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Preface

The purpose of this book is to provide a comprehensive resource on what is known
and what we need to know about toxicants present in food packaging materials and
household plastics. This includes identifying human exposure scenarios for con-
sumers, summarizing relevant known and emerging health effects, and recom-
mending additional research needed to address data gaps that will allow for
improved risk assessment for human populations. This book is meant to be a
resource across disciplines and should be useful to toxicologists, environmental
health scientists, food scientists, and regulators in the areas of food safety and
environmental health sciences.

This book is unique in several ways:

Format: Each chapter starts with a bulleted list of Key Take Home Points and
ends with a section on research needed to address data gaps.

Breadth: The toxicants included in the book range from more widely known
chemicals such as bisphenol A (Chap. 1), various phthalates (Chap. 2), brominated
flame retardants (Chap. 3), perfluorinated compounds (Chap. 7), and the heavy
metals lead (Chap. 9), and cadmium (Chap. 10), to chemicals that are just starting
to emerge as potential toxicants from food packaging and household plastics, as
well as chemicals that will be entering use in the food packaging industry. This
includes the alkylphenols nonylphenol and octylphenol that have been identified in
food packaging and foodstuff (Chap. 5), chemicals used in UV-cured print inks
(benzophenone and 4-methylbenzophenone) that can migrate through porous
printed cartonboard and most secondary packaging to foods (Chap. 6), the metal
antimony used as a catalyst in the manufacturing of PET-single-use beverage
bottles (Chap. 8), methylnaphthalene detected in breakfast cereal box liners (Chap.
10), and nanoparticles (Chap. 4) that will be used in polymer food packaging in
future and present emerging toxicological concerns. Several chapters also provide
information on the challenges of the use of replacement chemicals, especially for
the phthalates (Chap. 2), and the Brominated flame retardant (BFR) (Chap. 3).

International Focus on Exposure: Authors have been encouraged, whenever
possible, to include international data on chemical exposure. This includes iden-
tification of data gaps where information on a chemical’s level in products or
biomonitoring data may be limited to one or only a few geographic locations. This
is especially important because of the global nature of our food supply and
household consumer goods.
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Inclusion of Emerging Toxicological Endpoints: Chapters that include Health
Effects sections for chemicals have drawn on studies with a wide range of relevant
toxicological endpoints, including not only traditional cancer and reproductive
endpoints, but when appropriate, emerging research on endocrine disruption,
cardiovascular disease, diabetes and obesity, immune function, neurological
function and behavior, and transgenerational effects.

Regulatory Approaches and Challenges in the United States and Europe:
One of the most unique aspects of this book is the inclusion of information to
educate the reader on current approaches and practices used to monitor and
evaluate the risk of chemicals that are present as intentional or unintentional
substances in food processing and packaging (food contact materials). An over-
view of the use and functions of food packaging is presented in Chap. 4, Sect. 4.3,
and a summary the U.S. Food and Drug Administration’s (FDA) approach to
address the migration of substances from food contact materials is presented in
Sect. 4.5. The final chapter of this book (Chap. 11) provides an overview of several
areas, including the use, safety, and exposure to chemicals used in food contact
materials, and a comparison of current regulations and risk assessment approaches
used by agencies in the U.S. and Europe. Current challenges faced in evaluating
chemical risk arising from use of food contact materials are highlighted, including
interpreting low-dose effects (non-monotonic dose responses), mixture effects,
developmental origins of disease, and transgenerational effects.

New Approaches: This book focuses on a small number of the chemicals used
in food packaging and in the manufacturing of household plastics. For thousands
of other chemicals, we lack basic toxicological risk information. Realistically, new
approaches will be needed, including high-throughput screening, to better identify
and assess the toxicological risk of chemicals that are present in household plastics
and food packaging materials. Some of these approaches are outlined in Chap. 11,
Sect. 11.5.6.

In closing, I would like to thank all the contributing authors for their most
precious resource, their time, in developing the concepts and content of their
chapters. Their efforts have been outstanding. I thank them for developing care-
fully thought out and researched chapters that truly make a significant contribution
to our understanding of exposure and health risks of toxicants associated with food
packaging and household plastics, how they are regulated, and the new avenues
that need to be pursued to address what we still need to know about exposure and
health effects in human populations.

Suzanne M. Snedeker
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Chapter 1
Human Health Effects of Bisphenol A

Thaddeus T. Schug and Linda S. Birnbaum

Abstract Bisphenol A (BPA) is a high production endocrine disrupting chemical
found in numerous consumer products. BPA has been used commercially since
1957 to make hard polycarbonate plastics and epoxy resins used in food-can
linings, cash-register receipts, and dental resins. The ubiquity of BPA in our
environment results in exposure to this chemical daily in human populations. But
controversy remains regarding how much BPA humans actually ingest or other-
wise encounter. Many laboratory animal and human studies have linked exposures
to BPA, a hormone mimicking chemical, to adverse health effects, including
altered behavior and obesity in children, reproductive abnormalities, cardiovas-
cular changes, and various cancers. However, there have been considerable
inconsistencies in the outcomes from these studies with respect to the nature of the
adverse health effects observed, and questions as to whether the BPA dose at
which they occur are within the range of non-occupational human exposures. This
chapter reviews the latest research on BPA, focusing on human exposure, dis-
cussions of biomonitoring studies and toxicokinetic models, human health effects,
and research needs. We also include illustrative examples of animal models that
address whether BPA-exposure is associated with changes in certain health
endpoints.
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Keywords Bisphenol A - Endocrine disruption - Developmental toxicity -
Pharmacokinetics + Biomonitoring

1.1 Key Take Home Points

e Bisphenol A exposure is ubiquitous in our environment and it is found in our
bodies.

e Bisphenol A has estrogenic and other properties and is considered to be an
endocrine disrupting chemical.

e Bisphenol A is a non-persistent chemical and is quickly metabolized by the
body.

e Bisphenol A exposure has been tied to many adverse health effects in animal
models and humans including: prostate cancer, breast cancer, obesity, diabetes,
cardiovascular problems, some neurobehavioral effects, including anxiety, as
well as reproductive effects.

e Enhanced biomonitoring studies are needed to better evaluate bisphenol A
exposure and health outcomes in humans.

1.2 Introduction

Manufacturers produce more than 8 billion pounds of BPA every year, making it
one of the most common industrial chemicals produced worldwide (Rubin 2011).
Plastics made with BPA are used in many consumer products, including food and
beverage containers, toys, eyeglasses, computers, kitchen appliances, and medical
equipment. Epoxy resins containing the chemical are used in dental work and in
metal coatings for food cans, pipes, cars, dairy equipment, office equipment, and
other metal products. BPA and its derivatives are also used in flame retardants
(tetrabromobisphenol A), in engineering applications such as laminates for printed
circuit boards, and as color developers in thermal receipt paper (Birnbaum et al.
2012). Some, but not all, plastics that are marked with recycle codes “3” or “7”
may be made with BPA.

BPA has been detected in air, soil, water, landfill leachate, and the human body.
The chemical has been shown to leach into foods and beverages from some types
of food packaging (e.g., polycarbonate containers and epoxy lining of metal cans)
and reusable containers (von Goetz et al. 2010). People also may be exposed to
BPA through skin contact, inhalation, dental fillings, and occupational exposures.
BPA has been found in human serum, milk, saliva, urine, and amniotic fluid
(Vandenberg et al. 2009, 2010, 2012).
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The ubiquity of BPA in the environment and in the human body has led to
concerns about potential adverse health effects. BPA’s chemical structure allows it
to fit in the estrogen receptor (ER) binding pocket, and BPA is considered to act as
an endocrine disruptor. BPA binds to both nuclear and cell membrane ERs; at
higher levels, BPA acts as an androgen receptor (AR) antagonist, interacts with the
thyroid receptor (Vandenberg et al. 2009) and induces the peroxisome proliferator-
activated receptor gamma (PPARY) (Kwintkiewicz et al. 2010; Wang et al. 2012).
Animal and human research has associated BPA with many health problems
including infertility, weight gain, behavioral changes, early-onset puberty, prostate
and mammary gland cancers, cardiovascular effects, obesity, and diabetes
(Birnbaum et al. 2012; Schug et al. 2012).

1.3 Chemical and Biological Properties of Bisphenol A

BPA (C;5H;60,; CAS No. 80-05-7) is one of the most common industrial
chemicals produced worldwide. BPA was first synthesized by the Russian chemist
A.P. Dianin in 1891. The compound consists of two conjoined phenol functional
groups, and is synthesized by the condensation of acetone (hence the suffix A in
the name) with two equivalents of phenol (Fig. 1.1). BPA is used in polycarbonate
plastic to enhance product strength, durability, and transparency. BPA is used in
epoxy resins to extend the shelf-life of canned foods as well as in dental composite
resins used to fill most cavities (Kingman et al. 2012). BPA also functions as a
color developer in carbonless thermal receipt paper.

1.3.1 Endocrine Disrupting Properties of Bisphenol A

By virtue of its binding ability to steroid receptors, BPA was hypothesized to be
estrogenic. These properties of BPA were first demonstrated in studies using
ovariectomized rats in the 1930s during a search for synthetic estrogens. However,
BPA was abandoned for pharmaceutical use when diethylstilbestrol (DES) was
determined to be a much more potent estrogen (Vandenberg et al. 2010). Bio-
chemical assays have since shown that BPA does fit within the ER binding pocket
and that it binds to both ERa and ERf, with approximately tenfold higher affinity
for ERP (Gould et al. 1998; Kuiper et al. 1998). However, the binding affinity of
BPA for both ER isoforms is nearly 10,000-fold weaker than that of estradiol
(ECs02-7 x 1077 vs. 1-6 x 10™"> M for estradiol) (Andersen et al. 1999; Kuiper
et al. 1998). A recent study suggests that BPA can function as an ER agonist at
higher concentrations [>10 nanomolar (nM)] and as antagonist at lower concen-
trations (<10 nM). These paradoxical actions are likely cell-type specific and may
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Fig. 1.1 Chemical structures CH,
of bisphenol A and estradiol : : | : :
HO (|: OH
CH,
Bisphenol A
OH
HO
Estradiol

be in part mediated by BPA activation of the AF-2 domain of ERa, not the
classical ligand-binding domain (Li et al. 2012).

Studies have shown that BPA also binds to membrane-bound forms of the ER
(mER) and with high affinity to a transmembrane ER receptor called G protein-
coupled receptor 30 (GPR30) (Watson et al. 2007; Thomas and Dong 2006; Vinas
and Watson 2013; Wetherill et al. 2007). In addition to its estrogenic activity, there
is mounting evidence that BPA interacts with other nuclear receptors, albeit at
higher concentrations. BPA, for example, binds to the thyroid hormone receptor
(TR) with lower affinity than the ER (Moriyama et al. 2002). Studies also have
shown that BPA binds to the ubiquitous aryl hydrocarbon receptor (AhR) (Pocar
et al. 2005), which mediates toxicity through several signaling pathways (Pocar
et al. 2005; Barouki et al. 2012). Other evidence suggests that BPA and its
derivatives act as obesogens by inducing adipocyte differentiation and adipogenic
marker genes in preadipocytes through various mechanisms (Masuno et al. 2005;
Chamorro-Garcia et al. 2012).

1.4 Human Exposure, Biomonitoring, and Metabolism
of Bisphenol A

1.4.1 Human Exposure to Bisphenol A

Since the 1990s, many studies have been dedicated to determining which con-
sumer products contain BPA, and how much is released from these products into
food and beverages under normal conditions of use (von Goetz et al. 2010). In
particular, studies have focused on the levels of BPA released from baby bottles,
food-contact papers, and epoxy resins used both for dental sealants and the linings
of metal food cans (Schug et al. 2012; Carwile et al. 2011). These studies confirm
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that the majority of canned foods contain measurable levels of BPA. A wide range
of concentrations were reported, leading scientists to estimate that current human
exposures from canned and bottled goods could be in the nanogram per kilogram
(ng/kg) range for children and adults and the low microgram per kilogram (pg/kg)
range for bottle-fed infants (von Goetz et al. 2010). However, recent moves by
manufacturers in the United States (U.S.) and Europe to remove BPA from baby
bottles and infant feeding cups have reduced the risks of exposure to infants. Other
recent studies have shown that thermal papers (Geens et al. 2012) and dental
procedures (Kingman et al. 2012) can contribute to human exposures.

1.4.2 Biomonitoring of Bisphenol A

The ability to accurately measure exposure to BPA is critical to assessing the
chemical’s health effects. Measuring BPA in urine is generally considered the
most reliable indicator of BPA exposure because it integrates exposure over a
recent time period, whereas BPA concentrations in blood are thought to reflect
only current exposures due to the chemical’s short half-life and evidence that BPA
does not bioaccumulate. However, serum measurements are currently the most
meaningful way to assess single point in time levels of unconjugated BPA, also
known as free BPA, which is the form that is considered to be more biologically
active because it can bind to ER and other nuclear receptors (Ye et al. 2011). This
is an area that requires further investigation because some posit that rapid pro-
cessing of BPA in the gastrointestinal tract and the liver during first pass metab-
olism results in very low levels of circulating parent (and thus biologically active)
BPA entering the bloodstream, precluding BPA from causing disease. However,
more than 30 reports have shown human blood levels of BPA in the range of
0.1-4.0 ng per milliliter (ml) (Taylor et al. 2011; Vandenberg et al. 2010).
Although in some cases consistent results have been reported across studies, these
findings have spurred debate in the scientific community about the likelihood that
free BPA blood measurements are compromised by contamination (Calafat 2010;
Ye et al. 2012). For example, small amounts of BPA may leach into samples from
syringes, containers, tubing, or even water used in experiments. In addition,
instruments used to measure levels of BPA may be incorrectly calibrated. The
National Institute of Environmental Health Sciences (NIEHS) is currently leading
a multi-agency effort to improve measurement procedures for detection of BPA in
blood (Birnbaum et al. 2012).

While the National Health and Nutrition Examination Survey (NHANES)
(Stahlhut et al. 2009; Calafat et al. 2008), a statistically-based sampling of the U.S.
population conducted every 2 years, and several birth cohorts, such as the Center
for the Health Assessment of Mothers and Children of Salinas (CHAMACOS)
study cohort (Castorina et al. 2010), have contributed useful data on BPA exposure



6 T. T. Schug and L. S. Birnbaum

and health impacts, the design and methodology of these studies make it difficult to
draw conclusions from them about BPA’s health effects (Stahlhut et al. 2009).
These studies are effective at inventorying exposure data for large populations of
people, but they are not geared to assess the impact of BPA exposure on indi-
viduals whom may have significant fluctuations in exposures or wide-ranges in
susceptibility.

Because of BPA’s short half-life, depending on the nature of the BPA exposure
(e.g., diet) and the timing of urine collection, hourly variability of BPA urinary
concentrations is expected. Since diet, which often changes daily for most adults,
is considered the main pathway of BPA exposure, information on the temporal
variability of urinary BPA concentrations measured from a 24-hour (h) urine
collection and first morning voids is of interest (Calafat 2010). For example, a
recent report from the U.S. Centers for Disease Control and Prevention (CDC)
showed that the between-day BPA concentrations in spot samples of urine col-
lected from the same person varied substantially (Ye et al. 2011). Such variance
highlights the importance of the time of the day of sampling for spot urine col-
lections in study designs to evaluate exposure to BPA using biomonitoring
(Calafat 2010). Overall, epidemiological and biomonitoring studies could be
enhanced by better exposure assessment strategies, including collecting and
pooling multiple spot urine samples, implementing 24-h urine sampling, or
identifying new matrices for measuring non-persistent chemical exposure (e.g.,
meconium, teeth, metabolomics) (Braun et al. 2010a; Arora and Austin 2013).

1.4.3 Pharmacokinetics of Bisphenol A

In contrast to the dozens of studies that have measured BPA and its metabolites in
environmentally exposed individuals, only two studies have determined the
kinetics of BPA metabolism following direct administration of BPA. In the first
kinetics study, healthy adult volunteers were administered 5 mg deuterium-labeled
BPA (equivalent to 54-90 ng/kg body weight [bd wt]) and then were monitored
for blood and urinary BPA and BPA metabolites levels (Volkel et al. 2002).
Unconjugated BPA was always below the limits of detection (LOD) (LOD for
urine = 1.37 ng/ml, LOD for plasma = 2.28 ng/ml) and BPA-glucuronide
(Fig. 1.2) concentrations fell below the LOD in both urine and blood 24-34 h after
BPA administration. The authors concluded that BPA was rapidly metabolized to
BPA-glucuronide, and this conjugate is rapidly cleared from blood.

In a second study, subjects were administered 25 pg BPA, and unconjugated
and conjugated BPA were measured in urine at 0, 1, 3, 5, and 7 h after exposure
(Volkel et al. 2005). The authors concluded that due to the rapid and complete
elimination of BPA in humans as BPA-glucuronide in urine (Volkel et al. 2002),
that human exposure to BPA is less than 2.3 pg/person per day (based on a volume
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HOOC <|3H3
o)
oo~
OH CH,
OH

BPA glucuronide

Fig. 1.2 Chemical structure of bisphenol A glucoronide, which is considered less biologically
active than aglycone (or free) bisphenol A due to its inability to bind to the estrogen receptor

of 2 liters (L) of urine excreted per day). This value corresponds to a BPA dose of
38 ng/kg bd wt per day for a 60-kg adult (Timms et al. 2005). However, it is worth
noting that exposure levels vary significantly between individuals and that the
upper bound (95 %) for adults exposure and exposure in children is reported to be
over 250 ng/kg bd wt per day (Lakind and Naiman 2011). The rapid elimination of
BPA as seen in this and a previous study of human excretion kinetics of BPA also
indicates a need for frequent monitoring of BPA in blood and urine, since BPA
taken up from food will be rapidly eliminated and will only be present in
detectable concentrations for a relatively short period (Dekant and Volkel 2008).

Consumption of canned foods and beverages is thought to be a major route of
human exposure to BPA (Shelby 2008; Teeguarden et al. 2011). In a study in which
individuals consumed a diet heavy in canned foods and juices, Teeguarden et al.
(2011) were able to detect measurable blood levels of total BPA (free and conju-
gated) in only a small fraction of subjects. Further analysis of these samples
revealed undetectable levels of free BPA in serum (LOD = 0.3 ng/ml), despite the
high dietary exposure. The authors stipulate that rapid conjugation of BPA after
oral ingestion results in serum fractions containing roughly 1 % free BPA compared
to 99 % conjugated BPA. The highest level of total serum BPA measured in their
study of 1.3 ng/ml would equate to a free BPA concentration of just 0.13 ng/ml,
which was below their LOD and below levels claimed in many biomonitoring
studies (Teeguarden et al. 2011). These authors argue that measurable free serum
BPA levels reported in many human studies is likely due to contamination. Others
point out that other routes of exposure, such as dermal contact and sublingual
uptake, could account for detection of free BPA in blood (Vandenberg et al. 2013).
While trace sample contamination can occur with any matrix, the impact is likely
less critical in urine than in blood because of the higher detectable levels of con-
jugated BPA in urine (Ye et al. 2013). Indeed, recent pharmacokinetic studies
conducted at the NIEHS Clinical Research Unit indicate that total BPA concen-
trations are between 40 and 100-fold higher in urine than blood (Birnbaum
unpublished data). Altogether, evidence strongly suggests that use of 24-h urine
collections is the optimal method to accurately measure total daily exposure to BPA
(Ye et al. 2013; Koch et al. 2012).

Numerous studies have examined BPA metabolism in animal models including
non-human primates (Taylor et al. 2011; Prins et al. 2010; Doerge et al. 2010;
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Fisher et al. 2011; Patterson et al. 2013; Richter et al. 2007). While there are still
uncertainties regarding metabolism of BPA, results of these studies have been
especially important in improving the understanding of how BPA is handled once
inside the body. This has greatly reduced key uncertainties concerning potential
levels of internal exposure in humans. Although newborn and young rodents have
significant age dependent differences in metabolic capabilities, resulting in the
younger animals not being able to metabolize BPA as well as adult rodents and
thus being exposed to higher levels internally, this may not be the case for non-
human primates (Doerge et al. 2010). Multiple pharmacokinetic studies in mon-
keys, supported by preliminary results in adult humans (Birnbaum unpublished
data), have now demonstrated that newborn and young primates metabolize BPA
at or very near the level of adults (Fisher et al. 2011; Patterson et al. 2013).
Additional studies in pregnant Rhesus monkeys have shown both that potential
fetal exposure is significantly reduced by the mother’s metabolic capabilities and
that the fetus (third trimester) can effectively metabolize BPA (Doerge et al. 2010;
Patterson et al. 2013). Further supporting these findings, in a recent study of 11
human neonates and one young infant, researchers found detectable levels of
conjugated BPA in all urine samples but no free BPA, suggesting that neonates
have full capacity to metabolize BPA (Nachman et al. 2013). However, a study
using umbilical cord blood from 2nd trimester human pregnancies reported uni-
versal detection of free and conjugated BPA in umbilical cord serum samples, with
relatively high levels of free BPA in the upper bound exposure groups (Gerona
et al. 2013). Further studies in humans and in animal models are needed to address
the capacity of the embryo or fetus to metabolize BPA.

BPA is commonly used in thermal receipt papers, and cashiers handle them
more frequently than the general population. Accordingly, the NIEHS/National
Toxicology Program (NTP) is conducting an exposure study to measure BPA,
BPA conjugates, and bisphenol S (a common replacement for BPA) in cashiers’
blood and urine samples before and after their work shifts. The study will yield
insights about the contribution of thermal receipt papers to BPA exposure,
although it will not determine the route of exposure (dermal absorption vs. oral
ingestion) (Liao and Kannan 2011).

The NTP and the NIEHS Clinical Research Unit have developed a protocol to
investigate BPA metabolism and excretion in humans after oral and dermal
exposures. Adult volunteers will be administered a low dose of deuterated BPA
(d-BPA) to support development of a refined physiologically-based pharmacoki-
netic model. Participants will receive 100 pg of d-BPA per kg bd wt by oral
administration; blood (starting at 10 min) and urine samples will be collected at
regular intervals for up to 5 days following dosing to measure d-BPA and d-BPA
conjugates. Use of isotopically-labeled BPA will be used to rule out possible
contamination during sample collection, storage, and analysis by parent BPA and
provide a limit of quantification much lower than previous studies in humans
(Volkel et al. 2002). Preliminary results from a pilot phase of the study show rapid
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elimination and low systemic bioavailability of d-BPA from food, with 90 %
excretion by 12 h and 99 % by 48 h (Birnbaum unpublished data). These pre-
liminary results confirm and extend previous human studies using gelatin capsule
dosing (Volkel et al. 2002) and dietary studies (Teeguarden et al. 2011) using
canned food.

1.5 Health Studies of Bisphenol A Exposures

Normal human growth, development, and homeostasis are dependent on numerous
potent hormonal messengers that act on evolutionarily conserved receptors
(McLachlan 2001; Palanza et al. 1999). Exposure to endocrine disrupting com-
pounds, like BPA, may interact with hormonally mediated pathways that include
the ER, TR, and AR, and, in turn increase the risk of disease (Vandenberg et al.
2009). In recent years, hundreds of experimental studies in animals have reported
associations between low-dose BPA exposures (doses below the regulatory no
observed adverse effect level [NOAEL]) and adverse health effects. These studies
give plausibility to the notion that BPA exposure may be associated with some
adverse health outcomes in humans. A growing number of human studies have
reported associations between BPA exposure and disease (Table 1.1). Early life
exposure is of particular concern given the unique susceptibility of the fetus and
young child to environmental toxicant exposures; however chronic low-level
exposures may also increase the risk of some adult health outcomes (Mendola
et al. 2002). Since human BPA exposure is widespread, even small adverse effects
of BPA could have large public health implications (Bellinger 2004).

1.5.1 Historical Context of Health Studies on Bisphenol A

Hundreds of studies were published on the health effects of BPA between the mid-
1990s and the mid-2000s. Many showed some form of toxicity, but critical data
gaps and uncertainties led to discussion about how the research should be inter-
preted. In response to increasing concerns about BPA toxicity, NIEHS organized a
workshop to examine the body of evidence related to BPA. The resulting report,
known as the Chapel Hill Consensus Statement, published in 2007 along with five
review articles (Wetherill et al. 2007; Vandenberg et al. 2007; Crain et al. 2007;
Keri et al. 2007; Richter et al. 2007; vom Saal et al. 2007), concluded that human
exposure to BPA is widespread and that the adverse health effects observed in
animal studies raised significant concerns about the potential for similar effects in
humans (vom Saal et al. 2007). This report also outlined research gaps and needs.
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Around the same time, the NTP Center for the Evaluation of Risks to Human
Reproduction (CERHR) (Chapin et al. 2008) convened an expert panel to examine
BPA research related to human reproduction and development. Based largely on
the panel’s assessment, the NTP reported negligible concern for reproductive
effects in non-occupationally exposed adults and minimal concern for occupa-
tionally exposed workers, but identified some concern for effects on the brain,
behavior, and prostate gland in fetuses, infants, and children at current levels of
human BPA exposure (NTP 2008).

In response to these findings, the U.S. Food and Drug Administration (FDA),
which has regulatory authority over many consumer and medical products con-
taining BPA, issued a statement expressing its agreement with the NTP’s con-
clusion for some concern about the effects of BPA on the brain, behavior, and
prostate gland of fetuses, infants, and children (FDA 2010). FDA also identified
substantial uncertainties in BPA research findings and their implications for human
health. The statement called for further research to address these uncertainties.

The Chapel Hill consensus statement, the NTP-CERHR monograph, and FDA’s
statements have helped to focus the field by identifying gaps in BPA research and
highlighting concerns that need to be addressed to move the field forward. Key
sources of uncertainty that have been identified include: absent or inconsistent data
on dose response including low-dose effects and non-monotonic dose response
behaviors; pharmacokinetics across species and the lifespan; gender differences;
routes and extent of human exposures; sensitive windows of exposure; mecha-
nism(s); and specific disease endpoints. In addition, these reports cited difficulties
extrapolating data from animals to humans and comparing results from studies
compliant with good laboratory practices (GLP) with academic investigator-ini-
tiated studies (Birnbaum et al. 2012).

1.5.2 Human Health Studies of Bisphenol A Exposure

Table 1.1 summarizes human epidemiological studies that have evaluated various
health endpoints in relation to exposure to BPA, including cancer, male and female
reproduction, obesity and heart disease, developmental effects, and neurological
development. Additional analysis and comment on these studies is provided
below.

1.5.2.1 Cancer Outcomes
The ubiquitous presence of BPA in the environment together with an increase in

incidence of endocrine-related cancers, such as breast, uterine, and prostate can-
cers, has led to research evaluating the role of BPA in human carcinogenesis.
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In 2008, Lang et al. reported the levels of urinary BPA in samples collected by the
NHANES of U.S. adults whom had also completed a health survey (Lang et al.
2008). No association between elevated BPA concentrations and general cancer
incidence was evident. Since the most common form of breast cancer is sensitive
to estrogen (ER-positive cancers), several studies have investigated the potential
impact of BPA specifically on breast cancer in humans and mammary cancer in
animal models. Yang et al. analyzed 167 blood samples collected between 1994
and 1997 from Korean women, and measured total BPA levels in blood by high
performance liquid chromatography with fluorescence detection (HPLC/FD).
Blood BPA levels were not found to be associated with increased breast cancer
risk (Yang et al. 2009). However, given the unknown latency period between
exposure and cancer detection, this study design was likely to be insufficient in
order to identify an association.

Numerous studies in rodents have reported that early-life BPA exposure can
cause development alterations that in turn increase the risk of cancer later in life.
For example, several studies have shown effects of maternal administration of low
doses of BPA on development of the prostate in male mouse fetuses, as well as a
permanent increase in prostate size and number of ARs in adulthood (Nagel et al.
1997; vom Saal et al. 1997; Gupta 2000). More recent studies have demonstrated
that treatment of neonatal rats with low doses of BPA (10 pg/kg/day) either orally
or by subcutaneous injection, results in early stage prostate cancer when males are
treated with estrogen in adulthood to mimic the increase in estrogen that occurs
during aging in men (Ho et al. 2006).

