bottle content to

significantly raise the amount of BPA excreted
in urine in humans who drink from these bot-
tles. Specifically, in this study of 77 Harvard
College smidents, urinary BPA. concentrations
were higher when participants consumed the
majority of cold beverages from polycarbonate
bottles compared with a washout phase in
which polycarbonate bottles were avoided.
This statistically significant increase: was
observed despite background BPA exposure
from other sources, which was not assessed
not controlled in this study. This association
petsisted. after stratification by seff-reported
compliance duting the intervention week, with
a nonsignificantly larger difference between
intervention and washour phase urinary BPA
concentrations among, participants reporting
higher. percent compliance. Of interest, the
urinary BPA concentrations reported for this
group of students (both before and after the
intervention) were similar to those reported

for the U.S. general population (Calafat et al.

Y47

2008) and selected populations in Southeast

Asia (Kim et al. 2003; Matsumoto et al. 2003;
Quchi and Watanabe 2002; Yang et al. 2003).

Because of BPA’s short halflife and rapid
elimination (Volkel et al. 2002), carryover of
ingested BPA between the washout phase and
intervention phase was considered unlikely. It
is possible that certain subject characteristics
may have varied between the 2 weeks, produc-
ing a period. effect that was unaccounted for by
our analyses. We considered this improbable
because of the lack of variability in the routine
of undergraduate students, who atrended the
same classes and ate in the same camipus din-
ing halls each week. Additionally, the similar-
ity of observed urinary BPA concentrations
to national levels suggests that subjects were
exposed to typical amounts of BPA from other
soiirces during both weeks. Moreover, fatigue
and the participants’ exposure to mass media
concerning the leaching of BPA from poly-
carbonate botiles might have induced better
compliance during the washout phase than the
intervention phase, thus leading to an under-
estimate of the impact of pelycarbonate botde
use on urinary BPA concentrations. It is also
possible that participants may have modified
theit behavior during the week of polycarbon-
ate bottle use to reduce BPA exposure from
other sources. However, other sources of BPA
exposure have not been well publicized, and
any reduction in exposute to other sources of
BPA during the intervention week would have
reduced the observed effect estimate.

We used spot urine samples for conve-
nience; however, dlsadvantages of this method
include interperson variability in BPA con-
centration and variability in the volume of
urine (Barr et al. 2005). Two equal-volume

Table 3, Parcent change in urinary concentrations of phenols associated with 1-week use of polycarbonate

drinking containers.

Percent change (35% CI)

pValue

Phenol

Overall
= 90% compliance
o .

69 {4010 102}
75t 117}

Overall 45{1610 81)
> 90% compliance 36(2 10 80}
< 80% compliance B4(11t0142)

—6 (=510 18)
> 90% compliance 17 (=1010 57)
_<90% compliance —34 (56 to 0}

5 ~74 to 44}
15{(-231e 70)
—10 {-49.tc 59}

= 90% compliance
<:90% compiiance

Overa
= 90% compliance
< 90% compliance

o
11{-18 to 50}
17 -390 126)

pfor heterageneity

<0.0001

<0.000

042
: 0.60
024

0.05 oot

0.46
050
062 088

Concentrations {pg/L) < LOD were recorded as 1/2 EOD,
which is 0.2 for BPA and BP-3; 1.15 for TCS; 0.5 for MePB;
and 01 for PrPB. '
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Concentrations (pg/L) < LOD were recorded as 1/2 LOD, which is 0.2 for BPA and BP-3; 1.15 far TCS; 0.5 for MePB; and (.1
for PrPB. Twenty-eight participants reperted < 90% compliance over intervention week, 48 participants reported > %0% com-

pliance, and compliance was missing for one participant.
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samples from each week were combined to
minimize day-to-day variability. Additionally,
we collected all urine samples in the evening,
minimizing variability refated to time of day
(Mahalingaiah et al. 2008). Concern regard-
ing interperson variability is also mitigated by
recent findings that a single urinary BPA. con-
centration was predictive of long-term exposure
on a scale of weeks to months (Mahalingaiah
et al. 2008). Urinary BPA concentrations were
creatinine-adjusted to account for varability
in urine dilution. Overall, the results obtained
after the analysis with and without correc-
tion of the urinary dilution were fairly similar.
However, failure to control for urinary creati-
nine concentrations resulted in a greater degree
of within-person variation and, subsequently,
decreased precision, as evidenced by wider
95% Cls. For this reason, we have presented
only the creatinine-adjusted results.