There is extensive literature showing that exposure to BPA alters rodent
mammary gland differentiation and subsequent adult function and increases the
risk of developing neoplastic lesions. For example, studies in mice and rats report
developmental exposure to environmentally relevant levels of BPA during ges-
tation and lactation may induce changes in mammary gland development leading
to neoplasms (Acevedo et al. 2013; Markey et al. 2001). Others have shown that
BPA exposure leads to development of cystic ovaries, adenomyosis, leiomyomas,
atypical hyperplasia, and stomal polyps (Newbold et al. 2007). In summary, more
research is needed to bridge the data gaps between the carcinogenic properties of
BPA found in animals to the associations reported in humans. This will require
prospective epidemiological studies that account for the long latency between
chemical exposure and cancer formation.

1.5.2.2 Male Reproductive Outcomes

Several studies have examined relationships between BPA and reproductive
endpoints in men exposed to BPA. Outcomes in these studies include sexual
function and semen quality. Several epidemiological studies observed associations
between urinary BPA concentrations and serum reproductive hormones, but the
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direction of the relationship between BPA and male hormones has been incon-
sistent (Hanaoka et al. 2002; Meeker et al. 2010a; Mendiola et al. 2010; Galloway
et al. 2010). Three studies reported consistent associations between increasing
urinary BPA concentrations and one or more measures of reduced semen quality
(Meeker et al. 2010b; Mendiola et al. 2010). An additional study found that
occupational BPA exposure and urinary BPA concentrations were associated with
decreased sexual desire, erectile function, and ejaculation difficulty in Chinese
men (Li et al. 2010). These findings suggest that recent BPA exposure may be
associated with lower semen quality and increased sexual dysfunction in men.
However, due to the studies cross sectional designs and incomplete assessment of
potential co-exposures, the clinical relevance of these findings remains uncertain
(Schug et al. 2012).

1.5.2.3 Female Reproductive Outcomes

Human studies also have reported associations between BPA exposures and female
reproductive abnormalities, including effects on the ovary, uterus, and oocyte
quality. Studies of BPA effects on ovarian morphology are limited and have
focused on polycystic ovarian syndrome (PCOS). One case control study (71
women with PCOS and 100 women without) reported a positive association
between serum BPA levels and PCOS (Kandaraki et al. 2011). In three studies of
women undergoing in vitro fertilization (IVF), BPA exposure was associated with
a decrease in peak serum estradiol levels prior to oocyte retrieval, which may have
negative effects on embryo quality (Ehrlich et al. 2012b; Mok-Lin et al. 2010;
Bloom et al. 2011a).

A few human studies have evaluated serum or urinary BPA levels in relation to
egg quality. A small prospective study of 58 sub-fertile women and 37 male
partners undergoing intracytoplasmic sperm injection (ICSI) or conventional IVF
did not find an association between serum BPA concentrations and oocyte mat-
uration (Fujimoto et al. 2011). In two publications from the same prospective
cohort of 84 women (Mok-Lin et al. 2010) and 147 women (Ehrlich et al. 2012b)
undergoing IVF, increasing urinary BPA concentration was associated with
decreased numbers of retrieved oocytes. These results suggest that BPA is asso-
ciated with impaired oocyte yield during IVF and could affect oocyte maturation
and fertilization, adversely affecting the success of IVF treatment.

Few studies have examined the association of BPA on blastocyst and embryo
development. In one prospective preconception cohort study of 174 women, total
urinary BPA concentration was associated with a decreased trend of blastocyst
formation (Ehrlich et al. 2012a). Further, a prospective cohort study involving sub-
fertile male and female partners undergoing IVF treatment found that increasing
urinary BPA concentrations in the male, but not female partner, decreased the odds
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of a high embryo cell count and embryo fragmentation score, suggesting the
embryos were of low quality for IVF treatments (Bloom et al. 2011b).

The results of one case control study of 69 women suggests that serum BPA
levels may be associated with the occurrence of endometriosis (Cobellis et al.
2009) but the study was limited by a small sample size and the selected methods
for measurement of serum BPA. Future studies of endometriosis risk should
evaluate BPA exposure using 24-h urine samples. In a study of 137 women
undergoing IVF, higher quartiles of urinary BPA concentrations were associated
with increased odds of implantation failure (Ehrlich et al. 2012a).

1.5.2.4 Pubertal Development Outcomes

Early onset of puberty is known to increase the risk of breast cancer later in life
(Apter 1996; Vanderloo et al. 2007). Investigators have started to explore whether
higher levels BPA exposure can increase the incidence of precocious puberty in
young girls (Wolff et al. 2008, 2010), and whether early BPA exposure in animal
models can affect puberty onset, mammary development, and subsequent risk of
mammary neoplasia (Soto et al. 2013). A cross-sectional study conducted in New
York City examined the association between concurrent urinary BPA concentra-
tions with pubic hair and breast development in 192 9-year old girls (Wolff et al.
2008). Higher urinary BPA concentrations were not associated with advanced
breast or pubic hair development. However, body mass index (BMI) modified the
association between BPA and breast development, whereas higher urinary BPA
concentrations were more associated with delayed breast development among girls
with lower BML

A multi-center prospective cohort study of 1,151 6 to 8-year old female children
from Cincinnati, OH; San Francisco, CA; and New York, NY, examined the
relationship between urinary BPA concentrations and pubertal development 1 year
later (Wolff et al. 2010). Compared to the lowest quintile of urinary BPA con-
centrations, the odds of advanced breast development were similar but slightly
below the null for the top four quintiles, with no discernible dose-response pattern.
Compared to the first quintile of urinary BPA concentrations, the odds of advanced
pubic hair development (stage 2+) were slightly increased in the second and third
quintiles of urinary BPA concentrations and null in the fourth and fifth quintiles.
The authors did not report whether BMI modified the association between urinary
BPA concentrations and pubertal development. These studies suggest that in utero
or childhood exposure to BPA may have modest positive associations with altered
pubertal timing in girls and that in utero may be the most sensitive window to BPA
exposure.
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1.5.2.5 Metabolic and Cardiovascular Outcomes

Several laboratory animal studies have demonstrated that BPA exposure can
disrupt multiple metabolic mechanisms (Masuno et al. 2002; Sakurai et al. 2004)
suggesting the possibility that BPA exposure may increase body mass in envi-
ronmentally relevant doses and therefore contribute to the obesity epidemic in
humans. In 2011 the Office of Health Assessment and Translation of the NTP
organized a workshop to evaluate the concept that environmental chemicals such
as BPA may be contributing factors to the epidemics of diabetes and obesity
(Thayer et al. 2012). The group concluded that animal and in vitro studies are
suggestive of an effect of BPA on glucose homeostasis, insulin release, cellular
signaling in pancreatic B cells, and adipogenesis, while the existing human data on
BPA and diabetes were insufficient to draw meaningful conclusions (Thayer et al.
2012).

Three recent cross-sectional studies have found an association between urinary
BPA concentration and increased risk of obesity in humans. Carwile et al. reported
that BPA exposure, as measured by urinary BPA levels, is associated with general
and central obesity in the general adult population of the U.S. (Carwile and
Michels 2011). Two other studies reported associations between concurrent BPA
exposure (as measured by spot urine samples) and weight gain in children (Li et al.
2013; Trasande et al. 2012). Other studies have demonstrated associations between
urinary BPA concentrations and adult diabetes, cardiovascular diagnoses, and
abnormalities in liver function (Lang et al. 2008; Melzer et al. 2010). The inter-
pretation of all these results is limited by their cross-sectional design. Cardio-
vascular disease (CVD) and metabolic disorders have long latency periods and
contemporaneous urinary BPA concentrations may be unreliable reflections of
BPA exposures during the relevant etiologic windows for the development of
CVD and metabolic diseases. It has been suggested that other factors may be
responsible for observed associations since obese individuals are at increased risk
for CVD and other metabolic disorders, and may consume more packaged and
processed foods that contain BPA (Sharpe and Drake 2013). In summary, there is a
clear need for long duration prospective human epidemiological studies that
include more robust biomonitoring, such as multiple 24-h urine sampling, to
determine whether exposure to BPA has metabolic effects in humans.

1.5.2.6 Fetal and Childhood Growth Outcomes

Several studies have examined associations between BPA exposure and infant/
childhood growth (Padmanabhan et al. 2008; Cantonwine et al. 2010). One small
cross-sectional study reported no association between serum BPA concentrations
and birth weight or gestational age; however, numerical results were not presented
(Padmanabhan et al. 2008). A pilot case control nested in a cohort study involving
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60 pregnant women found a positive association between urine BPA concentration
and pre-term birth (Cantonwine et al. 2010).

1.5.2.7 Neurodevelopmental Outcomes

Steroid hormones play a critical role in brain organization of the neuroendocrine
circuitry that coordinates sex-specific physiology and behavior in vertebrates. Thus,
endocrine disrupting effects may be irreversible and result in atypical behavior
(Wolstenholme et al. 2011; Patisaul and Adewale 2009; Wright et al. 2010).
Two epidemiological studies have examined the relationship between childhood
BPA exposure and cognitive abilities. Maserejian and colleagues examined
childhood BPA exposure from bisphenol-A-diglycidyl-dimethacrylate (bis-GMA)
containing composite tooth fillings and cognition in the New England
Child Amalgam Trial (Maserejian et al. 2012a). They found no evidence of asso-
ciations between total surface-years of bis-GMA composite filling exposure and
cognitive abilities, memory, and visual-spatial abilities (Maserejian et al. 2012a).
A study in Korean children reported that current urinary BPA concentrations were
associated with higher teacher-reported learning difficulty scores in children 8 to
11 years of age (Hong et al. 2013).

Several studies have examined the association between gestational or childhood
BPA exposure measures and anxiety or depression (Braun et al. 2009, 2011; Hong
et al. 2013; Maserejian et al. 2012b; Perera et al. 2012). Three out of five recent
studies examining childhood BPA exposures reported increased anxiety among
children with higher childhood BPA exposures. Despite similar levels of exposure,
neither Perera et al. (2012) nor Braun et al. (2011) reported associations between
childhood urinary BPA concentrations and anxious/depressive behaviors, how-
ever, they did report other neurobehavioral effects. Maserejian et al. (2012b) and
colleagues reported that greater surface-years of exposure to bis-GMA containing
dental composites were associated with more self-reported anxious and depressive
behaviors. A cross-sectional study from Korea also reported that concurrent child
BPA concentrations were positively associated with parent-reported anxious and
depressive problem scores in children age 8 to 11 years (Hong et al. 2013).

The rising incidence of some neurobehavioral disorders, like autism spectrum
disorders (ASDs) and attention-deficit/hyperactivity disorder (ADHD), has gen-
erated suspicions that environmental chemicals, including BPA, may be contrib-
uting to these diseases (Boyle et al. 2011). Maserejian and colleagues observed no
associations between bis-GMA containing amalgams and ADHD problems
(Maserejian et al. 2012a). Braun and colleagues reported no association between
parent-reported ADHD behaviors and urine BPA concentrations during the first
3 years of life (Braun et al. 2009). In contrast, Perera et al. reported that child
urinary BPA concentrations at 3 years of age were associated with parent-reported
higher emotional reactivity scores in children, but the association did not differ by
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child sex (Perera et al. 2012). Finally, Hong et al. reported a positive relationship
between concurrent child BPA urinary concentrations and parent-reported atten-
tion problems (Hong et al. 2013).

In a prospective birth cohort of 249 mothers and infants from Cincinnati, OH,
Braun et al. (2009) examined the association between prenatal urinary BPA
concentrations and childhood social behavior at 2 years of age. Gestational BPA
concentrations were positively associated with aggression and hyperactivity in
children, but this association was stronger in girls than in boys. The magnitude of
the observed associations was similar to those seen for other environmental tox-
icants and neurodevelopment (e.g., environmental lead and 1Q/behavior).

1.5.3 Limitations of Human Studies

Several limitations emerge from this review of the human studies on BPA expo-
sure and health outcomes. Since few studies include similar health endpoints,
future studies should utilize comparable health endpoints and measurement
instruments to facilitate systematic reviews. Also, there is the potential for mis-
classification of BPA exposure. Because of BPA’s short biological half-life,
urinary BPA concentrations usually reflect exposure over the past 6-12 h.
Therefore, a single spot urine sample may not accurately classify long-term or
episodic exposure over weeks, months or years (Braun et al. 2010b). Additional
large prospective cohort studies are needed to confirm and validate findings from
cross sectional human studies as well as findings in laboratory animals.

1.5.4 Conclusions of the Human Studies

To date, most human studies of BPA have utilized cross-sectional designs that
offer suggestive results, but cannot address the temporality of exposure and dis-
ease. For many diseases and disorders (e.g., asthma, cancer, neurobehavioral
disorders, obesity, or early-onset puberty), gestational, childhood, or pubertal BPA
exposure may be more relevant to the development of disease than concurrent
BPA exposures. Despite these limitations, results from cross-sectional results can
be used to guide the design of stronger and more powerful studies. The limitation
of BPA exposure misclassification can be addressed in prospective cohort studies
by collecting multiple 24-h urine samples during the etiologic relevant window
prior to disease onset (Schug et al. 2012). It is also important to note that BPA
levels in human populations can vary considerably, both within and between
individuals. Accordingly, studies should examine the associations between upper
bound levels of BPA exposure in adults, children, and infants to adverse health
effects.
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1.6 Regulation of Bisphenol A

The Food and Agriculture Organization of the United Nations (FAO) and World
Health Organization (WHO) have estimated that the average human exposure to
BPA is between 0.4-1.4 ng/kg per day (WHO 2010). The FDA currently estimates
average dietary exposure is 0.2-0.4 pg/kg per day for infants and 0.1-0.2 pg/kg
per day for children and adults (FDA 2012). In a 2010 statement that was sub-
sequently updated in 2012, FDA, in agreement with the NTP panel’s 2008 find-
ings, expressed some concern about the effects of BPA on the brain, behavior, and
prostate gland of fetuses, infants, and children and encouraged consumers and
industry to take reasonable steps to reduce human exposure to BPA, particularly
among infants (FDA 2012). In 2012, FDA amended its food additive regulations to
no longer provide for the use of polycarbonate resins in baby bottles and “sippy”
cups in response to a food additive petition submitted by the American Chemistry
Council proposing that FDA amend its regulations because manufacturers no
longer use polycarbonate resins in these products (FDA 2013).

FDA has called for further studies to clarify substantial uncertainties in BPA
research, including: 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 detox-
ification) of and responses to BPA both at different ages and in different species,
and limited or absent dose response information for some studies (FDA 2012).

In 2010 the European Food and Safety Authority (EFSA) received a request
from the European Commission to review scientific arguments in support of the
Danish government’s decision to ban the use of BPA in food contact materials for
infants aged from O to 3 years. The Danish risk assessment was based mainly on
the rat study by Stump et al. (2010) looking at possible neurodevelopmental effects
of BPA at a range of dose levels. Following a comprehensive review of recent
scientific literature and studies on the toxicity of BPA at low doses, EFSA’s Food
Contact Materials, Enzymes, Flavourings and Processing Aids Panel (CEF) Panel
concluded they could not identify any new evidence that would lead them to revise
the current European guidelines of tolerable daily intake (TDI) for BPA of
0.05 milligram (mg) per kg body weight (bd wt) (EFSA 2010). The Panel also
stated that the data currently available do not provide convincing evidence of
neurobehavioral toxicity of BPA (EFSA 2010). However, in 2011 the European
Union banned BPA from infant feeding bottles, citing uncertainty deriving from
new studies, which showed that BPA may have effects on development, immune
response, and tumor promotion. In a statement released on July 25, 2013, EFSA
cited that new data warranted lowering exposure estimates for infants and toddlers
(aged 6 months to 3 years). Based on 24 h urine sampling, average exposure from
the diet is estimated to amount to 0.375 pg/kg per day whereas for the population
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above 18 years of age (including women of child-bearing age) the figure is up to
0.132 pg/kg per day (EFSA 2013). These values are in line with current FDA
exposure estimates.

1.7 Addressing the Data Gaps

To work toward a comprehensive, integrated assessment of the health effects of
BPA, the NIEHS brought existing BPA grantees together with the American
Recovery and Reinvestment Act (ARRA) into a BPA Grantee Consortium in 2009.
This consortium includes over 40 researchers from academia, the NTP and NIEHS
intramural investigators. Consortium members have gathered three times in person
and met approximately once per month via conference call from late 2009 to the
present. The BPA Grantee Consortium has several specific activities and areas that
focus on resolving discrepancies, and producing results that will be more inter-
pretable across studies. Consortium members have worked to establish consistency
in the models, approaches, doses, and end points used across the spectrum of BPA
research (Birnbaum et al. 2012).

Another factor, contributing to uncertainty in BPA research, stems from
inconsistencies in the characterization of low-dose effects. Studies in both animals
and humans have indicated effects of BPA both at low (nanomolar or ng/kg per
day or lower) and high (micromolar or pg/kg per day or higher) doses, often with
fewer effects at mid-level doses (Vandenberg et al. 2012). Such nonmonotonic
effects curves may reflect BPA activity in different systems, with low doses
causing effects in the endocrine system and high doses potentially causing effects
in other organ systems. Other studies have reported effects at very low doses but
have not included higher doses, making the dose—response relationship difficult to
characterize (Birnbaum et al. 2012).

Given the body of diverse and often difficult to interpret evidence on the health
effects of BPA, the NTP and NIEHS determined in 2010 that a new guideline-
compliant study conducted in accordance with good laboratory practice (GLP)
would be helpful to reconcile uncertainties on the toxicity of BPA and offer risk
assessors and risk managers a more comprehensive body of animal research to
inform decision making. GLP practices ensure the uniformity, consistency, reli-
ability, reproducibility, quality, and integrity of chemical toxicity tests. In addition,
FDA'’s ongoing review of BPA offered an opportunity to test a new research model
based on enhancing the links between academic and guideline-compliant research.
These factors led to the genesis of the Consortium Linking Academic and Reg-
ulatory Insights on BPA Toxicity (CLARITY-BPA) research program (Schug
et al. 2013).

The intense discussions and scientific research on BPA have slowly contributed
to a process of improving our strategies on testing environmental chemicals.



1 Human Health Effects of Bisphenol A 23

Future studies on environmental contaminants may benefit from an early focus on
identifying data gaps and on collaborative efforts to confront controversies (or
prevent them before they arise). Fractured, uncoordinated research efforts can
leave significant unanswered questions, impeding progress and making it difficult
for risk assessors and regulators to interpret findings. In the future, perhaps earlier
investments to identify needs and coordinate research efforts will save time and
money, as well as improve our ability to protect human health.

1.7.1 Disclosure Statement

This book chapter is in part a work product supported by the intramural research
program at the National Cancer Institute (NCI), National Institutes of Health
(NIH) and by the NIEHS/NIH.
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Chapter 2
Phthalates in Food Packaging, Consumer
Products, and Indoor Environments

Kathryn M. Rodgers, Ruthann A. Rudel and Allan C. Just

Abstract Phthalates are a diverse group of chemicals, including five with pro-
duction volumes of over 1 million pounds per year in the United States (U.S.).
They are used as plasticizers in a variety of plastics including polyvinyl chloride
(PVC), medical devices (e.g., intravenous bags and tubing), food contact materials
(FCMs), toys, and household goods, and as solvents in fragranced personal care
and household products. Although not all phthalates have been evaluated for their
toxic effects, many that are in widespread use have displayed endocrine disrupting
properties on the developing reproductive system, especially in males, in labora-
tory, animal, and human studies. Widespread exposure to phthalates has been
documented in the U.S. and in European countries, with some examples of
unusually high exposures in certain populations, such as neonates with intravenous
interventions in hospital settings. For the majority of the population, the primary
route of exposure to the endocrine disrupting phthalates produced in the highest
volume, bis(2-ethylhexyl) phthalate (DEHP) and diisononyl phthalate (DINP), is
through diet. DEHP is used in food packaging, and also has been found to con-
taminate food sources directly. Some newer phthalates that have been introduced
as alternatives to phthalates with known health concerns are also endocrine dis-
ruptors, while others have not been evaluated. Regulatory agencies are considering
ways to define phthalates and assess their risk as a group based on chemical
structure.
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2.1 Key Take Home Points

e Phthalates are ubiquitous in the modern indoor environment, and they have a
variety of uses and diverse exposures.

e Food packaging and processing, vinyl household products, and vinyl flooring
are the major contributors of exposure to bis(2-ethylhexyl) phthalate (DEHP)
and several other phthalates that are used as plasticizers, while fragranced
products are an important source of diethyl phthalate (DEP) exposure.

e Population-level variations in exposures are influenced by factors such as
geography, dietary habits, gender, and personal care product use.

e Some phthalates, such as DEHP, are endocrine disruptors that affect the
developing male reproductive system by interrupting the production of fetal
testosterone and the protein involved in testicular descent, insulin-like 3 (insl3),
while other phthalates, such as DEP, are not endocrine disruptors.

e Because phthalates vary in their potency, and some do not show endocrine
disruption, all phthalates cannot be grouped together or be grouped based on
molecular weight.

e Since mixtures of phthalates act in a dose-additive manner, risks should be
considered cumulatively.

2.2 Introduction

Phthalates are a group of compounds commonly used in plastics and personal care
products. Although they are often referred to collectively by the single term
“phthalates,” there are many types of phthalates in widespread commercial use
with different predominant uses, physical and chemical characteristics, and toxi-
cologic profiles. Examples of phthalates, U.S. production volumes, endocrine
disrupting properties, and major uses are given in Table 2.1. DEHP and butyl-
benzyl phthalate (BBzP) are often used as plasticizers in flexible vinyl materials,
such as items ranging from food containers to vinyl flooring to medical devices.
Lower molecular weight phthalates such as dibutyl phthalate (DBP) and diethyl
phthalate (DEP) are used in personal care products, pesticides, glues, and paints as
solvents, and in time-released pharmaceuticals (Meeker and Ferguson 2012).
Phthalates are weakly bound to their incorporating substrate, and are thus easily
leached from products, enabling them to enter the environment. They are high-
production volume chemicals present in food packaging, foods, and a variety of
consumer products, and they are some of the most abundant chemicals measured
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in indoor air and house dust (Schecter et al. 2013; Dodson et al. 2012; Rudel et al.
2003). Not surprisingly, greater than 98 % of the U.S. population is considered
exposed to some widely used phthalates, although urinary concentrations of dif-
ferent phthalate metabolites typically span orders of magnitude within a population
(Silva et al. 2004; Aylward et al. 2011). The variability in concentrations of
phthalates in environmental media and biologic samples arises primarily from
variation in the sources and concentrations, individuals’ behaviors, and the
chemicals’ short biological half-lives.

Some phthalates are considered to be endocrine disruptors, thereby disrupting
normal hormonal signaling and functioning in the body. Consistent laboratory
evidence shows that DEHP, DBP, BBzP, and DINP are anti-androgenic; they
adversely affect the developing male reproductive system through inhibition of
testosterone and insl3 synthesis during fetal development, and there are supporting
human associations for these observations (Wilson et al. 2004; Swan et al. 2005).
Adpverse effects on male and female reproduction have also been demonstrated in
animal studies (Gray et al. 2006a). In humans there is also some evidence of
effects on metabolism, neurological development, asthma, and allergy (Meeker
and Ferguson 2012). While DEP is commonly found in personal care products,
particularly as a solvent for fragrance compounds, it has not been demonstrated to
show anti-androgenic endocrine disrupting activity.

2.3 Human Exposure and Biomonitoring

Widespread human exposure to phthalates has been documented by independent
studies and representative samples in the U.S., as well as European countries,
Mexico, Taiwan, and other populations (Meeker and Ferguson 2012). Phthalates
have been measured in indoor and outdoor air and house dust, foods and food
packaging, consumer products, and other media (Rudel et al. 2003; Dodson et al.
2012; Schecter et al. 2013; Rudel et al. 2010, 2011).

2.3.1 Exposure Biomarkers

Human exposure to phthalates is most commonly measured by chemical analysis of
urine to detect monoester and oxidative metabolites (Silva et al. 2007). Table 2.2
lists the common metabolites for biomonitoring major phthalates. Phthalates are
ubiquitous in the environment and also in sample collection and laboratory
equipment, so great care is required to produce valid measurements. The most
reliable exposure biomarkers are monoesters and oxidative metabolites in urine.
Measurements of the parent compound are vulnerable to contamination from lab-
oratory or sampling equipment. Additionally, hydrolytic enzymes found in blood,
breast milk, and other biologic matrices like amniotic fluid and meconium, but not
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Table 2.2 Selected urinary phthalate metabolites and median levels in the U.S. general popu-
lation (Centers for Disease Control and Prevention 2009)

Parent (abbreviation) Metabolite(s) (abbreviation) U.S. population
levels NHANES
2009—-2010
median (pg/L)
Dimethyl phthalate (DMP) Mono-methyl phthalate (MMeP) 0.94
Diethyl phthalate (DEP) Monoethyl phthalate (MEP) 54.90
Butylbenzyl phthalate (BBzP) Dibutyl Monobutyl phthalate (MBuP) 15.90
phthalate (DBP) Mono-isobutyl phthalate (MiBP) 8.30
Dicyclohexyl phthalate (DCHP) Mono-cyclohexyl phthalate (MCHP) <0.40
Butylbenzyl phthalate (BBzP) Monobenzyl phthalate (MBzP) 6.50
Bis(2-ethylhexyl) phthalate (DEHP) Mono-(2-ethyl-5-hydroxyhexyl) 12.90
phthalate (MEHHP)
Mono-(2-ethyl-5-oxohexyl) 8.02
phthalate (MEOHP)
Mono-2-ethylhexyl phthalate 1.59
(MEHP)
Di-n-octyl phthalate (DnOP) Mono-(3-carboxypropyl) phthalate 3.02
(MCPP)
Di-isononyl phthalate (DINP) Mono-iso-nonyl phthalate (MiNP)  <0.77

urine, can convert these contaminants into the monoesters after sample collection
(Calafat et al. 2006). Measurements of oxidative metabolites in blood are thought to
be reliable because they are not formed as a result of sample contamination.

Urinary levels of phthalate metabolites are considered the best measure of exposure
as phthalates are rapidly excreted within hours, primarily in the urine (Janjua et al.
2008). The measurement of phthalates in urine is a valuable biomarker for epidemi-
ologic studies of health effects because it integrates exposure across multiple routes:
ingestion, inhalation, and dermal absorption. The contribution of each of the routes of
exposure appears to vary between phthalates, with some phthalates primarily coming
from dietary sources, while others come from personal care products (Wormuth et al.
2006; Fromme et al. 2007). Because of the short half-lives of phthalates and because
urine levels vary throughout the day, average exposure levels are best estimated using
24-hour (h) urine samples, possibly from multiple days.

Urinary concentrations of phthalate metabolites are available for many popu-
lations, geographies, and age groups, and these provide useful information on
relative exposure levels among these groups. Pharmacokinetic models and other
techniques have been used to back-calculate exposure intake levels that correspond
to the urine levels (Lorber and Calafat 2012; Aylward et al. 2009; Koch et al. 2011).
Based on these models, researchers have estimated that the typical intake for DEHP
in the U.S. 2001 general population was in the range of 0.6-2.2 microgram/kg per
day (pg/kg per day), corresponding to median urine concentrations of MEHP,
50OH-MEHP, and 5oxo-MEHP of 4.1, 20.1, and 14.0 pg per liter (L), respectively
(Lorber and Calafat 2012). Others have used these relationships and a cumulative
assessment of exposure to three common phthalates (DEHP, DnBP and DiBP)
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Fig. 2.1 Excretion of several phthalate metabolites during 48-h fasting. Credit figure reproduced
with permission from John Wiley and Sons, Copyright © 2010 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; original figure appeared in: Wittassek et al. (2011) as Fig. 1

and showed that 24 % of German children exceeded the health-based guidance
value, the Tolerable Daily Intake (TDI) (Koch et al. 2011).

Because phthalates are not listed on ingredient labels in most product categories
in the U.S., there is no way to know which phthalates may be commonly found in
everyday products (Dodson et al. 2012). Since formulations change regularly,
substitutes may enter the market without the public knowing. As a result, scientists
may not always know which phthalates to measure in biomonitoring studies.

2.3.2 Diet as a Primary Route of Exposure

Several studies provide evidence that exposure to DEHP and its substitutes is
primarily from diet. In two similar studies, volunteers participated in a 48-h fast.
DEHP, DINP, DnBP, DiBP, and BBzP metabolites were measured in urine before
and during the fasting period (Koch et al. 2013; Wittassek et al. 2011). Within
24 h, DEHP and DINP metabolites were reduced to levels five to ten times lower
than pre-fasting measurements. DINP is a widely used substitute for DEHP.
However, no significant changes were seen for the urinary excretion of DnBP,
DiBP, or BBzP metabolites during the fasting period (Fig. 2.1), suggesting their
exposures were from non-food sources. In a similar attempt to reduce dietary
exposure sources, another intervention study removed food packaging from five
families’ diets (Rudel et al. 2011). Switching from a conventional diet to a diet of
whole foods and beverages that had limited contact with plastic, aluminum, or
canned packaging resulted in an average decrease of urinary DEHP metabolites
levels by over 50 % during the 3-day intervention period (Fig. 2.2). Reductions
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Fig. 2.2 Change in phthalate excretion during a dietary intervention to reduce food packaging.
Credit figure reproduced with permission from Environmental Health Perspectives; original
figure appeared in: Rudel et al. (2011) as Fig. 2

were even more pronounced for people with the highest pre-intervention expo-
sures, which resulted in more than a 90 % reduction of urinary DEHP. Levels of
the urinary metabolites of DMP, DEP, DBP, and BBzP did not significantly
change during the intervention period, again suggesting that exposure to these
phthalates is largely from non-food related sources.

2.3.3 Foods and Food Packaging

Phthalates, especially DEHP, have been reported at high concentrations in some
foods. In a dietary intervention study similar to that discussed in Sect. 2.3.2 (Rudel
et al. 2011), researchers substituted food with limited contact with plastic pack-
aging into ten families’ diets, and an unexpected spike in DEHP measurements
occurred during the dietary intervention period (Sathyanarayana et al. 2013). This
was an unexpected finding, and the authors concluded that the prepared meals that
were served to the participants were contaminated with DEHP. Milk, cream and
coriander used for meal preparation in the study had higher DEHP levels than
normally found in those foods, demonstrating food contamination may occur even
in the most careful of circumstances. Another study revealed phthalate contami-
nation in Taiwanese sport drinks, which contained high levels of DEHP added
illegally as a clouding agent (Yang et al. 2013).

Additional evidence that food and food packaging are important sources of
DEHP exposure come from observational human epidemiologic and panel studies.
For example, in analyses adjusted for body mass index (BMI), each ounce of poultry
consumed in the previous day was associated with an approximately 6 % higher
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level of urinary DEHP metabolites in the 2003—2004 National Health and Nutrition
Examination Survey (NHANES), which is representative of the U.S. non-institu-
tionalized population above 6 years of age (Colacino et al. 2010). In a biomonitoring
study collecting all urine specimens over a week from eight adults, the highest
excretion of DEHP metabolites among 427 specimens was subsequent to a meal of
packaged food and coffee purchased at a gas station (Lorber and Calafat 2012).

Phthalate levels in foods, based on limited testing, are highly variable and
suggest sporadic contamination events which may occur in the source or original
collection of the food, in the packaging or processing prior to market, or in the
preparation leading to consumption. Phthalate levels are generally higher in fatty
foods, including dairy products, meats, and vegetable oils. Phthalate esters are
considered lipophilic with higher lipophilicity in phthalates with longer side
chains, such as DEHP (Agency for Toxic Substances and Disease Registry 1995).
A 1990 study demonstrated that collection tubing used in a commercial dairy
resulted in DEHP-contaminated milk, and that the level of DEHP was at a higher
level in cream (Castle et al. 1990). This suggests that the DEHP migrated from the
collection tubing to the fat component of the milk and cream.

Recent testing of 72 foods purchased from a U.S. supermarket demonstrated that
various phthalates were detectable in all classes of food with DEHP being the highest
of the phthalates tested in most food categories, particularly in pork, dairy products,
vegetable oils and grains, although the sample sizes were limited (Schecter et al.
2013). This is largely consistent with concentrations found in European foods,
reviewed in a scenario-based model that found that diet had a major influence on
DEHP exposure (Wormuth et al. 2006). The sporadic contamination of food was
seen in the three U.S. cooking oil samples, which had concentrations of BBzP of 459,
2.20 and 0.35 nanograms per gram (ng/g), with the highest value detected in virgin
olive oil from a glass container, although the source of phthalates found in that
sample was unknown (Schecter et al. 2013). A study of FCMs by the European Food
Safety Authority (EFSA) found that the use of gaskets for metal lids made from PVC
on imported foods accounted for several of the highest observed concentrations of
phthalates in foods, although conveyor belts, gloves, and tubes for liquids were also
contributing sources (Petersen and Jensen 2010). Items used in the handing, pro-
cessing, and packaging of foods and beverages are all considered to be FCMs. The
packaging (polyethylene coated aluminum dishes sealed with polyethylene tere-
phthalate-coated foil) of hot cooked foods led to further increases in both DEHP and
DnBP in a study examining Italian school lunches (Cirillo et al. 2011).

It is unclear which food packaging materials contain phthalates and how dif-
ferent foods become contaminated. On the one hand, the American Plastics
Council states that:

phthalates are not used in plastic beverage bottles, nor are they used in plastic food wrap,
food containers, or any other type of plastic food packaging sold in the United States
(Enneking 2006).

On the other hand, the studies described above show that diet remains an
important source of phthalate exposure, and that food packaging is one established
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contributing source (Schecter et al. 2013; Rudel et al. 2011). Some possible
explanations for this discordance include inconsistent compliance with industry
claims, particularly in imported foods; introduction of phthalates from recycled
content or during manufacturing; use of packaging on food that was not intended
for food use; and use of PVC and other phthalate-containing plastics in food
processing and handling (Petersen and Jensen 2010; Tsumura et al. 2001;
Montuori et al. 2008). Identifying the specific sources of phthalate contamination
in food has been difficult because of the variety and vast assortment of FCMs in
use, and the large number of manufacturers of foods and food packaging materials.
Surveys of phthalates in materials and foods are further limited by the expense of
laboratory measurements and the technical challenge of directly measuring
phthalate diesters that are prone to laboratory contamination.

2.3.4 Non-dietary Sources

Exposures to phthalates other than DEHP and its substitutes are primarily from
non-dietary sources, possibly from consumer goods in the indoor environment and
personal care products. A study that paired indoor and outdoor air measurements
found that phthalates were the most abundant chemicals in indoor air and house
dust, with maximum levels of DBP in air of 1.1 micrograms per cubic meter (ug/m?)
and levels in house dust approaching 1 mg per gram (g) (Rudel et al. 2003, 2010).
There was no correlation between indoor and outdoor air measurements of DEP,
DBP, DiBP, or DEHA, an alternate plasticizer, demonstrating that phthalate
exposures are primarily from indoor sources. In a cohort in New York City, homes
with vinyl floors were correlated with indoor air and urine measurements of BBzP,
but not DEHP, which is further support for the idea that DEHP exposure is primarily
from food and food packaging (Adibi et al. 2008; Just 2012). In a Swedish study
of infants, the urinary metabolites of BBzP, but not DEHP, were higher among those
with PVC flooring in their bedrooms (Carlstedt et al. 2013). These studies dem-
onstrate that BBzP used in vinyl migrates out of its substrate, entering indoor air and
dust, leading to exposures through inhalation or ingestion of dust. Recent research
has shown that exposure via dermal absorption in the indoor environment is a major
contributor to the total intake for certain phthalates that predominantly partition to
the gas-phase. A Danish study of children aged 3—6 estimated that dermal absorption
of DEP, DnBP, and DiBP was the dominant exposure pathway of these phthalates in
the indoor environment. More research in the dermal exposure pathway from
ambient indoor air is forthcoming (Beko et al. 2013).

DEHP and BBzP are found in consumer products at high concentrations. DEHP
is especially high in vinyl products, up to 40 % by weight (Agency for Toxic
Substances and Disease Registry 2002). DEP, also commonly found in the indoor
environment, is used as a solvent for fragrance in perfumes, lotions, hair products,
and other personal care products. A 2012 study tested 213 commercial products,
including “conventional” products and some “alternative,” or advertised as
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healthier, products (Dodson et al. 2012). DEHP was detected at the highest con-
centration of the phthalates tested: 28 % by weight of a vinyl shower curtain, and
14 % by weight of a vinyl pillow protector; BBzP was also detected in the pillow
protector at lower levels. DEHP also was detected in conventional diapers, hand
sanitizer, shaving cream, deodorant, lipstick, car air freshener, dryer sheet, nail
polish, and sunscreen. DEHP also was found in alternative products, including
hand sanitizer, shaving cream, lipstick, and an alternative pillow protector (at very
low levels). DEP was one of the most commonly detected chemicals in both
conventional products and alternative products. Of the ten phthalates tested for,
four were found in both conventional products and alternative products, including
DEP, di-n-butyl phthalate (DnBP), BBzP, and DEHP. Other types of conven-
tional products with additional phthalates, such as di-n-octyl phthalate (DnOP),
di-n-hexyl phthalate (DnHP), and diisobutyl phthalate (DiBP) included foundation
makeup, lipstick, and perfume. Other alternative products that contained DnOP,
DINP, and di-cyclohexyl phthalate were laundry detergent, shaving cream, bar
soap, baking soda, and borax. Exposure to these phthalates may result from direct
contact with the product, such as shaving cream applied directly to skin, and also
from inhalation or ingestion of phthalates that migrate out of the product, as in the
case of DEHP in vinyl shower curtains. The European Union (EU) also identified
DEHP, DnBP, and DiBP in PVC-containing sandals and DEHP in PVC-containing
sex toys as potentially significant sources of exposure (European Chemicals
Agency 2012). Although there are now some restrictions on phthalates in chil-
dren’s toys in the EU and U.S., high levels have been reported in PVC-based toys,
some containing up to 40 % DINP or DEHP (Schettler 2006; Stringer et al. 2000).

Phthalates have also been detected in art supplies, including modeling clay. High
concentrations of DnOP, DnHP, BBzP, and DEHP have been reported in SculpeyTM
and Fimo® modeling clay, with levels up to 14 % by weight (Schettler 2006). Contact
with these concentrated sources can likely be associated with much higher exposure
levels than reported in the general population, especially for children who may exhibit
greater hand-to-mouth-activity resulting in incidental ingestion of DEHP. Inhalation
exposure may also be important when the clay products are baked dry.

A survey of phthalates in personal care products purchased in the U.S. in 2002,
with a follow-up published in 2010, found that eight of 25 products that were re-
tested no longer contained phthalates, possibly indicating reformulation following
market pressures (Hubinger and Havery 2006; Hubinger 2010). In the 2010 fol-
low-up study, while DEP was still widely found and in high concentrations, the
only other phthalate that was found in adult-use cosmetic products was DnBP in
11 of 24 nail products with widely ranging concentrations (<10-62,607 ng/g)
(Hubinger 2010). Of the phthalates tested, only DEP was detected in a survey of 24
baby-care products in the U.S. (baby shampoo, body wash, cream, lotion, and oil
products) (Hubinger 2010). Similar results, also showing DEP detection, were
reported in a survey of personal care products purchased in Canada (Koniecki et al.
2011). These changes may reflect restrictions in the EU on DEHP, DBP, and BBzP
in personal care products that were enacted in 2004 (European Union 2004).
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Several studies have demonstrated that adult use of personal care products,
particularly the use of fragrance (cologne or perfume), the use of multiple products,
and use reported in the house before urine collection, is associated with higher
levels of urinary DEP metabolites in Israel and the U.S. (Berman et al. 2009; Duty
et al. 2005a; Just et al. 2010; Parlett et al. 2013; Braun et al. 2013). In one study, a
model adjusting for urinary dilution, age, education, and use of perfume or cologne
in the previous 24 h explained 41 % of the population variance in urinary DEP
metabolites, with fragrance users having almost three times the concentration of
non-users on average (Parlett et al. 2013). In two separate studies, personal care
product use in Mexico was associated with higher urinary levels of DEHP and DEP
metabolites among adult women, and among both boys and girls 8—13 years of age
(Romero-Franco et al. 2011; Lewis et al. 2013). A study measuring phthalate
metabolites in infant urine found that reported use of baby care products (lotion,
powder, and shampoo) was associated with higher levels of infant exposure to and
urinary excretion of DMP, DEP, and DiBP (Sathyanarayana et al. 2008).

Contact with certain phthalate-containing products may lead to unusually high
exposure levels. For example, Hauser et al. reported that study participants using
phthalate-containing medications had urinary DBP levels 100 times above the
NHANES 95th percentile (Hauser et al. 2004). Use of phthalate-containing medical
devices can also affect potential exposures. For instance, infants in a neonatal
intensive care unit showed elevated urinary levels of DEHP, DBP, and BBzP
metabolites, with highest levels observed in conjunction with the most intensive use
of medical devices that contained or contacted PVC (Weuve et al. 2006).

2.3.5 Exposure Trends: Demographic and Geographic
Patterns

Results from a biobank of samples from German university students show that the
daily intake of both DEHP and DnBP, as estimated from urinary excretion patterns
of metabolites, decreased substantially over 15 years, with the median DnBP
intake falling to less than one-third of 1988 levels by 2003. Over the same period,
there was some evidence of increasing exposure to the replacement phthalates
DiNP (a DEHP replacement) and DiBP (a DnBP replacement) (Wittassek et al.
2007). It also was noted that the annual median intake of DEHP for German
students, estimated from urine samples from this biobank, had an extremely close
correlation (r = 0.97) with yearly German industrial DEHP production data over
the same period (Helm 2007).

Gender and age may also affect use patterns of phthalate-containing products.
DEP exposures were higher in females than in males, and higher in adults and
adolescents compared to children in one U.S. study, likely reflecting patterns of
personal care product use (Silva et al. 2004). DBP, BBzP, and DEHP metabolites
were higher among children and among females than in males (Silva et al. 2004).
In a study conducted in Mexico City, levels of metabolites of DEP, DnBP, DiBP,
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BBzP and DEHP in stored maternal urine collected during the third trimester of
pregnancy were compared with paired urine samples from the delivered children
when they were aged 8—13 years; children had higher levels than their mothers
except for the DEP metabolite which is found in personal care products, partic-
ularly perfume (Just et al. 2010; Hubinger and Havery 2006).

Biomonitoring results from NHANES demonstrate that socioeconomic factors
are associated with large differences in population exposure to different phthalates.
This may be the result of economic and social differences in dietary preferences,
housing materials, and consumer product use patterns. In a pooled analysis of
female NHANES 2001-2008 participants 20-39 years of age, those in the lowest
quartile of overall socioeconomic status (SES) had lower urinary DEHP metabolite
levels but an average of 1.83 times the BBzP metabolite concentrations of those in
the highest quartile of SES. Non-White ethnicities had higher urinary DBP and
DEP metabolite levels compared with Non-Hispanic Whites but lower urine BBzP
after accounting for SES (Kobrosly et al. 2012). Whether these phthalate exposure
and urinary excretion patterns would apply to other populations and other
demographic groups requires further research. Women in a Mennonite community
that had a limited exposure to plastic food packaging, cosmetics, and automobiles
had lower exposures to DEP, DiBP, and DEHP, measured from urinary excretion
than the general population (Martina et al. 2012).

2.4 Health Effects
2.4.1 Reproductive Toxicity: Laboratory Animals

Animal studies provide consistent evidence that certain phthalates target the
developing male reproductive system. These effects in animal studies have been
termed Phthalate Syndrome (PS), and the effects mirror a set of reproductive
symptoms seen in human males, termed Testicular Dysgenesis Syndrome (TDS).
TDS and PS include symptoms that arise from insufficient testosterone production
during in utero development, including undescended testes, malformations of the
penis, reduced anogenital distance (AGD), decreased sperm motility and mobility,
infertility, and testicular cancer (Meeker and Ferguson 2012). Phthalates that have
exhibited these effects in animal studies are DiBP, DnBP, BBzP, DEHP, diiso-
heptyl phthalate (DiHP), and DiNP (Gray et al. 2000; Hannas et al. 2011). Tes-
ticular toxicity has also been observed following pubertal exposure, and, at higher
doses, in adult males (Mahood et al. 2007; Noriega et al. 2009).

Although the effects of phthalates on the male reproductive system are the most
fully described, DEHP has been shown to affect the female reproductive system as
well. Female rats treated with DnBP from weaning through pregnancy aborted
litters subsequent to decreases in progesterone levels, and these effects are
observed at similar doses that induce testicular toxicity in adult male rats (Gray
et al. 2006a). Female marmosets (primates) showed effects on ovarian and uterine



2 Phthalates in Food Packaging, Consumer Products, and Indoor Environments 43

weight and blood levels of estradiol following 65 weeks of pubertal exposure to
DEHP (Tomonari et al. 2006). In a study that examined generational affects,
female pups of mice orally exposed to high doses of MEHP during pregnancy had
shorter life expectancy, prolonged estrus cycles, and hyperplasia of mammary
tissue (Moyer and Hixon 2012). At extremely high doses, adult female rats orally
exposed to DEHP have lowered circulating estradiol, prolonged estrus cycles, and
experience anovulation (Lovekamp-Swan and Davis 2003).

Phthalates are thought to cause their toxic effects on male reproductive devel-
opment by interrupting testosterone and insl3 production in the testes during the
sensitive in utero masculinization programing window. In male mammals, testos-
terone and insl3 are necessary to change the default phenotype from female to male
during fetal development. Therefore, the fetus is at the most sensitive develop-
mental stage for the reproductive health effects of anti-androgenic chemicals. The
specific developmental period of greatest sensitivity to these effects is from 15.5 to
17.5 days gestation in the rat and 8—20 weeks gestation in the human (Scott et al.
2009). Rodent studies with DEHP and DiBP show that the inhibition of testosterone
production in Leydig cells, which produce testosterone in the testes, may occur
through down-regulation of key genes, including StAR, HMC-CoA synthase, and
SRBI1 (involved in cholesterol uptake), and the enzymes CYP11A, 3B-Hsd, and
CYP17 (involved in steroid biosynthesis). Because cholesterol is the first building
block of testosterone synthesis, down-regulation of its uptake and transport may
result in less testosterone production. CYP11A is the rate-limiting step of testos-
terone biosynthesis, and CYP17 is regarded as the qualitative regulator of steroi-
dogenesis because it is necessary in more than half of the conversions from
cholesterol to testosterone (Scott et al. 2009). During pubertal development, Sertoli
cells are also a target of phthalate toxicity. Some phthalates, such as DEHP, impair
the production of spermatozoa by interrupting the Sertoli cells’ ability to nourish
the germ cells (Hauser et al. 2006). Insl3, which is a protein involved in controlling
testicular descent, is adversely affected by DEHP’s monoester metabolite, MEHP
(Gray et al. 2006b). One study found that DINP reduced immunostaining intensity
in Leydig cells for StAR, P45scc, and CYP17 in similar manner as DEHP (Boberg
2007). Scientists expect harm to the male reproductive system observed in animal
models to be relevant to humans because similar effects have been observed in
many species of mammals, including rats, mice, hamsters, ferrets, and guinea pigs
(Voss et al. 2005; Hannas et al. 2012; Hotchkiss et al. 2008).

Differences in phthalate structure determine how they are metabolized and their
toxic effects. MBuP and MBzP, metabolites of DBP and BBzP, have been iden-
tified as active metabolites toxic to reproductive endpoints, including sperm
concentration in adult males (Hauser et al. 2006). Direct measures of parent
phthalates or phthalate monoester metabolites in blood are difficult to interpret
because of the high likelihood of contamination from sampling or from lab
materials given that esterase activity after sample collection can generate mono-
ester metabolites in samples contaminated after collection (Calafat et al. 2013).

Phthalates differ in their ability to affect androgen pathways, with some
showing anti-androgenic effects and others showing no effect (see Table 2.1).
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These effects may partially be due to the potency of the phthalate. Dr. Earl Gray, a
reproductive biologist and toxicologist at U.S. Environmental Protection Agency
(USEPA), has conducted experiments to assign relative potencies to different
phthalates. DMP, DEP, BBzP, DEHP, dioctyl tere-phthalate (DOTP), and DINP
were orally administered to pregnant rats perinatally, and their offspring were
assessed for androgen-sensitive endpoints. While administration of DEP, DMP,
and DOTP did not exhibit adverse effects on the male reproductive system, DEHP
and BBzP produced male malformations, including reduced AGD and nipple
retention, with similar potencies and frequency. At the same dose, DINP produced
these malformations with approximately ten times less prevalence (Gray et al.
2000). DnBP and DiBP have also shown to exhibit similar potencies to DEHP and
BBzP, while dipentyl phthalate (DPP) was three times more potent than DEHP
(Howdeshell et al. 2008). Examples of human reproductive toxicity with exposure
to various phthalates are provided in Sect. 2.4.4.

2.4.2 Epigenetic Changes

There is some evidence that phthalates can cause other types of toxicity, including
epigenetic changes. Epigenetic effects are changes to genetic expression, which
can occur through the way DNA is packaged, such as histone modification and
methylation patterns. Changes to genetic expression may have adverse effects, and
heritable epigenetic changes may alter DNA expression across several generations.
A study with human breast cell line MCF10A and human breast cancer cell line
MCF?7 found that exposure to BBzP led to demethylation of a promoter region of
estrogen receptor alpha (ERa) (Kang and Lee 2005). ERa is a cellular receptor for
the hormone estrogen, and it is necessary for normal estrogen function in both men
and women. In another study, DnBP was associated with hypomethylation in the c-
myc proto-oncogene in liver cells (Ge et al. 2002). Prenatal exposure to DEHP in
mice was found to induce PS, increase DNA methylation of testes, and increase
methyltransferase expression (Wu et al. 2010).

2.4.3 Carcinogenicity and Genotoxicity

In addition to having adverse effects on the male reproductive system, DEHP has also
been found to produce liver tumors in both male and female Fischer-344 rats and
B6C3F1 mice. Animals fed DEHP in a 2-year cancer bioassay had significantly
higher incidence of malignant liver tumors (hepatocellular carcinomas), compared to
control groups (Integrated Risk Information System 1997). In a study with male
Sprague-Dawley rats fed DEHP in their diet for 3 years, benign Leydig cell tumors in
the testes occurred with nearly twice the incidence than the control animals (Voss
et al. 2005). Testicular tumors are a symptom of TDS and the finding is consistent
with the testicular damage associated with phthalates. A 2-year study with Fischer-
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344 rats fed DEHP in their diet resulted in significantly higher incidence of benign
pancreatic tumors in the male rats in the highest dose group (David et al. 2000).
DEHP has been rated as reasonably anticipated to be a human carcinogen by the
National Toxicology Program (NTP) based on evidence from laboratory animal
cancer bioassays (National Toxicology Program 2011). DINP has structural and
mechanistic similarities to DEHP and was recently identified as a carcinogen based
on several rodent studies (Office of Environmental Health Hazard Assessment
California Environmental Protection Agency 2013). Like DEHP, DINP also has
been found to cause increased hepatocellular carcinomas in male and female Fischer-
344 rats and B6C3F1 mice. Male and female Fischer-344 rats also experienced
significantly increased incidence of mononuclear cell leukemia following chronic
DINP exposure. Increased incidence of renal tubular cell carcinoma was observed in
male Fischer-344 rats, although a statistically significant association was observed in
only one study. Incidence of pancreatic islet cell tumors, Leydig cell tumors, and
uterine tumors all increased in Sprague-Dawley rats following DINP exposure,
although findings did not reach statistical significance.

Additional genotoxic effects in vivo also have been observed, such as DNA
damage, chromosomal aberrations, and tumor promotion (International Agency for
Research on Cancer 2012). The mono-ester metabolite of DEHP, MEHP, activates
peroxisome proliferation activated receptor alpha (PPARa) in the liver, which is
thought to lead to liver tumors, and it has been hypothesized that rats are more
sensitive to this liver effect than humans because of species differences in PPARa
(Melnick 2001; Rusyn and Corton 2012). DINP also activates PPARa, as well as
PPAR gamma (y). However, a 2-year dietary DEHP study with PPARa-null mice
found significantly increased incidence of malignant liver tumors in the PPARa-
null mice compared to wild-type mice, demonstrating the liver effects are not
entirely PPARa-dependent. The authors hypothesize DEHP exposure may lead to
the formation of reactive oxygen species, causing DNA damage in liver tissue,
contributing to tumor effects through other pathways (Ito et al. 2007).

2.4.4 Reproductive Toxicity: Human Epidemiology

Epidemiologic studies measuring phthalate exposure largely show consistency with
animal models’ evidence of harm to the male reproductive system (Meeker and
Ferguson 2012). One longitudinal cohort study in the U.S. described decreased AGD
in male children whose mothers had higher levels of MEP, MBP, MBzP, and MiBP
in their urine (Swan et al. 2005). AGD is a testosterone-dependent endpoint of
genital development. Males have longer AGDs due to increased fetal testosterone
levels as compared to females, who have shorter AGDs due to lower testosterone
levels. This finding is consistent with evidence from animal models for exposures to
the anti-androgenic phthalates BBzP and DBP, although DEP does not produce anti-
androgenic effects in animal models. These results suggest that phthalates are
interfering with fetal testosterone levels. A Danish-Finish cohort study examined the
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levels of phthalate monoester metabolites in breast milk of mothers of 3-month old
male infants (Main et al. 2005). Higher breast milk levels of MBP, the active
metabolite of DBP, were statistically significantly negatively correlated with free
serum testosterone levels in male offspring. Breast milk levels of MiNP, the primary
metabolite of DINP, were significantly positively correlated with serum levels of
luteinizing hormone (LH) in the boys. Increased LH is an indirect indicator of anti-
androgenic effects because its production is stimulated in the presence of low tes-
tosterone levels. MMP (a metabolite of DMP) and MBP (a metabolite of DBP and
BBzP), measured in mother’s breast milk, were both significantly positively cor-
related with LH:free testosterone ratio in male offspring. This finding may indicate
that impaired testosterone production has been compensated by increased levels of
LH (Scott et al. 2009). Of these associations, DBP and DINP, but not DMP, are
supported by anti-androgenic activity in animal models. The authors found no sta-
tistically significant difference between lactational phthalate exposure and the
presence or absence of cryptorchidism (undescended testes). Another study found
higher risk of pubertal gynecomastia (breast tissue development) in boys aged
11-15 years in Turkey, who had higher plasma concentrations of DEHP and MEHP
(Durmaz et al. 2010). Additional studies with adult men have shown associations
with phthalate exposures and reduction in serum free testosterone and increased
DNA damage in sperm (Duty et al. 2005b; Hauser et al. 2006; Pan et al. 2006).

Although few epidemiological studies have focused on female reproductive
endpoints, one study that examined MEHP levels in women near the time of
conception found that increased urinary levels of MEHP were associated with an
increased risk of miscarriage, compared to women with lower MEHP levels,
consistent with a study in female rats (Toft et al. 2012; Gray et al. 2006a).