To account for the possibility of a chance

finding, we also compared the impact of poly- -

carbonate bottle use on several phenols not
thought to be associated with polycarbonate
bottle use. As expected, we observed no dif-
ference for MePB, PrPB, or TCS, although
urinary concentrations of BP-3 were higher
afier polycarbonate bottle use. However, after
stratification by percent compliance during the
intervention week, the association for BP-3 was
stronger in the less compliant group. By con-
trast, the association between BPA and poly-
carbonate bottle use was stronger in the more
compliant group, suggesting thar BPA may
leach from polycarbonate bottles. We found
BPA and BP-3 to be strongly correlated: The
Pearson correlation coefficients between BP-3
and BPA were 0.38 (p = 0.0008) and 0.43
(p= 0.0001} during the washout week and
intervention week, respectively. Although this
study was not designed to look at other sources
of BPA, or any sources of the other phenols,
we hypothesize that the strong correlation
observed between BPA. and BP-3 could be the
resule of a shared source or behavior. We are
not aware of the presence of BP-3—a common
sunscreen agent in petsonal care products—in
polycarbonate plastic, although it can also be
used as ultraviolet stabilizer in plastic surface
coatings for food packaging to prevent poly-
mer or food photodegradation (Suzuki et al.
2005). However, because soutces and routes of
exposure for many of these compounds are not
yet known, it is possible that BPA and BP-3
are used in 2 common product that has not
yet been identified. An alternative explanation
is that students who participated in the. most
outdoor physical activity drank the most fluid
from their bottles and also applied the most
sunscreen, potentially increasing both BPA and
BP-3 levels.

Our study population included a high pro-
portion of Asian and Caucasian participants,
and our participants were young. However,

there is no obvious reason why the resules of
our study should not apply to other cthnici-
ties and age groups. Furthermore, the use of
polycarbonate bottles is very popular among
college students, making this an especially
relevant population to study. Although we
assessed the effect of the exclusive use of poly-
carbonate plastic bottles as beverage contain-
ers, a proportionate increase in urinary BPA
would be expected among individuals who
use polycarbonate plastic bottles in combina-
tion with other beverage containers. Children
have been found to have higher urinary BPA
concentrations than adolescerits and adults
(Calafar et al. 2008}, consistent with animal
evidence of reduced glucuronidadon in fetuses
and neonates (Marsumoto et al. 2002). Thus,
because of their reduced ability to'clear BPA,
we predict that children would have higher
urinary BPA concentrations due to use of
polycatbonate plastic bottles relative to the
study populauon

‘The major strength of this study is the non-
randomized intervention design. We compared
wrinary BPPA concentrations within each partic-
ipant, which precluded confounding by subject
characteristics that remain constant over time.
Although within-person confounding was pos-

" sible, it is unlikely that unmeasured confound-

ing could account for the large effect estimare
we observed. The large increase in mean uri-
nary BPA concentration after regular use of
polycarbonate bottles suggests that the systema-
tic BPA variation in the two study phases was
by far greater than any random variadion due
to BPA ingestion from other sources.

Furchermore, we assessed the impact of
polycarbonate bottle use in'a normal use
seiting. The present study could be consid-
ered a conservative estitnate of true use, as
students did not have access to dishwashers
and were instrucied to use their containers
for cold beverages only, whereas the storage of
hot liquids is common, especially in cutdoor
recreation settings. Because heating is thought
to increase the amount of BPA leached from
the polycarbonate (Le et al. 2008}, we would
anticipate higher urinary BPA. concentrations
after ingestion of hot beverages stored in the
same bottles.

Conclusions

To our knowledge, this is the first seudy 1o
assess the impact of polycarbonate drinking
bortle use on urinary BPA concentrations.
Despite within-person variability resulting
from other sources of BPA exposure, a meas-
urable increase in urinary BPA resulted from
only 1 weck of exposure to beverages con-
tained in polycarbonate bottles. Replication
of this study in other populations may help to
inform public health pelicy regarding the use
of BPA in polycarbonate food and beverage
containers.
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