Gender-specific behavioral endpoints also have been assessed in relation to
phthalate exposure. Sexually dimorphic play behavior was observed among chil-
dren as measured by a validated questionnaire; elevations in mid-pregnancy uri-
nary concentrations of MnBP, MiBP, MEOHP, and MEHP in the mothers were
significantly positively correlated with decreased masculine play in their male
children (Swan et al. 2010). All of these phthalates show anti-androgenic activity
in animals, and this study supports the idea that androgen production may also
alter sexual differentiation in the brain during fetal development. Confounding is
an important consideration and limitation of epidemiological studies, and it is
discussed in Sect. 2.4.8.

2.4.5 Epidemiological Associations with Evidence
of Neurotoxicity

Neurological effects associated with phthalate exposure also have been reported in
human studies. Although a mechanism of action has not been demonstrated, it is
hypothesized that disruption of maternal thyroxine levels may contribute to the
downstream clinical effects of thyroid dysfunction (Meeker et al. 2007).
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Measurements of maternal urinary phthalate measurements in the third trimester,
specifically low molecular weight phthalates, including MBP, MEP, MiBP, and
MMP, were associated with symptoms of attention deficit hyperactive disorder in
follow up of their children at ages 4 through 9. Statistically significant poorer results
in emotional control and Global Executive Composite scale, a measure of executive
function or regulation of cognitive processes, were seen among boys with increasing
third trimester measurements of MEP, MBP, and MMP (Engel et al. 2010).

2.4.6 Epidemiologic Associations with Metabolic Effects

Metabolic health effects as a result of phthalate exposure are thought to occur via
the PPAR pathway and through endocrine disruption of the thyroid hormones. The
sodium/iodide symporter, necessary for normal thyroid function, can be down-
regulated by some phthalates in animal models (Breous et al. 2005). The PPARs
are nuclear receptor proteins that are involved in metabolism, cellular differenti-
ation, and development. Two of these receptors, PPARa and PPARY, have been
shown to be activated by MEHP, MBzP, and MBuP. PPARY is primarily found in
adipose tissue and controls adipogenesis, or fat cell creation (Hurst and Waxman
2003). Because of the phthalates’ interaction with fat cells and the endocrine
system, there is concern that these chemicals may have health effects related to
metabolism, such as obesity and diabetes. In a study based on NHANES data,
children in the 2003-2008 surveys that had higher levels of urinary DEHP
metabolites had elevated systolic blood pressure. This cross-sectional analysis
adjusted for diet, BMI, and demographic characteristics (Trasande et al. 2013).
Decreased levels of thyroid hormones in adult males and females has been
observed in association with MEHP and MBP exposure (Meeker and Ferguson
2012). Decreased insulin resistance and increased waist circumference in adult
males has been observed in association with BBzP, DEHP, and DEP exposures
estimated from urinary excretion (Meeker and Ferguson 2012).

2.4.7 Epidemiologic Associations with Immune System
and Respiratory Effects

Phthalate exposure has been associated with respiratory symptoms in both male and
female children and adults. Individual studies have used a variety of endpoints and
identified links with several different phthalates. BBzP in house dust was associated
with childhood eczema, a persistent skin rash that may be related to the development
of an allergic phenotype, in a cross-sectional Swedish case control study (Bornehag
et al. 2004). Similarly, prenatal concentrations of the urinary metabolite of BBzP
were positively associated with a report of early eczema in an urban cohort of
children from New York City (Just et al. 2012b). Although lacking direct exposure
measures, PVC materials in the home such as plastic wall materials or PVC flooring
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(potential sources of BBzP and/or DEHP) were associated with wheezing and
asthma symptoms in several cross-sectional and prospective studies of children
(Jaakkola et al. 1999, 2000; Larsson et al. 2010). Increased urinary metabolites of
DEP and DBP were associated with decreased lung function but only among males
in a cross-sectional sample of 240 U.S. adults (Hoppin et al. 2004). Metabolites of
DEP and BBzP, both believed to have substantial contributions from inhalation,
were associated with higher airway inflammation as measured by fractional exhaled
nitric oxide among children 5-9 years old. There were stronger associations for
BBzP among children with report of recent wheeze who may be more susceptible to
inflammatory effects of pollutants (Just et al. 2012a). In a study of Norwegian
children at age 10, the urinary metabolites mono(carboxyoctyl) phthalate and
mono(carboxynonyl) phthalate, but not the metabolites of other common phthalates,
were associated with current asthma in a cross-sectional design (Bertelsen et al.
2013). Given the etiologic period of allergy and asthma that develops over a period
of months or years, more longitudinal studies are needed to assess whether exposure
to different types of phthalates could contribute to incident allergy or asthma.

2.4.8 Limitations of Epidemiological Studies

Confounding is important to consider in epidemiological studies. Exposure studies
have demonstrated that people with higher levels of DEP use many more fragr-
anced and personal care products, and these products contain many different
chemicals, including endocrine disruptors such as parabens and some fragrances
(Duty et al. 2005a; Dodson et al. 2012). Thus, MEP in urine may be a proxy for a
complex set of exposures that could be important for the health endpoints in
studies. Similarly, DEHP in urine was reduced in people eating a fresh food diet
with limited packaged food. DEHP metabolite levels may be a proxy for people
who eat a less healthy diet of more processed and packaged foods. Therefore,
health outcomes associated with the phthalate levels may be due to nutritional
factors, or other chemicals that may migrate from packaging to foods or beverages
(Rudel et al. 2011). Additionally, cross-sectional analyses, such as those using
NHANES, must be interpreted with caution when used to draw associations
between short-lived exposure and complex chronic diseases (LaKind et al. 2012).

2.5 Risk Assessment and Cumulative Effects

Phthalates act in a dose-additive manner; exposure to multiple anti-androgenic
phthalates will result in additive risk to reproductive harm, so risks must be eval-
uated considering cumulative exposure (Hotchkiss et al. 2010; Koch et al. 2011).
Phthalates also act additively with other chemicals that disrupt fetal testosterone
synthesis by different mechanisms (Howdeshell et al. 2008). These findings
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prompted the National Research Council and others to report that phthalates, along
with other compounds with similar actions, should be considered for their cumu-
lative effects on the male reproductive system (National Research Council 2008;
Koch et al. 2011).

A recent study in Germany with 111 school children aged 5-6 conducted a
cumulative risk assessment, using an approach that combined the ratios of daily
exposure and TDI for each phthalate measured in the study. Roughly a quarter of
the children exceeded the cumulative TDI for DEHP, DnBP and DiBP, the three
phthalates with the most evidence of male reproductive toxicity (Koch et al. 2011).
This study’s findings indicate that although these phthalates are regulated in the
EU in children’s toys, childcare goods, and cosmetics, exposures are currently
above acceptable levels for male reproductive health.

2.6 Regulations and Policies
2.6.1 United States

In the U.S., the Food and Drug Administration (FDA) has issued guidance for
restricting the use of DBP and DEHP in prescription and nonprescription products
(Food and Drug Administration 2012). This does not address phthalate use in drug
delivery systems, packaging, or medical equipment. The FDA states that there is no
health risk posed by phthalates used in cosmetics, and labeling of phthalate
ingredients is not required if they are used in fragrances or in professional salon
products (Food and Drug Administration 2013). Three phthalates, DEHP, DnBP,
and BBzP are banned in the U.S. in children’s toys and some child care articles
intended to facilitate feeding, sucking, or teething under the Consumer Product
Safety Improvement Act (United States Congress 2008). Three additional phtha-
lates, DINP, DIDP, DnOP are temporarily banned from children’s toys that can be
placed in a child’s mouth, or children’s toys smaller than 5 centimeters (cm). The
ban does not apply to inaccessible parts of a toy (United States Congress 2008). The
Consumer Product Safety Commission’s (CPSC) Chronic Hazard Advisory Panel is
conducting a hazard assessment on these phthalates to determine if their ban will be
lifted or remain in place (United States Environmental Protection Agency 2012b).

The USEPA developed an Action Plan for phthalates based upon their toxicity,
widespread use, and human exposure. Eight phthalates are included in the Action
Plan: DBP, DIBP, BBzP, di-n-pentyl phthalate (DnPP), DEHP, DnOP, DINP, and
DIDP. The USEPA will coordinate with the CPSC and FDA on regulatory action
to address the manufacturing, use, sale, and distribution of these compounds in the
U.S. (United States Environmental Protection Agency 2012b). To date, a Signif-
icant New Use Rule has been proposed for DnPP, which requires manufacturers or
processors of the chemical to obtain USEPA approval (United States Environ-
mental Protection Agency 2013). Levels of DEHP in drinking water are regulated
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by the Clean Drinking Water Act, with a maximum contaminant level (MCL) of
0.006 mg/L for DEHP. DEHP and DBP are listed as hazardous pollutants under
the Clean Air Act (United States Environmental Protection Agency 2012b).

California’s Safe Drinking Water and Toxic Enforcement Act of 1986, more
commonly known as Proposition 65, requires products that contain chemicals
identified as carcinogens or toxic to development or reproduction by the state of
California’s Office of Environmental Health Hazard Assessment to be labeled as
such in the state. DEHP is labeled as a carcinogen and male developmental toxicant.
DINP is recognized as a carcinogen, and DBP, DIDP, BBzP, and DnHP are devel-
opmental toxicants under this act (State of California Environmental Protection
Agency Office of Environmental Health Hazard Assessment 1986). This rule can
provide an incentive for companies to reformulate products with safer alternatives.

Several phthalates are listed among the risks to public health associated with
PVC materials, and the American Public Health Association, which represents a
broad array of public health professionals, urges federal and local governments to
replace PVC when possible in medical care settings, schools, public housing, and
building materials (American Public Health Association 2011).

Screening phthalates for anti-androgenic activity has been proposed by the
USEPA’s Endocrine Disruptor Screening Program (EDSP). DnBP, BBzP, and
DEHP are included in the first group of 67 chemicals to be screened as part of the
EDSP. Because phthalates’ anti-androgenic activity is not a result of direct action
of the chemical on the androgen receptor, receptor-based screening assays will not
detect the anti-androgenic activity of phthalates or evidence of other indirect
endocrine disruption (Ankley and Gray 2013).

2.6.2 European Union

Food, food packaging, and pharmaceuticals have been shown to increase human
exposure to phthalates. To address this, the EFSA restricted the use of DBP, DIDP,
BBzP, DEHP, and DINP in FCMs (Petersen and Jensen 2010). In the EU, DEHP is
allowed in food production facilities, such as in conveyor belts, provided it does next
exceed the substance migration limit of 1.5 mg/kg of food, although it is prohibited
from single-use lips or caps (European Union 2007). DEHP, DBP, and BBzP are
banned from children’s toys and child care articles intended to be placed in the
mouth by children under age 3, and DINP, DIDP, and DnOP are banned from toys
and childcare articles that can be placed in the mouth by children (European
Parliament Council 2005). DEHP, DBP, and BBzP are prohibited from use in
cosmetics (European Union 2004). Regulations in the EU require human health and
environmental testing and data sharing for chemicals within its legislative chemical
framework under Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH). Substances of Very High Concern are evaluated for restric-
tion, or authorization for certain uses only. DnPP, bis(2-methoxyethyl) phthalate,
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DiBP, BBzP, DEHP, and DnBP are on the candidate list for REACH authorization
as toxic for reproduction (European Chemicals Agency 2013).

The European Medicines Agency recently released a guidance document rec-
ommending a reduction in the content of DEP and DBP in medicines in order to
protect the safety of all patient populations, in recognition that phthalate exposure
through medicines may contribute to the overall burden of phthalate exposure
(European Medicines Agency 2013).

2.7 Alternatives

A variety of chemicals are commonly used as alternatives to phthalate plasticizers.
Di(isononyl) cyclohexane 1,2-dicarboxylate (DINCH), di(ethylhexyl) adipate
(DEHA) and O-acetyl tributyl citrate (ATBC) have been reported as substitutes that
are commonly used in DEHP-free products in medical settings, in children’s
products, and in plastic cling wrap for food storage (Health and Consumer Protection
2007; United States Environmental Protection Agency 2012b; Lowell Center for
Sustainable Production 2011). Some alternatives have been evaluated for health
effects, and there is evidence of both reproductive and non-reproductive health
endpoints associated with these chemicals. In a 2-year study, DINCH administration
was associated with increased thyroid weight in both male and female rats, and a 90-
day repeated dose study in rats resulted in increased liver and testes weight (Lowell
Center for Sustainable Production 2011; Health and Consumer Protection 2007).
Studies have shown that DEHA leaches from its plastic polymer to a greater degree
than DEHP. There is limited evidence of DEHA’s carcinogenicity from two rodent
feeding studies. There was no evidence of carcinogenicity in rats, while liver car-
cinomas and adenomas were observed in DEHA-treated male and female mice,
leading to its Group 3 classification by IARC (Group 3: not classifiable as to its
carcinogenicity in humans) (Van Vliet et al. 2011; World Health Organization
2000). ATBC is a citric acid-derived plasticizer with high potential to leach from
plastic and health effects noted in T cells, increased liver weight, and reduced body
weight rat pups following in utero exposure (Health and Consumer Protection 2007).
Biomonitoring data on these alternatives are limited, although German urine sam-
ples show an increased in detectable levels of DINCH metabolites from 7 % in 2006
to 98 % of urine samples in 2012 (Schutze et al. 2014).

2.8 Summary

While phthalates are a diverse group of compounds that are used in many appli-
cations, they have toxicological differences, and they cannot all be considered as
one group. Humans are primarily exposed to DEHP through their diet, although
consumer products and building materials in the indoor environment are also
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significant contributors to exposure to DEP, DBP, BBzP, DEHP, and DINP. Since
phthalates are so commonly used, most people experience constant exposure,
although levels vary throughout the day due to the compounds’ short half-lives.
Because of this rapid clearance from the body, studies have indicated it is possible
to reduce exposure levels quickly by eating fresh whole foods and avoiding foods
or beverages stored in plastic or cans. The best understood toxic effect of some
phthalates is on the developing male reproductive system. Their toxicological
action on this system is known to be additive, and thus phthalates and other
compounds that exert similar effects should be considered cumulatively in a risk
assessment. Other toxic endpoints that have been studied include fertility, cancer,
epigenetic changes, neurotoxicity, metabolic changes, and immune and respiratory
effects. While some phthalates have been restricted in FCMs and children’s
products due to health concerns, suitable alternatives have not undergone rigorous
evaluation for health effects.

2.9 Data Gaps

Risk assessments indicate that current exposure levels for hormonally active
phthalates are above a level of concern even for the general population, and there
are subpopulations with much higher exposure, for example from medical uses
(Koch et al. 2011). Therefore, the most urgent data needs are to identify ways to
reduce exposure to these active phthalates and to evaluate potential health effects
of substitutes prior to putting them into use. Specific data gaps include:

e Knowledge of major exposure pathways for hormonally active phthalates and
identification of opportunities for intervention to reduce exposures. Currently
there is limited disclosure of product ingredients and this makes it difficult to
identify important pathways or intervene. It is also important to identify
phthalate uses that lead to highly exposed subpopulations.

e Sensitive toxicological screening tests that recognize the specific mechanisms
of action of phthalates for use in high-throughput chemical testing programs.
The initial priority is to be able to screen for the developmental inhibition of
testosterone synthesis, but tests are also needed for other biological pathways
that may be important for phthalates or their substitutes.

e More comprehensive health effect studies of chemicals used in consumer
products and food processing and packaging, especially chemicals being
introduced as substitutes for phthalates. Systematic assessments of potential
health effects of this family of compounds and better exposure models are
needed as a basis for reformulation and regulation.
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Chapter 3

Brominated Flame Retardants and Their
Replacements in Food Packaging

and Household Products: Uses, Human
Exposure, and Health Effects

Susan D. Shaw, Jennifer H. Harris, Michelle L. Berger,
Bikram Subedi and Kurunthachalam Kannan

Abstract Since the 1970s, the brominated flame retardants (BFRs), polybrominated
diphenyl ethers (PBDEs), hexabromocyclododecanes (HBCDs), and tetrabromobi-
sphenol A (TBBPA) have been used as additive or reactive flame retardants (FRs) in
household products including foam furniture, baby products, mattresses, textiles,
electronics, food packaging, and housing insulation to meet flammability standards.
Many of these chemicals are now recognized as global contaminants and are asso-
ciated with adverse health effects including endocrine disruption, reproductive
toxicity, developmental neurotoxicity, and cancer. Additive BFRs migrate out of
products and accumulate in dust of indoor environments. Dust ingestion is the
primary route of human exposure to BFRs, and studies link body burdens of adults
and children to indoor dust concentrations. Because of health concerns, PentaBDE
and OctaBDE mixtures were phased out of production in 2005, and DecaBDE and
HBCDs are scheduled for global elimination by 2013. However, large amounts of in-
use and discarded household products will continue to release these BFRs into the
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environment and TBBPA is still in high-volume use worldwide. Following the
PBDE phase-out, many replacement FRs with known or suspected toxicity have
been detected at increasing levels in household products and dust. Exposure of
infants and children to FRs in baby products and house dust is of special concern. The
continued use of FRs with known toxicities and introduction of untested replacement
chemicals highlights the need to update flammability standards and modernize
chemical policies to require disclosure and safety testing of FR chemicals prior to
sale.

Keywords Flame retardants - PBDEs - HBCDs - TBBPA - BFRs - Halogenated
flame retardants - Brominated flame retardants - Replacement flame retardants -
House dust - Polyurethane foam - Foam furniture - Plastics used in TVs and
computers - Electronics - Food packaging - Food contact materials - Children’s
products - Carpets and textiles

3.1 Key Take Home Points

e For almost 40 years, the brominated flame retardants (BFRs) polybrominated
diphenyl ethers (PBDESs), hexabromocyclododecanes (HBCDs), and tetrabro-
mobisphenol-A (TBBPA) have been widely used as additive or reactive flame
retardants (FRs) in household products and food packaging to meet flamma-
bility standards. These chemicals are now recognized as global contaminants
and are associated with adverse health effects in animals and humans.

e Additive BFRs escape from products and accumulate in household dust. Dust
ingestion is the primary route of human exposure, especially for children who
ingest contaminated dust via hand-to-mouth activity.

e Because of health concerns, PentaBDE and OctaBDE mixtures were phased out
of production in 2005. DecaBDE and HBCD are scheduled for global elimi-
nation in 2013, but there are no restrictions on production and use of TBBPA.

e Following the PBDE phase-out, many untested replacement chemicals have
been detected in furniture and indoor dust, highlighting the need to revise
flammability standards and modernize chemical policies to require disclosure
and safety testing of chemicals prior to sale.

e A global strategy is urgently needed for the identification and safe disposal of
flame retardant-treated household products and electronic waste.

3.2 Introduction

Acronyms for the flame retardants, different types of plastics, biological termi-
nology, and other abbreviations used in this chapter are listed in Table 3.1.
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Table 3.1 Acronyms for flame retardant, plastics and biomedical terminology

Abbreviation Term
Flame retardant terms  BDE-209 Decabromodiphenyl oxide
BFR Brominated flame retardant
BTBPE 1,2-Bis(2,4,6-tribromophenoxy)ethane
DBDPE Decabromodiphenyl ethane
decaBDE Decabromodiphenyl ether
FM Firemaster 550
FR Flame retardant
HBCD Hexabromocyclododecane
hexaBDE Hexabromodiphenyl ether
nonaBDE Nonabromodiphenyl ether
octaBDE Octabromodiphenyl ether
PBDE Polybrominated diphenyl ether
PBDF Polybrominated dibenzofuran
pentaBDE Pentabromodiphenyl ether
TBBPA Tetrabromobisphenol A
TBBPA-DBPE Tetrabromobisphenol A-bis(2,3 dibromopropylether)
TDCPP Tris(1,3-dichloro-2-propyl)phosphate
Plastic terms ABS Acrylonitrile butadiene styrene
EPS Expandable polystyrene
HIPS High Impact Polystyrene
PBT Polybutylene terephthalate
PE Polyethylene
PET Polyethylene terephthalate
PP Polypropylene
PS Polystyrene
PUF Polyurethane foam
TPE Thermoplastic elastomer
XPS Extruded polystyrene
Electronics terms CRT Cathode ray tube
e-waste Electronic waste
LCD Liquid crystal display
WEEE Waste electrical and electronic equipment
Biomedical terms FSH Follicle-stimulating hormone
LH Luteinizing hormone
NHL Non-Hodgkin’s lymphoma
SHBG Sex-hormone binding globulin
TSH Thyroid stimulating hormone
T3 Triiodothyronine
T4 Thyroxine
Other terms NTP National Toxicology Program
POP Persistent Organic Pollutant

Since the 1970s, the BFRs, PBDEs, HBCDs, and TBBPA have been used as
additive or reactive FRs in household products to meet flammability standards
(Alaee et al. 2003). Additive FRs are not chemically bound but rather are
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physically blended with polymers, thus, can escape from products and enter the air
and dust of the indoor environment (Allen et al. 2008).

Indoor dust is a primary route of human exposure to BFRs (Lorber 2008;
Harrad et al. 2010; Covaci et al. 2009); several studies have linked indoor dust
concentrations of BFRs with human body burdens (Wu et al. 2007; Johnson et al.
2010, 2013; Stapleton et al. 2012; Roosens et al. 2009). BFRs are associated with a
wide range of adverse health effects, including endocrine disruption, reproductive/
developmental toxicity, immunotoxicity, and neurotoxicity (Birnbaum and Staskal
2004; Shaw et al. 2010; Covaci et al. 2009).

Since their introduction, PBDEs, HBCDs, and TBBPA have become wide-
spread global contaminants (Shaw and Kannan 2009; Hites 2004; Covaci et al.
2006; Tanabe et al. 2008; Covaci et al. 2009). BFRs enter the environment through
multiple pathways, such as air emission during manufacturing, combustion,
leaching from discarded products in landfills, or recycling at the end of the
product’s life.

3.2.1 Major Uses

PBDEs are brominated aromatic compounds that have been produced since the
1960s as three commercial mixtures (Penta-, Octa-, and DecaBDE) that vary in
degree of bromination (Fig. 3.1). PentaBDE was primarily used as an additive
in polyurethane foam (PUF) at levels up to 30 % of the weight of the foam in
residential furniture, baby products, and automobile and aircraft interiors to meet
California’s flammability standard, Technical Bulletin 117 (Alaee et al. 2003;
Birnbaum and Staskal 2004; Shaw et al. 2010). OctaBDE was mainly used in
thermoplastic resins, such as the hard plastic components of televisions and
computers, with the most prevalent use in acrylonitrile-butadiene-styrene (ABS)
plastic, which can contain OctaBDE up to 12 % by weight (European Union
2003a). DecaBDE (97 % BDE-209),' the most widely used PBDE in all markets,
is added to various plastic polymers such as polyvinyl chloride, polycarbonates,
and high-impact polystyrene (HIPS) used in housings of electrical and electronic
equipment, as well as back-coating for textiles (commercial furniture, automobile
fabrics, and carpets) (BSEF 2012a; Alaee et al. 2003).

HBCDs are primarily used as additives in expandable polystyrene (EPS) and
extruded polystyrene (XPS) foam used to thermally insulate buildings. HBCDs
also are added to the back-coating of textiles of upholstered furniture as well as in
HIPS housing of electrical and electronic equipment and appliances (Alaee et al.
2003). Although y-HBCD is predominant in the commercial HBCD formulations

! Because DecaBDE is predominantly composed of the congener BDE-209, the terms DecaBDE
and BDE-209 are used interchangeably in the literature and in this chapter.
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Fig. 3.1 Chemical structures
of PBDEs, HBCDs and
TBBPA

TBBPA

and most abiotic samples, the persistent a-isomer predominates in biotic and
human samples (Covaci et al. 2006).

The highest-volume FR in use worldwide, TBBPA, is used mainly as a reactive
flame retardant in epoxy resins for printed circuit boards in computers and tele-
communications equipment (Covaci et al. 2009). In reactive applications, TBBPA
is covalently bound into the polymer in products and is not expected to migrate
from the product. However, TBBPA is also used as an additive to circuit boards for
low-energy applications such as remote controls and video recorders as well as the
plastic housing for electrical and electronic equipment such as computer monitors
and printers (Covaci et al. 2009). Both additive- and reactive-treated products have
been shown to release TBBPA and metabolites into the environment (Birnbaum
and Staskal 2004).

Contamination patterns of BFRs reflect dramatic differences in worldwide
consumption. For example, North America used 95 % or more of the PentaBDE
produced globally (Hale et al. 2003), and PentaBDE levels in the North American
population and biota are the highest in the world (Shaw and Kannan 2009; Hites
2004). In Asia, the major BFR in use is TBBPA followed by PBDEs (BSEF
2012b). After TBBPA, HBCD is the second highest-volume BFR used in Europe
(Alaee et al. 2003). In recent years the global demand for HBCDs has increased,
especially in Asia, and temporal studies show that a-HBCD levels are increasing
in biota and humans (Covaci et al. 2006; Johnson-Restrepo et al. 2008; Tanabe
et al. 2008; Stapleton et al. 2006).

3.2.2 Flame Retardant Regulatory Restrictions

Because of health and environmental concerns, the Penta- and OctaBDE mixtures
were phased out of production and use in many countries in 2005 (Shaw et al.
2010). In 2009, the Stockholm Convention listed PentaBDE and OctaBDE as
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persistent organic pollutants (POPs) scheduled for global elimination (Stockholm
Convention 2009). The U.S. Environmental Protection Agency (USEPA) negoti-
ated a phase-out of DecaBDE by U.S. producers as of 2013 (USEPA 2009).

Following the PBDE phase-out, HBCD usage has increased as a replacement
FR in textiles, plastic enclosures and other products (BSEF 2009). In May 2013,
the Stockholm Convention listed HBCD for global elimination, with specific
exemptions for use in building materials (UNEP/POPS/COP.6/17) UNEP (2013).
The U.S. is currently considering legislation to eliminate the use of HBCD in
housing foam insulation (Skinner 2013).

Currently, there are no restrictions on the production and use of TBBPA and
global production has increased over the last decade, especially in Asia (Covaci
et al. 2009). In the U.S., TBBPA has received little regulatory attention. In 2003, a
European Union directive on handling of waste electrical and electronic equipment
(WEEE) (European Union 2003b) called for selective treatment of plastics con-
taining BFRs, including TBBPA (BFR-treated plastics must be selectively
removed from WEEE). A similar directive for BFR-treated plastics in WEEE was
adopted in China, a major global recipient of electronic waste (e-waste) (Wong
et al. 2007).

Despite restrictions, large amounts of foam furniture, baby products, carpets,
plastics, and insulation containing BFRs are still sources of exposure in homes and
buildings, and must be disposed of after their lifetimes, creating outdoor reservoirs
(e.g., landfills, wastewater treatment plants, e-waste recycling facilities, or
stockpiles of hazardous wastes) for the future dispersal of PBDEs to the envi-
ronment (Shaw and Kannan 2009).

3.3 Human Exposure
3.3.1 Exposure Routes

For non-occupationally exposed persons, house dust is the primary route of
exposure to BFRs (Lorber 2008; Webster et al. 2013; Abdallah and Harrad 2011;
Harrad et al. 2010; Covaci et al. 2009). There is ample evidence of contamination
of indoor dust with BFRs. Their concentrations in indoor air substantially exceed
those outdoors, and studies link body burdens to indoor dust concentrations (Wu
et al. 2007; Johnson et al. 2010, 2013; Stapleton et al. 2012; Roosens et al. 2009).

House dust contributes an average of 82 % of an adult U.S. resident’s exposure
to PBDEs (Lorber 2008). Although diet may also contribute to PBDE exposure
(Wu et al. 2007), dust is a direct exposure pathway through incidental ingestion,
inhalation of suspended particles, and dermal absorption, and it is a proxy for
exposure from product use (Dodson et al. 2012; Webster et al. 2013). PBDE
residues on hands were found to be strong predictors of serum levels in both
children (Stapleton et al. 2012) and adults (Watkins et al. 2011), underlining the
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importance of hand-to-mouth contact as a significant oral exposure route. For
HBCDs, inhalation exposure was indicated as a minor pathway, while dust
ingestion was the major pathway for most individuals, especially toddlers. Dust
exposure in toddlers was comparable to occupationally-exposed adults and tenfold
greater than dietary exposure (Abdallah et al. 2008a). Similarly, TBBPA in dust is
thought to be an important pathway of exposure, contributing 34 and 90 % of the
mean overall exposure for adults and toddlers, respectively (Goosey et al. 2008).

3.3.2 Sources of Brominated Flame Retardants
in Household Products

BFRs are additive or reactive components in a variety of polymers, such as PUF
and PS foams, HIPS, and epoxy resins, which are then used in the manufacturing
of foam furniture, electronics, food packaging, and building materials (Table 3.2)
Despite their widespread use, for most products data on actual concentrations of
BFRs in the polymers or finished products are not available and constitute a data
gap.

Foam Furniture Foam furniture items, such as foam upholstered-PUF couches
and chairs, as well as mattresses, pads and pillows, are large sources of PentaBDE
and DecaBDE in homes (Table 3.2). Stapleton et al. (2012) found BFRs in 85 %
of 102 foam samples from residential couches purchased in the U.S. between 1985
and 2010. In couches purchased prior to 2005, PentaBDE congeners —47, —99,
and —100 were the predominant BFRs in foam. High concentrations of Penta-BDE
were found in mattress foam (mean 20,230 milligrams per kilogram, mg/kg).
PentaBDEs were found in 17 % of the couches tested, indicating that many years
after the PBDE phase-out, U.S. residents are still exposed to PentaBDE from
furniture foam. Because there is currently no strategy in place for the identification
or safe disposal of FR-treated furniture, in-use and discarded furniture will con-
tinue to be a source of PentaBDE exposure for the foreseeable future (Shaw and
Kannan 2009).

Children’s Products and Clothing Children’s exposure to BFRs is a particular
concern due to their frequent hand-to-mouth behavior and contact with dust on
floors and surface materials in homes. Exposure to chemicals in baby products is
of even greater concern for infants, who are in intimate daily contact with these
products at vulnerable stages of their development. Children’s foam-containing
products such as car seats, mattresses, pillows, and changing pads are sources of
PentaBDEs, while children’s clothing may be treated with DecaBDE (Table 3.2).
Hard and soft plastic toys are sources of all PBDE commercial mixtures (Penta-,
Octa- and DecaBDEzs).

Stapleton et al. (2011) measured FRs in PUF from 101 commonly used baby
products purchased in the U.S. More than 80 % of the products contained a hal-
ogenated flame retardant additive. Five samples contained PentaBDE congeners,
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suggesting that baby products treated with PentaBDE are still in use in the U.S.
PentaBDEs were detected at average concentrations of 32,270 mg/kg (approxi-
mately 3—4 % by weight).

The U.S. imports 70-80 % of its toys from China, 70 % of which are manu-
factured in South China (Chen et al. 2009). In a recent study of toys purchased in
South China, DecaBDE was the predominant PBDE, accounting for 45-79 % of
BFRs in hard plastic, foam, rubber/soft plastic, and stuffed toys (Chen et al. 2009).
Hard plastic toys (made with PS copolymers) contained the highest total PBDE
concentrations (median 53 mg/kg dry weight, dw), 65 % of which was contributed
by DecaBDE (median 34.3 mg/kg). Foam toys contained PBDEs at concentrations
four to 160-fold lower than those in hard plastic toys. Stuffed toys contained the
lowest PBDE concentrations.

Children may be exposed to BFRs in clothing items such as nylon in tights,
stockings and swimwear, which are polyamide products treated with DecaBDE
and other FRs (Alaee et al. 2003). Children training for sports competitions may be
exposed to BFRs in gymnasiums, as foam cubes placed in open pits designed to
train young gymnasts may contain PentaBDE at 5 % by weight in foam (Carignan
et al. 2013).

Food Contact Materials Many plastic food contact materials including
microwavable containers, packaging materials, and plastic wraps are potential
sources of BFR exposure in households (Table 3.2). Polyolefin thermoplastics
such as polypropylene (PP) and polyethylene (PE) are common food packaging
materials that are flame-retarded with PBDEs, primarily DecaBDE (Alaee et al.
2003). DecaBDE is the major BFR used in PP items such as microwaveable plastic
food containers, flexible yogurt containers, bottles and straws (Mingwu et al.
2010). DecaBDE is also added to plastic wraps containing PE, such as polyolefin
shrink wrap and Saran Wrap® (International Plastics 2013; Alaee et al. 2003).
Butter wrapper paper may be contaminated with PBDE congeners, predominantly
DecaBDE (BDE-209) (Schecter et al. 2011).

DecaBDE is the main BFR added to thermoplastic elastomers (TPEs) used in
tubing of hot liquids and fatty food containers (Albemarle 2010), and thermo-
plastic polyesters such as polyethylene terephthalate (PET) and polybutylene
terephthalate (PBT), plasticizers incorporated into soft plastic products to improve
flexibility (Talsness et al. 2009; ICL-IP 2012). Aluminum beverage can linings and
plastic water bottles contain PBT and PET treated with BDE-47 and DecaBDE
(Mingwu et al. 2010; ICL-IP 2012). BFRs easily migrate from thermoplastics in
products into beverages and foods. A recent study reported that plastic PET bottles
leached bromine into drinking water; the primary congener found was BDE-209
(Andra et al. 2012).

Polyolefin foams (also called rubber foam) treated with DecaBDE (BDE-209)
are added to plastic trays used in packaging of meat and cheese (Saigal Polymers
Pvt Ltd 2013; Albemarle 2010). Styrofoam used in packaging for shipments, take-
out boxes and coffee cups is made of EPS treated with HBCDs (Innes and Innes
2003). Other food contact items may contain BDE-209 and replacement FRs.
BDE-209 is added to rubber gloves made from polyester (Albemarle 2010) and to
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toothbrush monofilaments containing PBT (ICL-IP 2012). More information is
needed on actual concentrations of FRs in food packaging and contact materials.

Textiles, Carpets and Coatings Textiles including curtains, carpets, furniture
fabric, and back coatings are made with materials such as cotton, polyester, PP,
nylon, PBT, PET and hot melts. These materials and textile products themselves
are potential sources of PBDEs and HBCDs in the home (Table 3.2). The major
exposures result from mattresses, drapery, tents and upholstered furniture (LCSP
2005). Multiple washings of textiles can cause additive FRs to leach out of the
products into washwater (USEPA 2005).

Today in the U.S., HBCD is the major BFR used in textiles, replacing Deca-
BDE that was extensively used in the past (LCSP 2005; Posner 2004). In Japan,
HBCDs are the major BFRs added to textiles, followed by DecaBDE (Kajiwara
et al. 2009). Few data are available on estimated breakdown and emission rates of
BFRs from household textiles. Kajiwara and Takigami (2010) reported that
emission rates of HBCDs from curtains were two orders of magnitude higher than
those of PBDE:s, indicating that HBCDs more readily leach out from textiles into
the indoor environment. HBCD showed more resistance than BDE-209 to pho-
todegradation via sunlight exposure, whereas BDE-209 added to the curtain
material photodegraded and contributed to the synthesis of polybrominated
dibenzofurans (PBDFs), suggesting that treated products in daily usage have the
potential to be sources of PBDFs in indoor air and dust. The same trend was
reported earlier for emission of BFRs from TV casings (Kajiwara et al. 2008).

Electronics and Associated Materials Electronics, including wires and cables
in household appliances, contain plastic materials that can ignite, and have been
the subject of plastics flammability specifications issued by the Underwriters
Laboratories, Inc. Despite the use of BFRs in plastics for over 40 years, data on the
presence of FRs in plastics are limited to presence of BFRs in the components of
wires and cables (Innes and Innes 2003). A survey conducted in Switzerland
during 1999-2002 measured PBDEs in 486 plastic products from 366 consumer
goods including electrical and electronic equipment (EEE), and reported the mean
PBDE, HBCD and TBBPA concentrations in the range of 2-10 % by weight
(Kuhn et al. 2004).

Many FRs are contained in electronic products, and high concentrations are
detected in air and dust at e-waste recycling sites, potentially exposing workers, and
often entire communities, to these chemicals (Ma et al. 2009). Electric wires and
cables are flame retarded with rubber containing DecaBDE at a concentration
of ~6 % by weight (Thuresson et al. 2005); however, actual measurements of
concentrations of BFRs in wires and electric cables are not available in the literature.
Kajiwara et al. reported HBCD (up to 23,000 mg/kg) and TBBPA (up to 15 mg/kg)
in electric outlets and insulation boards (Kajiwara et al. 2011). No studies have
reported on the occurrence of BFRs in batteries.

Hard Plastics in TVs, Computers and Electronic Waste Products The hard
plastics used in the manufacturing of TV and computer housings include HIPS and
ABS (Riess et al. 2000). While the predominant FR detected in plastic housings of
TVs and computers is PentaBDE, TBBPA has also been detected in shredder
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residues of housings in e-waste (Morf et al. 2005; Vehlow et al. 2000; Schlummer
et al. 2007; Reiss et al. 2000; Wiager et al. 2010, 2012; Richter et al. 1997).
PBDEs, HBCD, and TBBPA have not only been found in housings of older,
cathode ray tube (CRT) monitors (Wiger et al. 2010; Wager et al. 2012), but also
in liquid crystal display (LCD) panel TVs (Kajiwara et al. 2011) and in e-waste
from small appliances (Richter et al. 1997). Concentrations of PBDEs in e-waste
plastics were found up to 1,400 mg/kg (Mark et al. 2006), whereas TBBPA
weighted mean concentrations in printed circuit boards from a German e-waste
recycling site were 14.4 mg/kg, respectively (Richter et al. 1997). Higher levels of
BFRs were recently found in WEEE plastic products including PBDEs (mean
2,500 mg/kg) and TBBPA (mean 3,700 mg/kg) (Wiger et al. 2010, 2012).
Kajiwara et al. (2011) conducted a comprehensive analysis of BFRs in con-
sumer products including multiple components of LCD-TVs and laptop computers
from Japan (Kajiwara et al. 2011). DecaBDE was the dominant congener
accounting for 73-98 % of the total (£) PBDE content in most of the TV and
laptop computer components analyzed. The highest ZPBDE concentrations in
LCD-TVs were found in rear and front plastic covers (up to 14 mg/kg), followed
by printed circuit boards and LCD panels (up to 0.059 mg/kg) (Table 3.2). In
laptops, XPBDE concentrations were highest in cooling fans and speakers (4.8 mg/
kg), followed by keyboards (0.13 mg/kg) and LCD panels (0.0067 mg/kg). The
highest HBCD concentrations were found in printed circuit boards (up to 0.68 mg/
kg) followed by front covers (up to 0.54 mg/kg) in LCD-TVs. TBBPA concen-
trations ranged from 0.007 mg/kg in LCD-panel of LCD-TVs to extremely high
levels of 9,500 mg/kg in the cooling fan and speaker of laptop computers.
Building Insulation Although HBCDs and PBDEs are the major BFRs used in
housing insulation and construction materials, information on this application of
FRs in products is extremely limited and concentration data are nonexistent. The
types of products that use these FRs are indicated in Table 3.2. HBCDs and
PBDEs have been the major flame retardants used in EPS and XPS, high density/
flexible- and rigid PUF (Table 3.2). HBCD is the predominant BFR used in EPS
and XPS placed in insulation foam boards, rigid PUF and PE (Janssen 2005). High
density and flexible PUF can contain PentaBDE (Alaee et al. 2003) and rigid PUF
can contain BDE-209 and other FRs (ICL-IP 2012). Many other building materials
such as fuel hoses, weather seals, gaskets, laminates, drainage pipes, ducts and
mechanical systems are flame-retarded with DecaBDE (Albemarle 2010).

3.3.3 Brominated Flame Retardant Concentrations
in House Dust

House dust has been widely used as an important environmental matrix to monitor
BFRs contamination in indoor environments. Dust from U.S. homes contains the
highest measured amounts of total PBDEs worldwide (median range 3,600-42,000
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nanograms per gram, ng/g dust) (Batterman et al. 2009; Sjodin et al. 2008a),
followed by dust samples from the United Kingdom (UK) (median range
1,000-4,500 ng/g) (Ali et al. 2012; Harrad et al. 2008), and an e-waste recycling
area in South China (geometric mean, GM, range 1,850—4,336 ng/g) (Wang et al.
2010).

BDE-209 is the major PBDE congener found in house dust, contribut-
ing ~66 % of total PBDEs. The highest BDE-209 concentrations were reported in
dust from the UK (median 10,000 ng/g) (Ali et al. 2012). Lower BDE-209 con-
centrations were reported in house dust samples from the U.S. (highest median
3,257 ng/g) (Sjodin et al. 2008a) and other countries, reflecting the higher usage of
DecaBDE in the UK. A recent study reported relatively high BDE-209 concen-
trations (median range 300 to 860 ng/g) in dust from an e-waste region in Vietnam
(Tue et al. 2013).

Limited available data suggest that international differences in indoor con-
tamination with HBCDs exist, but they are not substantial. The highest concen-
trations of HBCDs in dust were found in Japan (mean 6,570 ng/g) (Takigami et al.
2009) and the UK (median 1,300 ng/g) (Abdallah et al. 2008b), reflecting the
higher usage of HBCD in those countries. Dust concentrations of HBCDs have
been correlated with human body burdens (Roosens et al. 2009), suggesting that
dust is a major determinant of human HBCD exposure.

Information on the presence of TBBPA in indoor dust is scarce. Generally,
TBBPA concentrations are at the low end of those found for PBDEs and HBCDs,
which is consistent with TBBPA’s primary usage as a reactive FR. Dodson et al.
(2012) reported median TBBPA concentrations of 260 ng/g and 200 ng/g in dust
samples from California homes in 2006 and 2011, respectively. Dust concentra-
tions were significantly related to the age of electronics present, suggesting that
new electronics may contain less TBBPA than older products. Twofold higher
TBBPA concentrations were reported in dust sampled from Japanese homes in
2006 (520 and 490 ng/g) (Takigami et al. 2009).

Higher TBBPA concentrations have been found in dust from swabbed surfaces
of computers, microwaves, refrigerators, printers and other electronics (Di Napoli-
Davis and Owens 2013). The highest concentrations were found in dust swabs
from CRT computer monitors (mean 523 ng per milliliter, ng/ml), microwaves
(206 ng/ml), and refrigerators (194 ng/ml). Lowest concentrations (below the
LOQ) were found in dust from copiers and computer towers. Similarly, Kajiwara
et al. (2011) reported high levels (up to 800 ng/g) in PC boards of electronics in
Japan. High TBBPA concentrations (mean 2,400,000 ng/g) were also found in
dust sampled inside CRT-TVs in Japan (Takigami et al. 2008).

Compared with the U.S. and Japan, TBBPA concentrations in dust samples
from European homes are an order of magnitude lower. Median concentrations
ranged from 48 ng/g in dust collected from German homes (Abb et al. 2011) to
62 ng/g in UK dust (Abdallah et al. 2008b) and 141 ng/g in Belgian dust
(D’Hollander et al. 2010).



78 S. D. Shaw et al.

3.3.4 Brominated Flame Retardant Concentrations
in Human Tissues

PBDEs PBDE concentrations in the North American general population are ten
to100-fold higher than those in Europeans or Asians. In the U.S., average serum
concentrations of total PBDEs range between 20 and 65 ng/g lipid weight (1w) for
most of the population. In California, where flammability standards are most
stringent, PBDE serum concentrations are higher (60-80 ng/g 1w) than the rest of
the country (Zota et al. 2008). The highest PBDE concentrations are found in U.S.
children and toddlers compared to their parents as a result of exposure in breast
milk and hand-to-mouth contact with indoor dust (Fischer et al. 2006; Toms et al.
2009). Populations at risk for occupational exposure to PBDEs such as firefighters
(Shaw et al. 2013), foam recyclers and carpet installers (Stapleton et al. 2008a)
have serum concentrations two to three times higher than the general population.

Studies conducted by the U.S. Centers for Disease Control and Prevention
(CDC) suggest that serum PentaBDE concentrations may be declining in infants
and young adults, but are still increasing in older adults. Among the participants of
a National Health and Nutrition Examination Survey (NHANES) in 2003-2004,
concentrations of BDE-47 in human serum samples significantly decreased in
younger adults and increased in older adults (=60 yrs) (Sjodin et al. 2008a).
Similarly, a statistically significant reduction in the concentrations of BDE-47,
BDE-100, and ) PBDEs were found in blood spot composites from 1,224 new-
borns in New York State) from 1997 to 2011 (Ma et al. 2013).

Average serum concentrations of total PBDEs in Europeans range from 1.0 to
5.0 ng/g 1w in Greece, the Netherlands and Sweden (Kalantzi et al. 2011; Roze
et al. 2009; Weiss et al. 2006, respectively) to 15-25 ng/g Iw in Norway and
France (Antignac et al. 2008; Thomsen et al. 2008). Breast milk concentrations in
European women are an order of magnitude lower than those in U.S. women. In
Asia, PBDE concentrations in milk and serum of Japanese and Philippino women
are similar to those found in Europe (Haraguchi et al. 2009; Inoue et al. 2006;
Malarvannan et al. 2013). However, in regions of China where many people
dismantle and recycle e-waste in their homes, PBDE concentrations can be much
higher than those found in the U.S. (Shi et al. 2013; Bi et al. 2007; Zhu et al. 2009).
In Guiyu, China, a major e-waste recycling region, average serum PBDE con-
centrations were 580 ng/g lw (Bi et al. 2007).

Few data exist on PBDE concentrations in populations from Central and South
America. PBDE concentrations reported in adipose samples from Brazil were
relatively low (Kalantzi et al. 2009). In contrast, PBDE serum concentrations in
children working and living at a waste disposal site in Nicaragua were among the
highest ever reported (Athanasiadou et al. 2008). Serum BDE-47 levels in these
children exceeded those in U.S. children (Fischer et al. 2006; Windham et al.
2010; Eskenazi et al. 2011), and were an order of magnitude higher than the
median concentration for BDE-47 in the adult U.S. population (Sjodin et al.
2008Db).
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Women from Ghana and South Africa have breast milk PBDE concentrations
similar to those found in women from Europe and Japan (Darnerud et al. 2011;
Asante et al. 2011). In Australia, adult serum (9-20 ng/g Iw) and milk concen-
trations (11 ng/g lw) are higher than those reported in Europe but lower than those
reported in U.S. women (Toms et al. 2007, 2009).

HBCDs In contrast to PBDEs, HBCD concentrations in human tissues are
higher in Europe and Asia than in North America. Average serum concentrations
ranged from 0.5 in Sweden to 9.6 ng/g Iw in Norway (Weiss et al. 2006; Thomsen
et al. 2008). Average breast milk concentrations reported in European and Japa-
nese women were similar (~2 ng/g lw) (Colles et al. 2008; Thomsen et al. 2010;
Polder et al. 2008; Kakimoto et al. 2008). Higher HBCD levels have been found in
milk of Chinese (4.3 ng/g lw) (Shi et al. 2013) and Australian women (10 ng/g
Iw), reflecting higher usage of this FR in those countries (Toms et al. 2012).

A recent study (Carignan et al. 2012) reported concentrations of HBCDs in milk
samples from Boston, Massachusetts ranging from 0.36 to 8.1 ng/g 1w (GM
1020 pg/g 1w). HBCD body burdens in the mothers were positively associated
with the number of stereo and video electronics in the home. A Norwegian study
also found a weak positive trend between levels of HBCDs in mother’s milk and
the number of televisions in the home (Thomsen et al. 2010). In the Boston study,
the association was stronger for stereo and video electronics other than televisions
(e.g., CD players, DVD players, stereos), suggesting that electronics may be an
important source of HBCD exposure in the indoor environment.

TBBPA There are very few reports of TBBPA concentrations in humans.
TBBPA is a phenol that can be rapidly conjugated and subsequently excreted
(Birnbaum and Staskal 2004), thus detection frequencies for this compound are
typically low. Given that the biological half-life of TBBPA in human serum is
estimated to be two to six days, continuous exposure may be required to maintain
detectable levels in human tissue (Covaci et al. 2009).

Low concentrations of TBBPA, range not detected (ND) to 0.55 ng/g 1w, were
reported in milk samples collected in 2004-2005 from women in Boston, Mas-
sachusetts (Carignan et al. 2012). TBBPA was found in fewer (32 %) samples and
at much lower concentrations than HBCD in the same samples. A weak positive
relationship was found between TBBPA and HBCDs, suggesting possible related
sources or routes of exposure. Johnson-Restrepo et al. (2008) found similar low
concentrations of TBBPA in human adipose tissue from New York City residents
(ND-0.46 ng/g lw). Concentrations of TBBPA were tenfold lower than HBCD
concentrations and three to four orders of magnitude lower than PBDEs measured
in the same samples.

Similar low TBBPA concentrations were reported in breast milk from European
women (Abdallah and Harrad 2011; Cariou et al. 2008). Higher TBBPA con-
centrations ranging from ND to 12.46 ng/g lw (mean 0.41 ng/g lw) were found in
milk samples from Beijing, China (Shi et al. 2013), reflecting the expanded pro-
duction and use of TBBPA in Asia.
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3.4 Health Effects of Brominated Flame Retardants

Exposure to PBDEs has been associated with and/or causally related to a wide
range of health effects including endocrine disruption, reproductive/developmental
effects, and neurotoxicity in animals and humans (Birnbaum and Staskal 2004;
Costa and Giordano 2007; Shaw and Kannan 2009). HBCDs and TBBPA are also
endocrine disruptors that are associated with similar adverse effects in laboratory
animals (Covaci et al. 2006, 2009). Little is known about the human health effects
of HBCDs and TBBPA.

3.4.1 Endocrine Disruption

BFRs have the potential to disrupt the endocrine system at multiple target sites,
resulting in effects on thyroid, ovarian, and androgen function (Birnbaum and
Staskal 2004). One of the primary toxic effects of BFRs is thought to be disruption
of thyroid hormone homeostasis. Thyroid hormone alterations during development
are of special concern because small changes in maternal and fetal thyroid levels
can cause neurologic impairments and birth defects (Birnbaum and Staskal 2004;
Costa and Giordano 2007).

Generally, human studies have reported positive associations between PBDE
concentrations and serum thyroid hormone levels (Dallaire et al. 2009; Yuan et al.
2008). However, a recent study (Chevrier et al. 2010) reported an inverse rela-
tionship between serum PBDE concentrations and thyroid stimulating hormone
(TSH) levels in pregnant women, suggesting that PBDE exposure throughout
pregnancy may reduce thyroid hormone levels in fetuses and newborn babies. Kim
et al. (2013) reported that PBDEs and, to a lesser extent, HBCDs were transferred
from mothers to infants (both normal infants and infants with congenital hypo-
thyroidism). 3-HBCD concentrations were correlated with reduced triiodothyro-
nine (T3) levels in serum of mothers of infants with congenital hypothyroidism,
but not in mothers of normal infants, suggesting that HBCDs may have influenced
thyroid hormone function in the hypothyroid infants.

Evidence of TBBPA-induced thyroid alterations is limited to experimental data.
TBBPA is structurally related to thyroxine (T4) and can act as a thyroid hormone
agonist or antagonist in developing laboratory animals (Birnbaum and Staskal
2004). Rana rugosa tadpoles co-exposed to TBBPA and T3 exhibited suppression
of T3-induced tail shortening, indicating a thyroid hormone antagonist effect
(Kitamura et al. 2005) A reproductive developmental feeding study in rats reported
an increase in T3 in TBBPA-exposed female rat offspring and a reduction in
circulating total T4 in both genders (van der Ven et al. 2008). The developmental
effects also included increased testis and pituitary weight.

PBDE and HBCD concentrations in house dust have been associated with
altered hormone levels in men (Meeker et al. 2009; Johnson et al. 2013). PBDE
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levels in dust were related to reduced serum concentrations of the free androgen
index, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) and
increased sex-hormone binding globulin (SHBG) and free T4. HBCD levels in
dust were associated with decreased serum levels of SHBG and increased free
androgen index in the men.

In rodents, HBCD exposure induces testicular lesions, reduced sperm count and
sperm abnormalities, reduced ovarian follicles, and increased mortality of rat pups
(van der Ven et al. 2009; Ema et al. 2007). Recent data (Fa et al. 2013) indicate
that HBCD may exert sustained effects on cultured Leydig cells (Leydig cells are
interstitial cells that produce testosterone).

As disruptors of adipocyte metabolism, PBDEs can predispose animals to
obesity and diabetes (Hoppe and Carey 2007). Zhang et al. (2013) reported that
low doses of BDE-209 impaired glucose homeostasis, which may contribute to
Type 1 diabetes mellitus. In U.S. adults, background serum concentrations of the
hexaBDE congener 153 were related to metabolic obesity syndrome and diabetes
prevalence, and the authors suggested this provides some evidence that PBDEs
may contribute to diabetes in the general population (Lim et al. 2008). Additional
studies are needed to determine how different PBDE congeners may affect the risk
of developing Type I and Type II diabetes in humans.

3.4.2 Reproductive and Developmental Effects

In a study of mother-son pairs from Denmark and Finland, elevated PBDE levels
in breast milk were positively associated with cryptorchidism (undescended tes-
ticles) in boys (Main et al. 2007). The PBDE levels associated with cryptorchidism
were also positively correlated with serum LH concentrations in the infants.
Akutsu et al. (2008) reported that elevated blood levels of BDE-153 correlated
with decreased sperm count and decreased testes size.

PBDE exposure was associated with reduced fertility in women from a pre-
dominantly Mexican-immigrant community in California (Harley et al. 2010).
Increasing serum levels of PentaBDE congeners were significantly associated with
longer time to pregnancy. Prenatal PBDE exposure of the infants of these women
was associated with low birth weight, altered cognitive behavior, and reduced
plasma levels of TSH (Harley et al. 2009). Elevated levels of PBDEs in breast milk
of pregnant Taiwanese women were significantly associated with reduced weight,
length, and chest circumference of their infants (Chao et al. 2007). In both studies,
the effects were observed at levels lower than the average PBDE levels in the adult
U.S. population. Elevated PBDE concentrations in umbilical cord blood of preg-
nant Chinese women involved in e-waste recycling were associated with pre-
mature delivery, low birth weight, and stillbirth among the infants (Wu et al.
2010). BDE-209 dominated the PBDE congener profiles in the Chinese women,
suggesting continuous exposure to DecaBDE in e-waste operations.
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3.4.3 Developmental Neurotoxicity

Experimental data indicate that PBDEs are able to cause neurotoxic effects,
including aberrations in spontaneous behavior, habituation capability, learning,
memory and changes in the cholinergic system in developing animals (Eriksson
et al. 2006; Viberg et al. 2007; Johansson et al. 2008). Less is known about the
developmental neurotoxicity of HBCDs and TBBPA (Covaci et al. 2006, 2009).

Increasing evidence suggests that prenatal PBDE exposure may cause neuro-
developmental deficits in children. Herbstman et al. (2010) reported that elevated
PBDE concentrations in umbilical cord blood were associated with lower 1Q
performance scores (ranging from five to eight points lower) in children one
through 6 years of age. In Dutch children, prenatal exposure to pentaBDEs and
HBCDs was associated with adverse effects on motor, cognitive, and behavioral
outcomes (Roze et al. 2009). Schreiber et al. (2010) demonstrated that the dis-
ruption of cellular thyroid hormone signaling by pentaBDE congeners profoundly
affects the development of fetal human neural progenitor cells. Recently, Eskenazi
et al. (2013) reported that both prenatal and childhood exposures to PBDEs were
associated with reduced attention, fine motor coordination, and cognition including
Verbal and Full-Scale IQ deficits in children at 5 and 7 years of age. This study,
the largest to date, adds to growing evidence that PBDEs adversely affect child
neurobehavioral development.

HBCDs and TBBPA are known to be neurotoxic to rat brain cells, causing
inhibition of intracellular calcium regulation and neurotransmitter release (Reistad
et al. 2006, 2007). A recent study found that low doses of HBCDs were highly
cytotoxic to human neuroblastoma cells, inducing cell death and disregulation of
Ca®* signaling and mitochondrial function, along with the release of B-amyloid
peptide, similar to the neuronal degeneration observed in Alzheimer’s disease
(Al-Mouza and Michelangelli 2012).

3.4.4 Immunotoxicity

TBBPA is a cytotoxicant that can interfere with cellular signaling pathways,
reducing cell viability and proliferation (Strack et al. 2007). TBBPA is also highly
immunotoxic in vitro (Pullen et al. 2003) and inhibits T-cell activation by blocking
the expression of CD25 proteins that are essential for the proliferation of activated
T cells. TBBPA also affects human natural killer cells (Kibakaya et al. 2009) and
induces reactive oxygen species-mediated toxicity (Choi et al. 2011). Thus,
TBBPA may have a profound effect on an organism’s innate and cell-mediated
immune responses to bacteria, viruses, and possibly cancer.
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3.4.5 Carcinogenicity and Genotoxicity

The carcinogenic potential of BFRs has not been adequately addressed in animal
models or in human epidemiology studies. In 2-year studies conducted by the
National Toxicology Program (NTP), exposure to high levels of DecaBDE caused
liver and thyroid tumors in rodents (NTP 1986). The NTP is conducting studies to
evaluate the carcinogenicity of DE-71, a commercial PentaBDE mixture (NTP
2013a). An earlier study reported an association between BDE-47 concentrations
and an increased risk for non-Hodgkin’s lymphoma (NHL) patients (Hardell et al.
2001). In the highest risk/highest exposure group, BDE-47 treatment was also
significantly associated with elevated titers to Epstein Barr IgG, a human herpes
virus that has been associated with certain subgroups of NHL. The incidence of
thyroid cancer has been increasing in the U.S., especially among women and
newborn babies, and part of the observed increase is hypothesized by some sci-
entists to be related to exposure to PBDEs and other thyroid hormone disrupting
compounds (Zhang et al. 2008; Johnson-Restrepo et al. 2007), but additional
studies are needed to confirm this suspected relationship.

Cell line studies indicate that HBCD exposure can induce malignant transfor-
mation in mammalian cells by a non-mutagenic mechanism (Helleday et al. 1999).
A recent NTP carcinogenicity study has reported a significant increase in the
incidence of tumors in the liver, stomach, and other organs of TBBPA-exposed
male mice and lung tumors in females. In male rats, TBBPA exposure resulted in a
significant incidence in tumors of the pituitary gland, skin, testes, and other organs.
In exposed female rats, tumor incidence was significantly increased in the lung,
adrenal gland, mammary glands, pituitary, thyroid, uterus, and other organs (NTP
2013b).

3.5 Replacement Flame Retardants

With the 2005 phase-out of PBDEs, many other brominated, chlorinated, and
organophosphate flame retardants (OPFRs) have been introduced as replacement
FRs (USEPA 2005). Little is known about the composition, uses, human exposure
levels and health effects of these chemicals now in everyday use. Of special
concern are the replacement chemicals for PentaBDE, particularly tris (1,3-
dichloro-2-propyl) phosphate (TDCPP or chlorinated Tris) and Firemaster 550°
(FM 550) which contains two brominated components and some additional
organophosphate OPFRs (Stapleton et al. 2011, 2012). TDCPP and FM 550
components were the most common FRs detected in PUF foam in U.S. couches
purchased after 2005 and baby products such as changing pads and nursing pil-
lows, suggesting that TDCPP and FM 550 are among the highest-volume FRs in
households today.
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TDCPP, and its brominated analogue tris (2,3-dibromopropyl) phosphate
(TDBPP or brominated Tris) were previously removed from children’s sleepwear
after being found to be mutagenic (Blum and Ames 1977; Blum et al. 1978; Gold
et al. 1978). Both compounds are also probable human carcinogens (Babich et al.
2006; NTP 2011). A recent study found that TDCPP concentrations in house dust
were correlated with reduced free T4 and increased prolactin levels in men
(Meeker and Stapleton 2010). TDCPP has been detected at concentrations similar
to PentaBDEs in U.S. house dust, suggesting chronic exposure to the population
(Stapleton et al. 2009).

Replacements for the OctaBDE and DecaBDE mixtures include 1,2-bis (2,4,6-
tribromophenoxy) ethane (BTBPE) and decabromodiphenylethane (DBDPE).
Both BTBPE and DBDPE have been found in U.S. house dust (Stapleton et al.
2008b), and the data indicate that DBDPE may be more persistent and bioaccu-
mulative than DecaBDE (Gauthier et al. 2009).

3.6 Summary and Conclusions

Many halogenated FRs are added to household products to meet existing flam-
mability standards and have a high potential for adverse health effects while
lacking demonstrated fire safety benefits. Flammability standards for manufactured
household products need to be updated so that they can be met without toxic
chemicals.

PentaBDE and OctaBDE have not been produced in the U.S. since 2004, yet
millions of pounds of these and other untested replacement flame retardants mixed
with foam and plastic are present in household products and dust. The continued use
of FRs with established health concerns and introduction of replacement FRs with
limited toxicity data highlights the need to modernize U.S. chemical policies to
require disclosure and safety testing of household product chemicals prior to sale.

According to the furniture industry, the average lifetime for foam-containing
household furniture is ~ 30 years, suggesting that only a fraction of the PBDEs used
in furniture has migrated from indoor environments to the outdoor environment. The
identification and responsible disposal of treated products is essential to prevent
future dispersal into the environment and the food supply. Currently, the USEPA
does not provide clear guidelines for the proper disposal of these products, however
studies are in place to improve the process of recycling e-waste (USEPA 2013).

3.6.1 Data Gaps

For many FRs in use today, basic information on chemical identity, specific
product applications, and volumes used, are typically not available, significantly
limiting accurate assessment of their potential health effects.
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For most household furniture, electronics, food packaging, and housing insu-
lation foam, actual concentrations of BFRs in the polymers or finished products are
unknown.

Human health effects of HBCDs and TBBPA are largely unknown, and
experimental data for many health endpoints is limited. Similarly, the carcinogenic
potential of BFRs has not been adequately addressed in animals or humans.

Toxicity data for numerous replacement FRs are lacking. Producers should be
required to provide health and toxicity data on replacement FRs before the
chemicals are marketed.

3.6.2 Recommended Future Research

Research is needed to determine actual concentrations of BFRs and replacement
FRs in various polymers and in finished household products that are in widespread
use.

Further research is warranted on pathways of human exposure to BFRs and the
effectiveness of dust reduction strategies [wet mopping, hand washing, vacuuming
with a high efficiency particulate air filter (also called a HEPA filter)] to reduce
individual exposure to FRs in house dust. Studies are needed to investigate infant
exposure to FRs in household products and house dust, since infants are in intimate
contact with these materials and are more vulnerable to adverse effects than an
older child or adult.

Experimental studies are warranted to generate toxicity data on replacement
FRs before they are marketed. Epidemiological studies are needed to evaluate
health effects of human exposure, particularly children’s exposure to BFRs and
replacement FRs in everyday use.

Because there is currently no strategy in place for the identification or safe
disposal of treated furniture, in-use and discarded furniture and electronics will
continue to be a source of indoor and outdoor exposure. More research is urgently
needed to develop and refine sustainable end-of-life solutions, especially for e-
waste.
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Chapter 4

Nanoparticles in Polymer Nanocomposite
Food Contact Materials: Uses, Potential
Release, and Emerging Toxicological
Concerns

Karthik V. Pillai, Piper R. Hunt and Timothy V. Duncan

Abstract Several types of nanotechnology-enabled plastics intended for the
storage and transport of foods are close to commercialization. For food contact
applications, nanocomposite plastics offer many advantages over traditional
polymers. However, while the unique properties of engineered nanomaterials
(ENMs) may be harnessed for many positive ends, there are concerns about
whether ENMs pose risks to human health. The primary areas of interest for
assessing safety of nanocomposite food contact materials (FCM) are the potential
for migration of ENMs into food and the potential toxicity of such released ENM:s.
This chapter offers a review of theoretical and experimental methods to assess the
likelihood of ENM release from nanotechnology-enabled materials into liquid
media, as well as a brief overview of the potential toxicological considerations of
ENMs likely to be used in FCMs. Because the use of nanotechnology in food
contact applications is a developing field, this chapter also provides background
information on some of the food-related applications of nanocomposites currently
in development, and a discussion of current methods being used to assess the
release of non-nanoscale food packaging additives or contaminants. The goal of
this work is to provide readers with an appreciation for current activity in this field
as well as an understanding of data gaps that may need to be addressed in order to
ensure the safety of this emerging technology.
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4.1 Key Take Home Points

e Nanoscale materials exhibit unique properties not present in their corre-
sponding bulk forms.

e Polymer nanocomposites (PNCs) are polymer materials (including plastics that
may be used in food packaging) with engineered nanomaterials (ENMs) coated
on the surface or dispersed internally.

e Compared to polymers with no ENM element, PNCs have enhanced physical
properties including strength, flame retardancy and permeability.

e More research is needed to fully understand the potential of ENMs to migrate
from food packaging PNCs to food and beverages.

e More research is needed to fully understand the potential toxicity of ENMs,
particularly by oral routes of exposure.

4.2 Introduction

Nanotechnology is a relatively young branch of science dedicated to studying the
attributes and interactions of matter on the nanoscale, usually defined as
1-100 nanometers (nm), where 1 nm is 1 X 10~ m (one billionth of a meter).
Matter with particles on the nanoscale has unique chemical and physical properties
owing to quantum confinement of electrons and the high degree of relative surface
area compared to macro-scale versions of the same basic material. Hence, ENMs
are envisioned to have applications in many industries, including construction,
biomedicine, and electronics, as well as use in consumer products like cosmetics,
sports equipment, nutritional supplements, and food packaging.

Along with the anticipated benefits of these applications, there are concerns of
whether there may be health and environmental risks associated with the wide-
spread use of nanotechnology in the future. Use of any new technology in food
production or packaging carries with it certain risks that need to be evaluated, but
evaluating the toxicological properties and risk of exposure to ENMs involves
unique methodological challenges atypical of other chemical substances. Since
chemical and physical properties of ENMs are still an active area of research, there
is uncertainty over the ways that ENMs may interact with biological systems.

Once regulated for use, ENMs may be added directly to food or incorporated
into FCMs (including but not limited to packaging) for various functions. Foods
naturally contain numerous structures on the nanoscale (e.g., proteins, micelles),
which is why we refer here to those that are specifically engineered to have unique
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size-dependent (nanoscale) properties. Since ENM-based food packaging materi-
als may be closer to commercialization than ENMs as direct food additives
(Duncan 2011b), studies related to the safety of FCMs that contain ENMs have
been identified as high priority.

This chapter will review ENM release from nanotechnology-enabled materials
into liquid media, as well as provide a brief overview of the potential toxicological
effects of ENMs if they migrate from ENM-packaging into foods. Because the use
of nanotechnology in food contact applications is a developing field, this chapter
also will provide background information on some of the potential applications of
ENMs in FCM, and discuss current methodologies being used to assess the release
of non-nanoscale food packaging additives or contaminants. The goal of this work
is to provide readers with an appreciation for current activity in this field as well as
an understanding of some data gaps in addressing the safety of this emerging
technology.

4.3 Introduction to Uses and Functions of Food Packaging
Materials

Food packaging must serve a diverse array of complex functions. Food packaging
must protect the food from a host of contaminants including dirt, dust, chemicals
and microbes. It also must be inert, inexpensive, lightweight, easy to dispose of or
recycle, resistant to physical abuse, impervious to extreme conditions during
processing, and able to withstand temperature variations during storage or trans-
port. The packaging of foods usually must be impermeable to the diffusion of gases
like water vapor or oxygen, and volatile organics like odors and flavors. It must
serve a variety of other cosmetic or informational functions, such as offering
convenience to the consumer, communicating nutritional information, and pro-
viding a canvas for marketing. Above all, it must be safe, which means the
packaging should not introduce harmful substances into food under intended
conditions of use or into the environment after disposal. Recent directions in food
packaging development have extended these requirements even further, including
developing antimicrobial functionality, enhanced biodegradability and/or the
ability to release active components.

Food and beverage packaging today still makes use of traditional materials like
metal (aluminum beverage cans and foils), paper (milk cartons, cereal boxes and
most secondary packaging), and ceramic (glass jars and bottles). Wood continues
to be used for pallets and other types of secondary containment. But it was the
advent of plastics that completely revolutionized the storage and transport of
packaged foods. Plastics are progressively dominating the modern packaging
industry (Fig. 4.1), including the food-packaging sector. Packages that continue to
be fabricated from traditional materials usually incorporate synthetic polymers to
enhance their function. For example metal cans employ liners made of synthetic
polymer epoxy to prevent reactions between foods and the metal surface, milk
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Fig. 4.1 Plastic packaging use in the U.S., represented as the amount generated in municipal
solid waste (MSW). Data generated from the USEPA yearly MSW Characterization Reports
accessible at http://www.epa.gov/epawaste/nonhaz/municipal/ (USEPA 2013). The left panel
shows the types of polymers generated from plastic packaging materials in MSW in 2010. The
right panel plots the percentage by weight of various classes of packaging materials generated in
MSW by decade from 1960 to 2010. Wood, corrugated paperboard and some other materials
typically comprising secondary packaging (e.g., pallets, boxes) are not represented in the figure

cartons are coated with polyethylene to prevent liquids from seeping through the
packaging and causing spoilage, and lids and caps of glass jars and bottles usually
include a polymer coating to improve the seal quality. These concepts are not
new—even the first paper cartons and metal cans utilized organic coatings made of
combinations of natural resins, gums, oils and waxes. The history of food pack-
aging has recently been reviewed (Risch 2009).
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Food packages manufactured completely from plastic polymers offer certain
functional and economic advantages over those made from metal, glass or paper.
Polymers are light-weight and low cost. They can be processed at low tempera-
tures and are easy to form into a wide variety of shapes. Containers made from
plastic are flexible and can tolerate forces (like dropping) that could permanently
deform cans or shatter glass containers. Plastics can be engineered to have con-
venient functions for consumers (e.g., squeezable bottles, re-sealable caps, lids and
zipping enclosures). Synthetic polymers also have a diverse array of physical
properties that can be finely tuned, for example to allow specific levels of moisture
or oxygen exchange. In addition, polymers can be blended or coextruded to give
mixtures with intermediate properties, or additives can be incorporated into the
polymer matrix to impart other properties difficult to achieve through polymer
processing alone. This can include additives as simple as pigments or blockers of
damaging ultra violet (UV) light, to more sophisticated materials like antimicro-
bials or molecules which can respond to the presence of pathogens, chemical
contaminants or changes in environmental conditions.

Numerous polymers are used in food packaging (Fig. 4.1). The first historical
examples were natural resins and waxes, but they were susceptible to decomposition
and other chemical reactions, so they have been largely supplanted by synthetic
polymers. Polyolefins, characterized by uninterrupted chains of carbon—carbon
single bond linkages, were among the first such polymers to be used, and continue to
be used widely today. Polyethylene (PE) is the simplest polymer in this class and is
used in a variety of applications, from plastic sandwich bags and carton liners, to
milk jugs and ice cream containers. There are many versions of PE produced (dis-
tinguished primarily by their relative densities), all highly non-polar materials with
low moisture permeability. Other physical properties such as melting point, crys-
tallinity and toughness can vary greatly depending on density and other molecular
and processing parameters. Substituted polyolefins such as polypropylene (PP) and
polystyrene (PS) are frequently used in food packaging for specific applications that
demand higher heat resistance or where the various grades of PE are not hard or
strong enough (e.g., microwavable PP containers and trays), or where specific types
of processing are required (e.g., PS foams for egg cartons). Polyvinyl chloride (PVC)
is another substituted polyolefin used frequently in food packaging (e.g., blister
packs) because of its excellent thermoforming properties, although its use is cur-
rently in decline. Packaging materials that incorporate PE copolymers such as
ethylene vinyl alcohol (EVOH) have emerged as popular alternatives to glass bottles
and metal containers due to their high crystallinity, with the EVOH providing high
barriers to oxygen diffusion as well as migration of other nonpolar volatile organics
such as flavor compounds. Non-polyolefinic polymers, which include polyesters and
polyamides, are frequently used as well. In particular, polyethylene terephthalate
(PET) enjoys popularity as a material for carbonated beverage containers and single
use water bottles due to its high degree of optical transparency, good barrier to gas
migration, high strength and resistance to shattering. Bio-derived and bio-inspired
polymers such as thermoplastic starch, polylactic acid (PLA) and others are cur-
rently under development as replacements for petroleum-based polymers because of
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their biodegradability. Several reviews are available on the properties of polymers
used in food contact applications (Marsh and Bugusu 2007; Robertson 2006).
While synthetic polymers have revolutionized the food industry, they also
possess a number of disadvantages that can limit their usefulness or in some cases
raise concerns regarding their safety. Chemical stability and difficulty/expense of
disposal or recycling rank high among these disadvantages, but the primary
functional problem with plastics is their permeability, which is typically far greater
than in glass or metal. The higher permeability gives polymers the ability to absorb
flavors, colors and odors from foods. It also reduces the ability of polymer films to
protect stored food from water vapor and oxygen, which is a major concern
because these are leading agents of food spoilage. Beyond food quality, polymer
permeability allows chemicals and other substances added to the polymer during
synthesis to migrate into the food matrix, or the environment, during the product’s
lifecycle. Such substances are added to polymers during fabrication or processing,
and may include intentional additives such as plasticizers to lend flexibility,
antistatic agents, pigments, foaming or slip agents, and antioxidants or antiaging
substances to prevent polymer degradation in the presence of light, oxygen and
free radicals. Migrants from the interior of polymers may also include remnants or
impurities left over from the formation of the polymer itself (Begley et al. 1995).
While intelligent engineering and processing of polymers can minimize the per-
meability of these materials, there is a concern that any new polymer additive or
food contact substance could pose a migration hazard. These concerns apply as
well to nanoscale additives, which are being developed for a wide range of tar-
geted food contact applications, and which have a number of uncertainties related
to their potential to migrate from plastics to the food being eaten by consumers.

4.4 Nanocomposites: State of the Science

A polymer composite is a hybrid material that incorporates a non-polymeric
component into the bulk polymeric material in order to improve or alter its
function. Fiberglass is an example that integrates glass fibers into the interior of a
polymeric matrix (polyester) to increase the polymer’s strength. A polymer
nanocomposite (PNC) is a polymer composite in which the non-polymeric
component has at least one dimension in the nanoscale. PNCs can be divided
into two major categories: those that incorporate the nano-elements as fillers (in
the interior of the matrix) and those that incorporate the nano-elements as coatings
(on the exterior surface of the matrix) (Fig. 4.2).

Nanomaterials may be dispersed into a polymer matrix to impart specific func-
tions or to modify the properties of the polymer. One example would be the addition
of nanoscale fillers with unique optical properties to the polymer matrix; colored,
fluorescent or UV-absorbing nanoscale particles can be distributed within a polymer
matrix to make colored, fluorescent or UV-absorbing plastics. Also, the addition of
nanofillers to polymers increases the strength (Podsiadlo et al. 2007), gas
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permeability (de Moura et al. 2011), and biodegradability (Ray et al. 2002) of the
bulk materials compared to analogous materials that have no fillers added. While
similar changes to bulk polymer properties can be achieved with fillers possessing
dimensions larger than the nanoscale (fiberglass example), the extremely large
relative surface area of nanoparticles can magnify the desired property enhance-
ments. Also, because nanoparticles have spatial dimensions of the same or smaller
magnitude as visible light wavelengths, nanocomposite plastics are often visibly
transparent, enhancing the product’s appearance. Owing to the diversity of physical
properties exhibited by PNCs, these materials are anticipated to find use in a number
of industries and consumer product sectors. The following sections provide exam-
ples of specific uses and functions of PNC plastics used in FCMs, including
packaging.

4.4.1 High Barrier Polymer Nanocomposite Plastics

Oxygen or water vapor present in the uncontrolled outside environment are pri-
mary causes of food spoilage. A chief function of a food packaging material is to
inhibit large-scale movement of gases from the outside through to the package’s
interior. The type of material(s) used in the packaging plays a large role in
determining how well the package meets this requirement. The permeability of
metal and glass to gases is practically zero because the structures of these materials
consist of extensive three-dimensional networks of strongly bonded atoms. Most
organic polymers are comparatively porous, sometimes even to large molecules,
and so permeability of polymers in food contact applications presents a significant
engineering challenge.

In a conventional thin polymer film, the overall rate at which a gas can cross
from one side to the other depends on the molecular structure of the polymer itself
and a range of processing parameters. In a thin film of uniform thickness that
separates a region of high gas concentration from one of low concentration, the gas
will migrate through the film from the high to the low concentration region. There
is typically a simple inverse relationship between the transmission time and the
film thickness. Thicker films provide better diffusion barriers.

The introduction of fillers such as nanoparticles into the polymer matrix alters
the previous example by distributing the impermeable nanoparticles within the
diffusion space while maintaining, or enhancing, other physical properties
important in packaging materials. While gas molecules take the shortest path
possible through a filler-free polymer, in a PNC gas molecules must take detours
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around the impermeable fillers. This tortuous path effect has been modeled theo-
retically. These models predict that the permeability of tortuous gas diffusion is
inversely proportional to both the concentration (volume fill fraction) and the
aspect ratio (length of particles divided by their width) of the filler elements. Other
factors found to affect the degree of tortuosity include the filler shape, orientation
within the matrix, uniformity of size and aggregation state (Choudalakis and
Gotsis 2009). Additionally, distributed filler elements can affect gas transmission
rates by attenuating the permeability of the polymer itself in interfacial regions,
where polymer chains are bound to or otherwise affected by particle surfaces.

‘When the filler element has at least one dimension on the nanoscale, the available
surface area (and hence the interfacial volume) is maximized and there is the
potential for higher dimensional aspect ratios. Because of the importance of the
particle aspect ratio, researchers have identified platelet-shaped particles as the ideal
fillers for high barrier PNCs. The most popular candidates are clays such as mont-
morillonite (MMT), kaolinite, and saponite. These materials are natural alumino-
silicates that consist of hundreds of layers, with each layer up to several microns
wide but only a single nanometer thick, oriented in stacked factoids. Breaking up the
clay tactoids and dispersing individual clay platelets allows for a uniform distri-
bution of the clay platelets in the polymer matrix. This complex composite structure
reduces the permeability of the packaging to gases, including oxygen and water
vapor. The degree to which the gas permeability is affected is a complex function of
the processing methodology, clay type (natural clays have different aspect ratios),
use of organic additives, and degree of clay dispersal (Duncan 2011a).

Clay-based PNCs (CPNCs) targeted for food contact applications make use of
materials that are also commonly utilized food contact polymers, and there are
numerous reports in the literature in which the developed CPNC is clearly intended
for food packaging use. Most of these reports have focused on improving oxygen
or water moisture barriers in various clay-polymer systems rather than testing
whether they can affect the quality or safety of actual foods. One study that did
assess the efficacy of CPNCs with a real food substance was a report in 2007: apple
slices stored in plastic containers composed of a 3 weight percent (wt %) nano-
CaCO3/PP showed almost no more oxygen-mediated oxidation after 10 days than
freshly sliced specimens, as measured by (+)-catechin content (Avella et al. 2007).
Additional research is needed to confirm that the improved gas barriers of CPNCs
improve the quality and safety of food items.

4.4.2 Antimicrobial PNC Plastics

Food packaging reduces the prevalence of pathogenic organisms by restricting
microbial access to the food matrix and/or by maintaining an environment that is not
conducive to proliferation of microbes post-packaging. There has been recent
interest in developing packaging materials that actively limit the growth of microbes
by inclusion of antimicrobial substances on the food contact surface. This approach
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is especially desirable in the case of packages that are intended to contain foods that
cannot be heat-sterilized before sealing and for packages that rely on semi-perme-
able polymer films as the barrier material (e.g., packages intended for storage of
fresh produce and meat products). Silver and metal oxide nanoparticles have been
identified as promising materials that may be combined with polymers to form
antimicrobial PNCs for use in food packaging (Duncan 2011a; de Azeredo 2013).
Elemental and ionic silver have long been known to hold antimicrobial properties,
and within the last decade it has been discovered that nanoparticulate silver likewise
can kill or inactivate a wide range of bacteria, viruses, fungi, and other microscopic
organisms. It continues to be a matter of debate whether silver nanoparticles
(AgNPs) differ from free silver ions in their mechanism of action or antimicrobial
efficacy (Seil and Webster 2012; Sweet and Singleton 2011; Duncan 201 1a).
AgNPs can be easily incorporated into polymer matrices to yield plastic mate-
rials that inhibit microbial growth on the material’s surface. For example, AgNP-
based PNCs can limit the growth of methicillin-resistant Staphylococcus aureus in
woven hospital dressings (Strohal et al. 2005) and urinary catheters (Paladini et al.
2012). In food packaging and processing materials, AgNPs have been incorporated
into low-density polyethylene (LDPE) multilayer films with efficacy against the
fungus Aspergillus niger (Sanchez-Valdes et al. 2009), cellulose pads intended to
be utilized for fresh food and meat storage as protection against yeast and bacteria
(Fernandez et al. 2010), in LDPE-based plastic bags to reduce fruit decay (Li et al.
2009), and in edible alginate coatings for fresh produce (Fayaz et al. 2009). In the
latter article, the authors reported that the AgNP-PNC coated produce had higher
consumer acceptance (based on taste and appearance) than controls (uncoated
vegetables), effectively showing that the use of nanosilver-incorporated packaging
materials can potentially improve the quality as well as safety of packaged foods.
Several classes of metal oxide nanoparticles (MONPs) have also been shown to
have antimicrobial properties and likewise have been incorporated as active filler
elements in PNC materials targeted for food packaging. MONPs shown to have
antimicrobial properties include those composed of titanium dioxide (TiO,), zinc
oxide, magnesium oxide, copper oxide, and others. TiO, particles, in particular,
have been identified as promising antimicrobial materials because of their unique
photoactivated mechanism, in which absorption of UV-light stimulates reactive
oxygen species production that in turn tears apart cellular membranes in the
immediate vicinity of the nanoparticle. It may be possible to engineer PNC food
packaging materials in which the antimicrobial effect could simply be turned on
and off literally with the flip of a light switch. Cerrada et al. dispersed TiO,
nanoparticles in EVOH films and demonstrated photoactive biocidal properties of
these films against numerous microorganisms of relevance to food safety (Cerrada
et al. 2008), and a food packaging study by Chawengkijwanich and Hayata showed
that TiO,/polypropylene PNCs inhibit E. coli growth on fresh cut lettuce under UV
illumination (Chawengkijwanich and Hayata 2008).
Current research needs in the area of antimicrobial PNCs for food packaging
applications include achieving a better understanding of the factors (intrinsic to
particles or related to the composite material, the stored food, or external conditions)
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that affect the antimicrobial efficacy, discovery, and optimization of alternative types
of ENMs with antimicrobial properties, and assessing the performance of antimi-
crobial PNCs in real food systems. The first goal is particularly important because a
majority of scientific literature reports the use of PNC materials fabricated from
particles and host polymers with uncontrolled or unknown properties. Not only does
this approach make it difficult to design more efficacious antimicrobial PNCs, but it
also hinders efforts to assess the safety of currently existing materials or predict the
safety of materials that may be produced in the future. Such efforts are the focus of the
remaining sections, starting with an overview of how safety of traditional FCMs are
evaluated before looking at how these methods may apply to nanomaterials.

4.5 Overview of FDA Migration Guidelines for Food
Packaging Materials

The United States (U.S.) Food and Drug Administration’s (FDA) Center for Food
Safety and Applied Nutrition (CFSAN) has regulatory oversight over the majority
of consumer food and beverage products manufactured in or imported into the U.S.
This regulatory oversight extends to:

any substance the intended use of which or may reasonably be expected to result, directly
or indirectly, in its becoming a component or otherwise affecting the characteristics of any
food (including any substance intended for use in producing, manufacturing, packing,
processing, preparing, treating, packaging, transporting, or holding food; and including
any source of radiation intended for any such use), if such substance is not generally
recognized, among experts qualified by scientific training and experience to evaluate its
safety, as having been adequately shown through scientific procedures (or, in the case of a
substance used in food prior to January 1, 1958, through either scientific procedures or
experience based on common use in food) to be safe under the conditions of its intended
use (United States Code 2010).

This tract, encoded in U.S. Law in Section 321 of the Federal Food, Drug and
Cosmetic Act (FFDC), is the legal definition of a food additive in the U.S." This
definition specifies that any substance that directly contacts food and may, under
conditions of intended use, become a component of the food is required by law to
be safe.

The standard of safety mandated by the U.S. Congress is a “reasonable certainty
that no harm will result from the proposed use of an additive”, which has been
interpreted by the FDA to mean “that there is a reasonable certainty in the minds of
competent scientists that the substance is not harmful under the intended conditions
of use” (Code of Federal Regulations 2013). The burden of ensuring that a pro-
spective FCM meets this safety standard is the responsibility of manufacturers, who
must prove to the FDA that all materials coming in contact with food are safe under

! There are additional exemptions (e.g., pesticides and color additives), which have their own
separate regulatory definitions.
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their intended conditions of use before they are permitted to be marketed in the U.S.
The manufacturers, then, provide the FDA with sufficient exposure and toxicity data
to make this case. Readers who are interested in a more detailed explanation of
FDA'’s food additive regulatory process should consult the resources provided on
FDA’s webpage (http://www.fda.gov/Food/IngredientsPackaginglabeling/default.
htm) or see a review available in the literature (Rulis and Levitt 2009).

The FDA has published a guidance document for manufacturers titled Guidance
for Industry: Preparation of Premarket submissions for food contact substances:
chemistry recommendations that describes what information should be submitted
by the manufacturer in support of a safety claim when soliciting FDA’s approval
of anew FCM (FDA 2007). A key component of this guidance document is FDA’s
recommendation that manufacturers provide sufficient information to permit
estimation of daily consumer exposure of potential migrants from a FCM.
Exposure is an important component in a safety evaluation because toxicity of any
food additive substance is based on the likelihood that a consumer will actually
ingest it. When the FCM additive in food is indirect and unintended, exposure is a
function of both the expected frequency with which a consumer is likely to come
into contact with the substance (frequency of use) and the expected degree to
which the potential additive is likely to be released into the food matrix from the
contact substance under the intended conditions of use (migration). The Premarket
Submission guidance document contains detailed information on the recom-
mended way to estimate or measure migration of small organic molecules (See
section II(D) Migration Testing and Analytical Methods).

The recommended approach for assessing migration includes preparing a
known quantity of the FCM (typically a section or sections of polymer film or
other material) and exposing it to a precise volume of a liquid, called a food
simulant, that mimics the chemical or physical properties of a food class. The
exposure times and temperatures used are based on a careful consideration of how
the food contact substance is likely to be used before and/or after consumers have
purchased the food product. For instance, if the food contact substance is intended
to be used as a packaging material for storage of a fatty food (e.g., peanut butter) at
room temperature, the guidance document recommends that migration be assessed
by storing the material in a known quantity of fractionated coconut oil (the fatty
food simulant) at a temperature of 40 °C for 10 days, conditions which have been
established to be equivalent to storage at 6-—12 months at 20 °C. After the
extraction experiment is completed, the food simulant is then assayed for the
presence of the migrant using an appropriate analytical chemical test. The FDA
Premarket Submission guidance document provides specific information about
what FDA feels is the best way to handle and report analytical data, validate
analytical methods, and tailor the migration experiment to the circumstances
related to the material under consideration. Migration experiments are usually
designed to reflect a “worst case scenario”, so that the maximum likely exposure
can be estimated.

Experimental determinations of migration are time consuming, expensive, and
prone to error due to the complexity of the experimental design and the low levels
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of migrant typically being measured. As an alternative to migration experiments,
the FDA has specified that the use of mathematical models to estimate diffusion
rates can be acceptable, which can be used to predict migration. These models are
based on the physicochemical properties of the host material and basic diffusion
physics. Modern FCMs are usually made of porous organic polymers, which may
be approximated as very viscous fluids. Classic physics, such as Fick’s Laws of
Diffusion, predicts that the diffusion of small molecules through this fluid matrix is
dependent on the substance’s concentration gradient, its solubility in the polymer,
and temperature. However, many other factors can affect diffusion rates, including
the shape, weight, and polarity of the migrant, as well as other additives and
plasticizers that may be present in the polymer matrix. A number of semi-
empirical models have been developed to estimate migration of FCS from a
polymer matrix to food (Brandsch et al. 2002; Begley et al. 2005), and refining
semi-empirical models is an active area of research (Welle 2013; Fang et al. 2013).
However, many of these models were not developed to explicitly handle nano-
particulate migrants, and so the extent to which they can be used to estimate
migration rates of nano-sized filler elements from nanocomposites needs to be
further studied.

4.6 Assessment of Nanoparticle Release from Polymer
Nanocomposites

Experimental literature that focuses on the release of nanoparticles from nano-
composites into liquid media is limited, but several studies have evaluated the
release of nanosilver from nanocomposites intended for food contact applications.
Song et al. (2011) studied the migration of silver into food simulants 3 % acetic acid
and 95 % ethanol from AgNP/polyethylene composite films using inductively
coupled plasma mass spectrometry (ICP-MS). The experiment in 3 % acetic acid
resulted in a migration ratio of 5.6 % at 70 °C after 9 hours (h) of exposure.2 Use of
95 % ethanol as the simulant resulted in a migration ratio of 0.22 %. The authors
offered that the higher migration in acetic acid was due to the higher solubility of
silver in the acidic medium. Huang et al. (2011) also performed migration experi-
ments with food simulants, using a AgNP/polyethylene plastic bag commercially
available in China. They claimed to observe release of whole AgNP nanoparticles of
sizes up to 300 nm into food simulants (4 % acetic acid, 95 % ethanol or hexane)
during 15-day experiments, as observed by scanning electron microscopy (SEM)
and confirmed by energy-dispersive X-ray spectroscopy (EDX). Given the size of
these particles, their release via a diffusion mechanism is contrary to most theoretical

2 Migration ratio was defined as the ratio of amount of silver in the food simulant at the end of
the migration experiment to the amount of silver in the film prior to the migration experiment.
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estimations of nanoparticle diffusion rates, so it is possible these particles were
already located on the film surface and simply desorbed into the external matrix.

Silver nanoparticle migration has also been studied in actual foodstuffs. Cushen
etal. (2013) assessed the migration of AgNP from AgNP/PVC composites to chicken
meat. AgNP/PVC composites with two sizes of nanoparticles (mean diameters of 10
and 50 nm) were prepared via solvent casting. Lacking a means to distinguish
between whole nanoparticles and silver ions, they used a worst-case scenario
approach wherein the entire detected silver was assumed to be from AgNPs. Silver
content in chicken as a function of different migration conditions such as nanoparticle
size, concentration of AgNP in the film (0.5 and 5.0 % w/w), time of exposure (1.1,
2.0, 3.1 and 4.0 days), and temperature (6.59—4.13 °C) was found to range between
0.03-8.4 milligrams per kilogram (mg/kg). A significant positive correlation was
found between increasing AgNP concentration (R* = 0.77, p < 0.01) and time
(R* = 0.18,p < 0.01) of exposure to migration. However, a negative correlation was
found between migration and increasing temperature (R*> = —0.13, p < 0.05). No
correlation was seen between particle size and migration. The negative correlation
was speculated to be due to crosslinking of AgNP to PVC polymer chains. Sufficient
explanation was not provided for the lack of correlation between size of the AgNP
and migration, as the authors rightfully pointed out that there is a lack of information
with respect to distinguishing between whole AgNP versus dissolved silver ions.
Emamifar et al. (2011) analyzed silver release into orange juice from LDPE films
containing either 5 % P105 (AgNP on TiO, powder) or 1 % ZnO nanoparticles,
produced in house by melt mixing in a twin-screw extruder. They detected release of
silver and zinc at very low levels (after 112 days storage at 4 °C, 0.13 £ 0.005 and
0.54 £ 0.005 micrograms per liter (ug/L), respectively) by ICP-MS. As before, their
methodology prohibited the distinction between nanoparticles and dissolved ions.

Conducting release studies on clay/polymer nanocomposites has presented
technical challenges. Unlike AgNPs, which are nanoscale in three dimensions,
clays are platelet shaped, with a single nanometer in one direction and as much as
several microns in the other two dimensions. Entire clay platelets are probably too
large and irregularly shaped to move about through the rigid polymer environment
and become released as whole particles. However, the very same high mechanical
sheer forces that are typically used to effect good dispersion of clays into polymers
during manufacture could break apart clay platelets into residual fragments with a
very broad size distribution. The constituent elements that make up most alumi-
nosilicate clays (silicon and aluminum) resist many chemical digestion procedures
and have high natural abundance, which makes them challenging materials to
analyze by ICP-based elemental analysis techniques.

These challenges haven’t prevented some researchers from attempting to assess
release of nanoclays in migration experiments. One of the earlier attempts (Avella
et al. 2005) examined vegetables in contact with clay/starch nanocomposites and
found that they exhibited elevated levels of silicon compared to controls, although
no trends in aluminum or iron levels were observed. A more thorough migration
study of MMT/wheat-gluten composites (Mauricio-Iglesias et al. 2010) found ele-
vated levels of aluminum (as measured by ICP) when these materials were exposed
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to 3 % acetic acid for 10 days at 40 °C. Analogous experiments with silicon showed
slightly different results, with migration evident in 3 % acetic acid, and in water and
olive oil as well. The authors found an enhanced release of silicon when the com-
posite materials were processed under high-pressure treatment, an emerging food
processing technology used to inactivate pathogenic microorganisms. A follow-up
study by the same authors (Mauricio-Iglesias et al. 2011) used Fourier-transform
infrared spectroscopy (FTIR) to show that high-pressure treatment actually changes
the molecular structure of embedded clays, suggesting that migration of nanoscale
additives into foods may be explicitly linked to the type of processing used. More
recent work by (Farhoodi et al. 2013) prepared MMT/PET composites by melt-
mixing, followed by blow molding into bottles. Three percent acetic acid was stored
in these bottles at 24 and 45 °C respectively for time durations ranging from 7 to
90 days, an apparent simulation of the use of MMT/PET materials in carbonated
beverage (soda) bottle packaging. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES analysis) of the stored simulant revealed aluminum content
after 90 days to be 0.18 and 0.34 mg/kg at 25 and 45 °C, respectively; observed
silicon content was significantly higher, in agreement with the fact that silicon is
typically a higher proportion (by weight) of MMT clays and the fact that the silicon
fraction is closer to the MMT clay and polymer interfaces (Duncan 2011a).

A limitation of many of these studies is that they rely on ICP-MS (or ICP-AES),
which only measures the pure elemental content of the metal. Because any whole
nanoparticles that migrate into the simulant from the polymer would be destroyed
either by the preliminary acid digestion or during passage into the 6,000+ °C
plasma, any information about the migrated nanoparticles (if indeed they are
particles at all) is lost. There have been few solutions to this critical issue. One
workaround included covalently attaching fluorescent dyes to organically modified
MMT nanoclay platelets, incorporating them into PP melts and then transforming
them into films by compression molding (Diaz et al. 2013). The intention was to be
able to track the clay particles during the course of the migration tests. Any
fluorescence detected in the simulant after the test was completed was taken by the
authors as evidence of whole particle (or fractional particle) migration. The
authors performed migration tests in 100 % ethanol at 80 °C for 4 h and examined
the simulant residue (after evaporation) by confocal laser scanning microscopy
(CLSM). The CLSM images showed characteristic fluorescence signals of the
attached dyes from well-defined particles which the authors claim was due to the
migration of clay particles to the food simulant.

Other studies evaluating nanoparticle release from polymers that are relevant to
FCM are provided in Table 4.1. The work summarized in this table shows that
valuable research has been done in this area, but little of it has been done sys-
tematically. The release literature at this time implies that nanoparticles, or at least
nanoparticle residuals, can be released into external liquid media under conditions
relevant to food storage and processing, although whether this release is true
migration or just release of residual ENMs adhered to the surface of FCSs remains
unclear. Either way, this body of work provides little predictive information on
what conditions and materials are likely to yield more migration than others.
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Research studies are needed using well-characterized test materials, where particle
and polymer characteristics such as particle size and shape, polymer molecular
weight and dispersion morphology are well defined. Such studies are important
because they will begin to reveal key structure function-relationships that can shed
light on what is the best way to predict migration rates, and what mechanisms are
likely to be responsible for migration that is observed. This will help manufac-
turers target materials that are least likely to give rise to nanoparticle release, and it
will help regulators better understand data provided by manufacturers when
applying for permission to bring nanocomposites to market. For more information
on the topic of ENM release from FCMs, particularly related to detection methods,
the reader is directed to a recent publication by (Noonan et al. 2014).

4.7 Toxicological Considerations of Released
Nanoparticles

The remainder of the chapter will address the question: if ENMs do become
released into foods, what is their potential to cause harm?

Although the number of papers published in the area of nanotoxicology is still far
exceeded by the number of general nanotechnology papers, the proportion of papers
dealing with toxicity has increased rapidly in the last decade (Fig. 4.3), underscoring
efforts to better understand the health implications of nanotechnology proliferation.
Evaluating ENM toxicity does involve some unique challenges, including the lack of
well-established techniques to measure their properties and a lack of general
agreement pertaining to the kind of information that is needed to evaluate toxico-
logical risks to humans. Validated detection and characterization methods are in turn
required to help us better understand the toxicological properties of ENMs. Some of
the questions that robust methods could help answer include:

o What is the minimum characterization data needed to assess toxicity?

e Can toxicological data for one type of ENM be applied to the same type of
ENM with different structural or surface characteristics?

e Can impurities in ENMs pose a toxicological concern and what is the best way
to test for the presence of such impurities?

e Do ENMs have nano-specific toxicity mechanisms?

e Under what circumstances might toxicological data for a macroscale analog of
an ENM be relevant?

e How do ENMs interact with complex biological systems, and how do their
properties change as a function of gut microenvironment, diet, and an indi-
vidual’s state of health?

e Are specific population subgroups (e.g., children, immune compromised, the
aged) more susceptible to effects of ENMs?

o What animal models or other model systems are most appropriate to study
ENM toxicity?
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Fig. 4.3 Nanoparticle and nanotoxicology citations from 1980 to 2013. The number of scientific
articles published each year on toxicity of nanoparticles (pink) and all nanotechnology topics
(yellow), as indexed by ISI Web of Knowledge. The bottom inset shows an expanded view. The
top inset shows the proportion (in %) of nanotoxicology articles to total nanotechnology articles
per year, and indicates that this proportion has been growing significantly over the last decade.
Values in yellow were determined by a topic search string of “nano* OR ultrafine particles” and
values in pink were determined by a search string of “(nano* OR ultrafine particles) AND (toxic*
OR cytotoxic* OR genotoxic*)”

e Can the presence of ENMs in foods or in the gut attenuate the toxicological
properties of other (non-nano) substances?

e Do ENMs have detrimental effects on the gut microbiome?

e Can chronically ingested ENMs induce effects that are not detected in acute
and subchronic studies?

o What is the best way to ensure that toxicological results are reported in a
consistent and meaningful way?

To underscore the importance of developing good protocols for evaluating the
toxicity of ENMs, Card and Magnuson (2010) recently developed a scoring system
to rate the quality of nano-toxicological studies relevant to food-based routes of
exposure based on a combination of factors, including adequacy of experimental
design, completeness of documentation, and thoroughness of nanoparticle char-
acterization. In a subsequent work (Card et al. 2011), they concluded that a majority
of existing nanotoxicity studies were either deficient in some critical component of
study design, inadequately characterized the nanomaterials being evaluated or
failed to discuss the reliability of traditional oral toxicological assays in the wake of
the unique chemical properties of nanomaterials. While additional oral toxicity
studies have been published since then, the issues raised by Card and colleagues are
still relevant; a primary need in this area remains a better methodological toolset,
including a better understanding of what is the most appropriate way to use the tools
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we have to ensure the safety of nanomaterials in FCMs. Given the lack of agree-
ment over the best way to experimentally assess the toxicity of ENMs, it is difficult
at this time to provide a critical analysis of the nanotoxicological literature and
arrive at general conclusions or recommendations with respect to which types and
characteristics of ENMs are most likely to pose risks to humans, particularly by oral
routes of exposure. This is perhaps best demonstrated by considering the body of
literature related to the in vitro and in vivo toxicity of AgNPs.

AgNPs have been found to exhibit cytotoxic and/or genotoxic effects in human
cell lines in vitro, including isolated testicular cells (Asare et al. 2012), mesen-
chymal stem cells (Hackenberg et al. 2011), liver cells (Piao et al. 2011), hepatoma
cells (Kim et al. 2009), and lymphocytes (Eom and Choi 2010). Additional studies
have shown that changes in AgNP characteristics such as decreased particle size
(Gaiser et al. 2012; Liu et al. 2010), alterations in surface coating (Lin et al. 2012),
and advanced age (Kittler et al. 2010) can increase toxicity of AgNPs to human
cells, but more attention needs to be focused on the effect of other factors such as
aggregation state, shape, and surface charge on toxicity in human or other mam-
malian cells lines.

The mechanism of AgNP toxicity at the cellular or microbial level is still a
matter of considerable controversy, with some researchers believing that AgNPs are
simply vehicles for silver cation desorption and others arguing that AgNPs have
nanoparticle-specific toxicity mechanisms. Xiu et al. reported that AgNPs showed
no significant cytotoxicity (to E. coli) under strict anaerobic conditions, which the
authors claim suppressed Ag" desorption from AgNP surfaces (Xiu et al. 2012),
while Kim et al. provided evidence that Ag" ion desorption from AgNPs is neg-
ligible during their toxicity assays and concluded that the mechanism of AgNPs was
independent of Ag* toxicity (Kim et al. 2009). Neither of these points of view is
necessarily wrong. Given the limited number of experimental studies available and
the complexity of ENM behavior in biological systems, it is certainly possible that
AgNPs manifest differing toxicity profiles depending on the cell lines used, the
physical characteristics of the particles, or the experimental test conditions.

Regardless of the cellular toxicity mechanism, most studies have found that
AgNPs display some degree of cytoxicity or genotoxicity to mammalian cells
in vitro. This is in contrast with in vivo acute single-dose and sub-chronic studies,
which indicate a more complicated picture for oral toxicity of AgNPs. In oral
toxicity assessments in vivo, systematic toxicological effects are usually moderate
or not observed at all, even in acute, high-dose toxicity studies, despite evidence of
AgNP accumulation in various organ systems. Examples of these acute and sub-
chronic toxicity studies are discussed below. In addition, summaries of selected
28 to 90 days subchronic rodent toxicity studies are provided in Table 4.2.

In acute, single-dose toxicity studies, Kim et al. observed no abnormal gross
findings or signs of mortality in rats fed a single dose of 2,000 mg/kg of 10 nm
AgNPs (Kim et al. 2013), and Maneewattanapinyo et al. reported no abnormal
gross findings or histopathological signs in mice exposed to a single dose of
5,000 mg/kg of 10-20 nm AgNPs (Maneewattanapinyo et al. 2011). In three 28-
day sub-chronic rat toxicity studies using small (10-17 nm mean diameter)
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AgNPs, no toxicological signs were observed at concentrations of 9.0 or 90 mg
orally administered AgNP per kg body weight (b.w.) per day, despite evidence of
silver accumulation in multiple organs of the same or similarly treated animals
(Hadrup et al. 2012; Loeschner et al. 2011; van der Zande et al. 2012). In contrast,
in 28- and 90-day rat oral toxicity studies using 60 and 56 nm carboxymethyl-
cellulose (CMC) coated AgNPs, respectively, reported evidence for mild liver
damage included elevated cholesterol and alkaline phosphatase levels and bile
duct hyperplasia (Kim et al. 2008, 2010). These two studies also found dose-
dependent distribution patterns of AgNP accumulation in various organs, and a
gender difference with female kidneys showing more than twice the level of
accumulated silver than male kidneys. The AgNPs used in studies that found
evidence for mild liver damage differed in size and coating from the AgNPs used
in studies that did not find liver damage, corroborating in vitro findings that
nanoparticle physicochemical characteristics can alter bioavailability and toxicity,
but also making it difficult to compare data from one in vivo study to the next.

The relationship of AgNP size to oral toxicity was addressed in a 14-day study in
mice using 1 mg/kg b.w. per day of 22, 42, 71, and 323 nm AgNPs. No silver was
detected in brain, lung, liver, kidney, or testis after exposure to the 323 nm AgNPs,
while exposure to the smaller AgNPs resulted in detection of silver in all of these
tissues (Park et al. 2010). Interestingly, for brain, lung, and testis, decreasing AgNP
size correlated to increasing deposition, suggesting that smaller AgNPs are more
bioavailable than larger ones. These authors also found that the smaller AgNPs
induced significant increases in serum TGF-f, a marker of tissue damage and
immune response (Park et al. 2010). In a separate 28-day mouse oral toxicity study
reported in the same article, 42 nm AgNP at 1 mg/kg b.w. per day resulted in
elevated serum levels of inflammatory cytokines, TGF-f, alkaline phosphatase
(ALP, an indicator of bile duct obstruction), and aspartate transaminase (AST, a
general indicator of inflammation or trauma); serum alanine transaminase (ALT, an
indicator of liver inflammation) was also elevated, but only in females. This would
seem to support the rat studies which reported that AgNP exposure resulted in mild
liver damage, but no histopathology of the liver was detected (Park et al. 2010).

Only one oral AgNP treatment study investigating in vivo genotoxicity has
been published, and no change was reported in the number of cells with micro-
nuclei in bone marrow (Kim et al. 2008). It should be noted that this study did not
include a positive control for genotoxicity, and that the treatment duration of
4 weeks may not be sufficient for manifestation of genotoxic effects, stressing the
importance of validated, consistent methodology as well as the need for longer-
term investigations.

Other studies have examined the bioavailability, excretion patterns, and tissue
distribution of various types of ENMs, with only some comparing results to data for
respective nanomaterial components in bulk or ionic form. While most AgNP
studies that examined silver deposition detected it in multiple organs after oral
AgNP exposure, the bioavailability of AgNPs is lower than that of ionic silver.
Three rat studies have reported that the majority of orally administered AgNPs are
excreted in feces, with corresponding higher tissue deposition and lower fecal
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concentrations after ionic silver treatment (Park et al. 2011b; Loeschner et al. 2011;
van der Zande et al. 2012). For aluminum oxide nanoparticles (Al,O;NP), bio-
availability is higher than for bulk Al,O3, with high levels of aluminum detected in
rat liver, kidney, brain, and other tissues and low levels in feces after 14 days of oral
exposure to 30 or 40 nm Al,O3;NP, while exposure to powdered bulk Al,O5 resulted
in far lower tissue deposition and higher fecal concentrations (Balasubramanyam
et al. 2009). In contrast, there appears to be little absorption of titanium dioxide
(TiO;) nanoparticles after oral exposure, with titanium detected in rat fecal samples
and stomach and intestinal linings, but not other tissues (Cho et al. 2013; Wang
et al. 2013). Given that nanoparticle size, treatment duration, and dosing differed in
each of these studies, they cannot be used together for the purpose of comparing
bioavailability among nanomaterials of differing composition.

While toxicity studies using many different model systems are available for
ENMs composed of elemental silver and copper, aluminosilicate clays, and metal/
metalloid oxides such as aluminum, silicon, copper, titanium and zinc, there is need
for a better understanding of how toxicity data from these studies might be applied
to predicting safe exposure levels for humans. This could be facilitated by more
systematic, long-term studies on the oral toxicity of nanoparticles, and subsequent
meta-analysis comparing data for each ENM among various in vitro and in vivo
toxicological model systems. Currently, published chronic ENM studies in mam-
mals are lacking. Table 4.2 summarizes sub-chronic mammalian oral toxicology
studies of ENMs with potential for incorporation into FCMs. Unfortunately, stan-
dardized procedures to evaluate exposure effects, particularly with respect to the
types of model organisms, the characteristics of tested particles, and the conditions
under which toxicity is assessed (dosage, etc.), have not been established. There is
an urgent need for more systematic examinations of the effect of particle charac-
teristics like size and shape, aggregation/agglomeration state, surface characteris-
tics (including bound ligands and charge), age, and crystal structure on oral toxicity.
Though many in vivo studies exist which probe these various factors, the majority
utilize exposure routes with little relevance to food consumption, or model
organisms with unproven predictive utility for human risk assessment.

Given these data gaps, it is very difficult at this time to make broad conclusions
about the toxicity of ENMs likely to be incorporated into FCMs, which presents a
challenge to both manufacturers of these products and to regulatory scientists. The
aforementioned lack of robust methods to address these data gaps only increases
the level of this challenge. Readers seeking more information on this subject are
referred to several in-depth reviews (Bouwmeester et al. 2009; Frohlich and
Roblegg 2012; Albanese et al. 2012; Luque-Garcia et al. 2013; Alger et al. 2014).
The European Food Safety Authority (EFSA) has published an opinion article
which describes some outstanding toxicological issues on ENMs (EFSA Scientific
Committee 2009, 2011). The FDA has also published a recent draft guidance
document on how to assess whether manufacturing changes—including changes in
particle size—are likely to impact safety and regulatory status of food contact
substances (FDA 2011).
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4.8 Conclusions and Knowledge Gaps

This chapter has reviewed some of the health and environmental safety concerns
related to the use of ENMs in food contact applications. Polymer nanocomposites
are an emerging technology with applications in many commercial sectors, and
already they are appearing in certain markets. Therefore it is important to be
proactive about assessing the safety of these materials, particularly as they apply to
foods, which are directly consumed by the public and therefore have a higher
potential for direct exposure than products in other commercial sectors. The
material covered herein has mostly been concerned with the risk of ENM release
from FCMs, but the topic of toxicology of nanomaterials also has been addressed.
While important progress has been made in both of these areas with respect to our
understanding of the potential risks polymer nanocomposite FCMs pose to the
public, there are still significant informational gaps that need to be filled. With
respect to migration and release, better models for ENM diffusion through plastics
need to be developed and better methods to actually measure the release of par-
ticles (versus dissolved ions) need to be identified. The need for improved
methodology also applies to the area of toxicology, where identifying, quantifying
and characterizing low levels of nanoscale matter in complex food systems
remains a steep challenge. Potential effects of long-term, low-level oral exposure
to ENMs require further investigation. Good quality reference materials and
standardized, validated detection methods are key to meeting these challenges so
as to ensure the continued health and well-being of the public.
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Chapter 5

The Alkylphenols Nonylphenol

and Octylphenol in Food Contact
Materials and Household Items: Exposure
and Health Risk Considerations

Suzanne M. Snedeker and Anthony G. Hay

Abstract The alkylphenols (APs) nonylphenol (NP) and octylphenol (OP) are not
approved for use in food contact materials (FCM) in Europe or the United States,
however, tris(nonylphenyl)phosphite (TNPP) is used as a stabilizer and antioxidant
in a variety of food contact plastics, including polyvinyl chloride- and linear low-
density polyethylene films, polystyrene, high-impact polystyrene, and rubber-
based products. It is not known if the NP detected in foods is a trace contaminant
of TNPP formulations, is from TNPP breakdown in FCMs, or is derived from food
contact with NP-laden biosolids that are sometimes used as fertilizers. Both NP
and OP have been identified in indoor air, and NP has been detected in household
items and house dust. NP and OP, as well as TNPP, are weakly estrogenic.
Adpverse effects on the target organs (liver, kidney, and heart), immune and neu-
rological function, the developing reproductive system, and metabolic pathways
related to obesity and diabetes risk, have been observed in laboratory animals or
cell culture systems exposed to NP or OP. While there is some evidence of NP
acting as a tumor promoter in animal models (lung and mammary gland),
induction of apoptosis has been observed in lung-, gastric-, and bone-tumor cell
lines, and in Sertoli cells. Additional research is needed to determine sources of NP
and OP in FCMs in the global food supply, identify factors that affect migration of
these APs from food packaging to foodstuffs, and better define exposure to human
populations.
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5.1 Key Take Home Points

e Nonylphenol and octylphenol are alkylphenols that have been detected in the
food supply.

e One likely source of nonylphenol is the use of tris(nonylphenyl)phosphite
(TNPP) as a stabilizer and antioxidant in food contact plastics.

e Nonylphenol, octylphenol, and TNPP are all weak estrogens.

e Research evidence indicates that nonylphenol or octylphenol can adversely
affect the functioning of various organ systems, the developing reproductive
system, immune function, neurological function and behavior, and obesity and
diabetes risk.

e More research is need on the conditions affecting the migration of various
alkylphenols from food packaging and processing materials to foods and
beverages.

e More research is needed on the level of nonylphenol and octylphenol in the
global food supply and the extent of human exposure to these chemicals.

5.2 Exposure to Alkylphenols
5.2.1 Overview of Selected Exposures

Alkylphenols (APs) are used widely in plastic manufacturing as surfactants and
antioxidants. Both modified polystyrene (PS) labware and polyvinyl chloride
(PVC) medical tubing were identified as sources of para-nonylphenol (4-NP)
(Cy5H40), and NP migrating out of the plastic was identified as having estrogenic
properties in an estrogen-dependent MCF-7 human breast tumor cell line (Soto
et al. 1991; Inoue et al. 2002; Hill et al. 2003). Other studies conducted in Ger-
many (Guenther et al. 2002; Raecker et al. 2011) and Asia (Li et al. 2008) detected
low levels of APs, including isomers of 4-NP and 4-fert-octylphenol (4-tert-OP)
(C14H»,0), in a variety of foods leading to speculation on the source of these
chemicals (Fig. 5.1). While alkylphenol ethoxylates (APEs) are used in pesticides
as stabilizers of suspensions and as non-ionic surfactants in detergents, and these
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Fig. 5.1 Chemical structures of selected alkylphenols and tris(nonylphenyl)phosphite

uses may explain some of the AP residues detected in fresh and packaged produce
(Li et al. 2008; Cacho et al. 2012; Guenther et al. 2002), research is now exam-
ining to what extent food contact materials (FMCs) are a source of APs in food.
Evidence that APs are detected in FCMs, foodstuffs, indoor air, and household dust
are summarized below.

5.2.2 Alkylphenols in Food Contact Materials

While NP is not approved for direct use in food contact plastics in either the
United States (U.S.) or Europe, there is evidence that its presence in FCMs may be
due to the use of APEs as dispersing and stabilizing agents in food packaging and
the use of TNPP (C45Hg9O3P, CAS No. 264223-78-4, Fig. 5.1) in FCMs (Bradley
et al. 2010; Howe et al. 2001). TNPP is approved for use as a stabilizer/antioxidant
in food plastic polymers both in Europe and the U.S. (Howe et al. 2001). It is
commonly used as an antioxidant in PVC films (Howe et al. 2001), as a stabilizer
in PS, high-impact polystyrene (HIPS), rubber materials used in food packaging
(Fernandes et al. 2008), and in polyolefins, including ethylene-vinyl acetate
copolymers (EVA), and linear low-density polyethylene (LLDPE) films and
containers (Howe et al. 2001). TNPP is used in food-contact rubber (hoses and
conveyor belts) that repeatedly come into contact with food. While TNPP is used
as a stabilizer in HIPS precursors, TNPP is not added to food-contact HIPS
directly, hence 4-NP is present in HIPS as a contaminant (Howe et al. 2001). It has
been estimated that TNPP used in FCMs contains 1-4 % 4-NP as an impurity
(Howe et al. 2001). The oxidation of TNPP in PVC films can release NP and serve
as a possible source of the NP in food wrapped in PVC films or containers made of
PVC (Casajuana and Lacorte 2004). TNPP also can release 4-NP under acidic
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conditions (Howe et al. 2001). Therefore, NP may be present as a non-inten-
tionally added substance (NIAS) in FCMs as an impurity or from the degradation
of permitted plastic additives (Bradley et al. 2010).

Several studies have examined whether different types of FCMs contain NP.
Fernandes and colleagues (Fernandes et al. 2008) determined 4-NP concentrations in
awide variety of plastic FCMs, and found the highest concentrations of 4-NP in PVC-
based cling film (287 micrograms per gram, pg/g), a HIPS food tray (265 ng/g),anda
PS ice-tray (64.2 pg/g). Low levels (0.3-1.5 pg/g) of NP were detected in a vinyl
acetate bread bag, a vinyl acetate wine stopper, a polycarbonate (PC) baby bottle, and
various rubber-based products. Other types of FCMs, including LDPE cling film, a
hard polyethylene terephthalate (PET) water container, a high-density polyethylene
(HDPE) milk container, melamine, coated papers, a nylon roasting bag, a cellulose
fudge wrapper, and silicone products contained very low (<0.07 ng/g) to undetect-
able levels of NP.

While some studies have found trace or undetectable levels of 4-NP and/or
4-tert-OP in water stored in PET, PC, and HDPE bottles (Guart et al. 2011), levels
vary widely according to bottle composition and geographic location. Median
levels of APs in bottled water samples packaged in PET plastic were 7.9 nano-
grams per liter (ng/L) for 4-NP, and <2 ng/L for 4-tert-OP in a study conducted in
Greece (Amiridou and Voutsa 2011). A study conducted in China reported 4-NP in
all of the 21 bottled water samples analyzed (range 108-298 ng/L), though the
bottle composition was not specified (Li et al. 2010b). In a study on NP levels in
bottled water from three types of plastic, NP was not detected in water from PET
bottles, but NP levels in water sampled from PVC and HDPE containers averaged
300 and 180 ng/L, respectively (Loyo-Rosales et al. 2004). Since the NP in the
bottled water samples could have resulted from AP detergents used to wash the
bottles or been present in the water itself, additional migration studies were
conducted. Containers were rinsed with deionized water and refilled with a food
simulant (10 % ethanol), and samples were taken for NP analysis during a time-
course storage at 20 or 40 °C for up to 360 hours (h). At 240 h at 40 °C, levels of
NP were 2-fold higher in the simulant sampled from the HDPE bottles (approxi-
mately 240 ng/L) than the PVC bottles (approximately 120 ng/L).

There have been comparatively few studies that have examined NP levels in
source waters used for bottled water. One study in Spain analyzed AP levels in
source waters, and found a detectable level of 4-NP in one out of 131 samples at
0.058 pg/L, while 4-fert-OP was detected in four samples at a mean level of
0.0024 ng/L (Bono-Blay et al. 2012). Exposure to NP from tap water in China has
been estimated (based on consumption of 2 L/day) to be as high as 1.4 pg/day (Li
et al. 2010b).

Other studies have evaluated levels of APs in FCMs and their migration into
foods. Some of the highest levels of NP in FCMs have been found in PVC film and
HIPS. The Food and Environment Research Agency, York, UK determined the
level of NP in a variety of PVC films and HIPS samples (Bradley et al. 2010). Of
the ten PVC samples tested, two contained NP at 2,590 and 4,150 milligrams per
kilogram (mg/kg), and three out of ten HIPS samples contained NP at 28, 925,
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and 1,760 mg/kg. The migration of NP from these FCMs was determined, and
while NP migrated from PVC film that was in contact with cake (0.3-0.6 mg/kg)
or cheese (0.2-0.8 mg/kg), there was very little migration of NP from the three
positive HIPS samples into test foods, below the limits of detection (LOD) at
0.2 mg/kg, suggesting that NP migration potential is partly dependent on the type
of food contact plastic.

Others researchers have found a range of 4-NP present in PVC films used
commercially and domestically, and that migration into food simulants is influ-
enced by test conditions. Of the ten samples of domestic PVC film, 4-NP was
detected in two samples; of the 22 commercial PVC films, ten samples were found
to have detectable levels of 4-NP, with 4-NP levels in positive samples ranging
from 500 to 3,300 pg/g (Inoue et al. 2001). In the PVC films with positive
detections of 4-NP, migration rates into food simulants were higher into n-heptane
(62.5 % migrated) than into 4 % acetic acid or distilled water (0.23 % migrated).
There was a wide range of 4-NP migration in cooked rice samples that were
wrapped in PVC films and then microwaved for 1 min, from not detectable to
410 ng/g. Other studies have evaluated NP migration from other types of food
packaging, but the type of plastic or potential source of the NP used in the
packaging was not always specified. While NP was detected migrating from a tuna
can to food simulant medium at a mean level of 3,912 ng/L, the source of the NP
was not identified (Fasano et al. 2012). Similarly, OP was detected migrating from
a plastic wine top in this study at a mean level of 26,629 ng/L, but the type of
plastic was not specified. While NP has been detected in milk samples packed in
Tetra Brik (ultra high temperature processing) (16.5-34.5 pg/kg) and HDPE
packaging (23.6-27.7 ng/kg), it is not known if the source of NP was from the
packaging, FCMs used in processing milk, or present in the milk via APs absorbed
by the dairy cows from bio-solids applied to pastures as fertilizer amendments
(Casajuana and Lacorte 2004).

These studies do suggest that FCMs, especially PS, HIPS, HDPE, and PVC
films and containers, may be sources of APs, especially NP. Further research is
needed to determine the conditions that favor and hinder migration of APs from
FCMs, including temperature, length of storage, and the fat and moisture content
of the food.

5.2.3 Levels of Alkylphenols in Households

Studies conducted in Japan and the U.S. have detected APs in indoor air, house-
hold dust, and household items. Both 4-NP and 4-fert-OP were detected in indoor
air with median levels at 47.5 and 3.2 ng per cubic meter (m?), respectively, in
households of Tokyo, Japan (Saito et al. 2004). Additional monitoring identified
PVC-based materials used in household floor and wall coverings as a possible
source of APs in indoor air. Studies by Rudel and colleagues indicate that NP as
well as certain nonylphenol-ethoxylates (NPEs) and octylphenol-ethoxylates
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(OPEs) are indoor air contaminants (Rudel et al. 2003). Levels of APs in house-
hold dust and air were monitored in 120 homes located in Cape Cod, Massa-
chusetts. Median levels of 4-NP were 110 ng/m” in indoor air and 2.58 pg/g in
dust samples, while median levels of mono-NPE and mono-OPE were 17 and
8.6 ng/m3, respectively, in air. Median AP and APE levels were below 6 g/g in
dust samples. In a California-based study conducted several years later, median
household indoor air levels of 4-tert-NP were half (53.0 ng/m3) (Rudel et al. 2010)
of levels detected on Cape Cod (Rudel et al. 2003), reflecting either different usage
patterns or changes in formulation of products with NP. Median indoor air levels
of NP in the Rudel et al. (2010) California study were similar to those previously
reported by Satio et al. (2004) for Japanese households.

In an attempt to identify sources of APs, levels of 4-tert-NP, 4-tert-OP and
some APEs were determined in a variety of household cleaners, cosmetics, per-
sonal care products, and household products; a vinyl shower curtain had the
highest level of 4-tfert-NP (in the range of >100 to 1,000 pg/g) in the items
surveyed (Dodson et al. 2012). To what extent FCMs could be a source contrib-
uting to household air and dust levels of NP or OP is not known.

5.3 Bioavailability, Pharmacokinetics, and Biomonitoring
5.3.1 Bioavailability and Pharmacokinetics

A study conducted by Green and colleagues that investigated the absorption,
metabolism, and excretion of 4-NP in male and female CD rats, found that up to
75 % of an orally (gavage) or intravenously administered dose of '*C radiolabled-
NP appeared in the feces in the first 24 h after dosing (Green et al. 2003). About
65 % (in males) and 80 % (in females) of the 10 mg/kg oral dose was absorbed,
with 50 % being absorbed in both genders at the higher 100 mg/kg dose. Absorbed
NP was metabolized in the liver and appeared in the bile as the glucuronide
conjugate form of NP. There were gender differences in peak blood levels after
dosing, with males displaying levels several fold higher than female rats. While
the authors state there was not evidence of tissue retention of NP, in repeated dose
experiments low levels of radiolabeled orally administered NP was detected in the
fat after 14 days of dosing.

In humans, radiolabled 13Cﬁ—NP was administered to two male volunteers (5 mg
as a oral dose to one volunteer, and 1 mg intravenously to the second volunteer) and
blood, urine, and fecal samples were monitored over time (Muller et al. 1998).
Because less than 1 % of the dose was excreted in the feces as NP, and the bio-
availability of administered NP was calculated to be about 20 % (oral dose), the
authors suggested that after absorption by the gastrointestinal tract, NP was
metabolized in the gut wall as well as in the liver. Studies using microsomes
prepared from rat intestinal tissue found that while NP was glucuronidated within
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the gut wall, this form remained for a long time in the intestinal wall, probably due
to the long side-chain of NP which may impair transport (Daidoji et al. 2006).
Studies conducted in male and female Wistar rats found that very little of the orally
administered radiolabled 4-n-NP was detected in the feces, whereas most of the
elimination was in the urine as metabolites from beta-oxidation of the nonyl side
chain as well as conjugation to the sulfate or glucuronide forms (Zalko et al. 2003).
The unbranched alkyl chain present in 4-n-NP, however, is not representative of the
highly branch alkyl chain of technical grade NP (see Fig. 5.1), thus it is unlikely
that beta-oxidation plays a role in the metabolism in technical grade NP.

Other metabolic studies in Sprague-Dawley (SD) rats using a mixture of
branched-chain alkyl NPs have demonstrated evidence of NP glucuronidation
(predominate form in the blood after oral dosing), however, NP aglycone also was
detected in tissues of the rats (Doerge et al. 2002). In addition, when NP was
administered to pregnant dams by gavage, there was evidence of placenta transfer
of NP aglycone to the fetal serum and brain tissue. The authors suggest that while
NP glucuronides predominate in the blood after metabolism, the aglycone form
can accumulate in estrogen-responsive tissues in the rat, and they suggested tissue
accumulation of endocrine active-forms of NP could occur in humans. This study
is in contrast to a metabolic study conducted in Wistar rats that found very little of
the 4-n-NP administered to pregnant dams from day 3 to 19 of gestation reached
the fetuses (Zalko et al. 2003). Few studies have examined the ability of NP to
cross the placenta in humans. In one study, human placentas were perfused with 4-
NP, and there was some evidence of a slow rate of NP transfer across the placenta
(Balakrishnan et al. 2011). Some of these differences may have been influenced by
variability in the rates of glucuronidation between strains and species, but may also
be affected by variations in gut microbiota and enterohepatic cycling (Snedeker
and Hay 2012).

5.3.2 Biomonitoring of Alkylphenols

Compared to other endocrine disrupting compounds such as bisphenol-A and
various phthalates, there is comparatively limited biomonitoring data on levels of
APs in urine, blood, adipose tissue, and human breast milk. Because APs are
metabolized in the liver relatively quickly to their sulfonated and glucuronide
forms, and are rapidly cleared by the body, very low levels are detected in human
blood (Asimakopoulos et al. 2012) and low levels in urine reflect recent exposure
(CDC 2013a). This section will summarize available data on biomonitoring of 4-
tert-OP and 4-NP in human populations.

Urine The Centers for Disease Control and Prevention (CDC) have included
urinary levels of 4-fert-OP in their environmental biomonitoring program as a part
of the 20062006, 2007-2008, and 2009-2010 National Health and Nutrition
Examination Survey (NHANES) (CDC 2013b). Urinary levels of 4-tert-OP were
below the LOD for the 50th, 75th, and most of the 90th percentile in NHANES
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results for all three surveys. At the 95th percentile (geometric means), urinary
levels of 4-tert-OP were 0.2-0.3 pg/L for all three surveys; creatinine-adjusted
means ranged from 0.56-64 pg/g creatinine. Females tended to excrete higher
levels of 4-tert-OP than males, which may be reflective of more use of household
or personal care products that contain 4-fert-OP by females. While the CDC does
not routinely monitor urinary levels of NP as a part of their biomonitoring pro-
gram, urinary levels of the linear NP, 4-n-NP, were determined in the NHANES III
survey, with a frequency of detection of 51 %, with median concentrations less
than 0.1 mg/L and levels higher in males at 0.17 mg/L (Calafat et al. 2005). Both
4-NP and OP have been detected in a small study of 60 Japanese subjects (Jing
etal. 2011). OP was detected in 17/60 urine samples at 0.41-11.10 ng per milliliter
(ml) while 4-NP was detected at a higher frequency (29/60) at 16.9-27.8 ng/ml.
Similar levels of 4-NP were reported in a study of 287 children and young adults
from Guangzhou, China (geometric mean 15.92 pg/g creatinine) (Li et al. 2013).
In contrast, researchers were unable to detect NP in any of the 131 urine samples
collected from a general population in Belgium (Pirard et al. 2012). Whether these
results represent true geographic differences in the U.S., Asian, and European
exposures to APs, or whether results differ because of differences in methodology
is not known.

Blood Given the transient nature of APs after ingestion and their rapid
metabolism by the liver, blood levels of APs are not considered to be reflective of
human exposure (Asimakopoulos et al. 2012). Studies measuring blood levels
of APs are limited to several method development studies with a small number of
samples (Kawaguchi et al. 2004; Tan and Ali Mohd 2003). Research is needed,
however, to determine AP levels in cord blood samples to evaluate whether APs
may be crossing the placental barrier and exposing the fetus.

Breast Milk European and Taiwanese researchers have monitored NP and OP
levels in human breast milk. In a study conducted in Italy, NP and OP levels were
determined in ten samples of mature human milk, collected over 24 h from both
breasts; mean levels for NP and OP were 32.0 and 12.0 ng/ml, respectively
(Ademollo et al. 2008). In contrast, 4-NP levels in 59 breast milk samples
obtained from Taiwanese women were considerably lower (geometric mean for
NP 2.26 ng/g) with even lower reported levels for 4-OP (geometric mean for 4-OP
0.02 ng/g) (Chen et al. 2010). While these studies demonstrate that NP and OP are
detectable in human breast milk, considerably more research needs to be done
analyzing a larger number of milk samples from different geographic locations to
characterize levels in this biological medium.

Adipose Tissue Levels of APs have been monitored in the adipose tissue from
human subjects, and have varied according to the geographical location of the
subjects. In a study conducted in Italy, levels of APs in adipose tissue obtained
from 16 subjects undergoing bariatric surgery ranged from 10 to 266 ng/g for NP,
with considerably lower levels reported for OP (6-80 ng/g) (Ferrara et al. 2011).
Several NPEs were also detected in adipose tissue, with the frequency of detec-
tion decreasing as the ethoxylation level increased. In a study of adipose tissue
samples obtained from surgery patients from southern Spain, the median levels in
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the 20 samples obtained were 57 ng/g for NP and 4.5 ng/g for OP, respectively
(Lopez-Espinosa et al. 2009). Considerably lower levels of unbranched 4-n-NP in
human adipose tissue was reported in a study from Belgium, with detection in
eight out of 11 subjects, mean levels of 4-n-NP were 0.025 ng/g (Geens et al.
2012). Reports of AP adipose tissue levels in subjects from North America and
Asia were not located. International standards for analytical methods to measure
APs, or a study where one centralized laboratory analyzes samples from multiple
geographic locations, could help clarify whether the wide differences in adipose
levels of NP and OP are due to differences in exposure or collection and analytical
methodology.

5.4 Health Effects of Alkylphenols

While there is some evidence that exposure to NP or OP may have adverse effects
on specific organs, including the kidney, heart, and liver, the majority of the
studies evaluating toxic effects of APs have focused on male and female repro-
duction and endocrine effects, immune function, and neurological and behavioral
endpoints. This section will briefly highlight some of the studies that have assessed
effects of AP exposure on these organs and functional systems, especially those
from mammalian laboratory animal models and tissue culture systems.

5.4.1 Toxicological Effects on Organs

Liver There were no toxic effects on hepatic tissues in male or female SD rats fed
up to 150 mg/kg body weight of 4-NP (as commercial grade NP, CAS No. 84852-
15-3) in a 90-day subchronic study (Cunny et al. 1997), however, a 28-day study
conducted in male and female Crj:CD(SD)IGS rats using the same commercial
grade of NP did show evidence of centrilobular liver cell hypertrophy at the high
250 mg/kg dose (Woo et al. 2007). In a drinking water study conducted in SD rats,
at the level of 25 parts per million (ppm) neither NP (as 4-NP, CAS No. 25154-52-
3) or 4-OP (CAS No. 1806-26-4) showed evidence of hepatic cytotoxic effects,
however, both NP and 4-OP induced an increase in apoptosis in the liver, and
hepatocellular gluconeogenesis was observed in 4-OP-treated animals (Hernandez-
Rodriguez et al. 2007). It has been suggested that the induction of apoptosis may
involve certain metabolic pathways, including mitochondria-dependent and Fas-
Fas-L pathways (Jubendradass et al. 2012b). Others have suggested that 4-NP-
induced hepatic necrosis in Wistar rats may be the result of oxidative damage
(Korkmaz et al. 2010).

Kidney Effects of NP on the kidney have been one of the most consistently
reported toxicological effects in rodent feeding studies, though effects are depen-
dent on dose and diet composition. For instance, in a 90-day feeding study with
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male and female SD rats, dose-related decrease in kidney weights and reduced
haline levels in the high-dose 150 mg/kg 4-NP-group of male rats were the only NP
treatment-related effects reported (Cunny et al. 1997). In contrast, 4-NP adminis-
tered at a higher dose (250 mg/kg body weight) in a 28-day oral dosing (via gavage)
study resulted in renal toxicity in male and female rats, including basophilic tubules
(male and females) with haline casts (only males), and lymphocyte infiltration
(females) as well as cortical tubular dilation (females) (Woo et al. 2007). Studies
conducted in male Wistar rats suggest that NP-induced renal necrosis may be
related to oxidative damage in the kidney (Korkmaz et al. 2011). Polycystic kidney
disease (PCK) has been reported in male rats with development exposure to NP
(2,000 ppm, gestation day seven to postnatal day 50) (Cooper et al. 2006; Laten-
dresse et al. 2001), with diet playing a role in the severity of the PCK; soy-based
diets protected against NP-induced PCK compared to casein-based and other soy-
free diets (Cooper et al. 2006). Several other multi-generational reproductive tox-
icology studies have reported depressed kidney weights and histopathological
lesions with developmental exposure to NP. A consistent adverse effect of 4-NP
administration (as branched 4-NP, CAS No. 84852-15-3) in SD rats across three
generations in a reproductive toxicity study was an increase in kidney weights in
both genders, and various renal lesions at the mid- (650 ppm) and high-doses
(2,000 ppm) of NP, including renal medullary tubular dilatation and cysts, focal
mineralization, granular casts, and hydronephrosis (Chapin et al. 1999). These renal
lesions were dose-related in the males, and prevalent in the high-dose 2,000 ppm
females. Increase in kidney weights and similar renal lesions have been reported in
other reproductive toxicology studies assessing the effect of 4-NP administration
(Tyl et al. 2006; Han et al. 2004; Nagao et al. 2001).

Heart and Vasculature 4-NP, and to a greater extent 4-OP and 17f-estradiol,
had the capacity to increase coronary perfusion pressure when administered at
100 nanomolar (nM) to perfused rat hearts (Ruehlmann et al. 1998). Investigators
further demonstrated that 4-OP and estradiol can act on vasculature by inhibition
of L-type Ca®* channels in smooth muscle cells, suggesting an estrogen-related
effect of APs on cardiac tissue.

5.4.2 Toxicological Effects on Systems

5.4.2.1 Endocrine Disruption

Thyroid Gland While a number of studies have examined effects of NP exposure
on thyroid function in aquatic species, there are relatively few studies available in
mammalian models. Dose, duration of treatment, and gender all appear to influ-
ence whether APs affect thyroid function. For instance, serum levels of T3 and T4,
but not thyroid stimulating hormone (TSH), were elevated in ovariectomized
female SD rats fed 4-NP at 20 or 80 mg/kg via a soy-free diet for up to 12 weeks
(Schmutzler et al. 2004). In contrast, in an oral dosing (by gavage) 28-day
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subchronic study, serum TSH levels were significantly elevated in intact female
SD rats in the high 250 mg/kg per day 4-NP-group, but not lower dose groups
(10 or 50 mg/kg per day), compared to controls (Woo et al. 2007). There were no
NP-treatment effects on TSH in males, and T3 and T4 serum levels were unaf-
fected in both genders. While thyroid weights were significantly elevated in 50 and
250 mg/kg 4-NP-treated males (not females) in the Woo study, no effects on
thyroid weight were reported in a 90-day subchronic diet study in rats fed up to
2,000 ppm 4-NP (Cunny et al. 1997). Treatment of the thyroid hormone-dependent
rat pituitary cell line GH3 with NP or OP resulted in inhibition of T3-induced cell
growth. While these studies suggest some potential for NP or OP to affect thyroid
hormones and function, much more research is needed in both animal models and
cell cultures to clarify divergent findings as well as to identifying mechanisms by
which APs may affect thyroid function.

Estrogenicity The ability of 4-NP leaching from PS labware to elicit an
estrogenic response in vitro was first demonstrated using MCF-7 cells, an estro-
gen-dependent human breast tumor line (Soto et al. 1991). This initial observation
was confirmed in vivo using uterotrophic and uterine permeability assays (Shelby
et al. 1996; Milligan et al. 1998), and in vitro using transcriptional assays with
mammalian or yeast cell lines transfected with estrogen receptor-alpha (ER-o)
(Shelby et al. 1996; Van den Belt et al. 2004), and competitive ER-binding assays
(Shelby et al. 1996; Milligan et al. 1998). Later studies using the estrogen-
dependent MCF-7 cell line demonstrated that both 4-n-NP (CAS No. 104-40-5)
and 4-n-OP (CAS No. 1806-26-4) show similar estrogenic-responses while 4-zerz-
OP (CAS No. 140-66-9) elicited a weaker estrogenic response (Isidori et al. 2010).
Both 4-NP and 4-tert-OP were found to be 100,000 less potent than 17-estradiol
in the mouse uterotrophic assay (Milligan et al. 1998). Potency may depend on the
test system, since OP has been found to be 1,000 fold less potent in human
estrogen-dependent cell lines (White et al. 1994), while 4-tert-OP was 5,000 fold
less potent than 17f-estradiol in a yeast transfection assay (Miller et al. 2001).
Potency and ER-binding appears to be dependent on AP-side chain length,
branching, and test species (e.g. human- verses trout-ER) (Olsen et al. 2005).
Structurally, estrogenic activity of APs has been associated most closely with
phenols with R-groups in the para-position (4-position) (Miller et al. 2001). Other
assays have used gene-responsiveness to assess AP estrogenicity. Using micro-
array analysis in human breast cancer cells, researchers have found both 4-NP and
4-tert-OP can up-regulate estrogen-responsive genes, especially genes involved in
proliferation, transcription, and transport (Terasaka et al. 2006).

TNPP, which may oxidize to release 4-n-NP in food contact applications, has
been shown to have estrogenic activity in a yeast-two hybrid assay (Ogawa et al.
2006). Additional studies are needed to confirm whether TNPP is estrogenic in the
in vivo uterotrophic assay, and if TNPP has the capacity to bind to ERs and up-
regulate estrogen-responsive genes.
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5.4.2.2 Female Reproduction and Mammary Gland Development

Female Reproduction in Rodents The effect of oral AP administration on female
reproductive toxicology endpoints has been evaluated in several multigenerational
rodent studies (Nagao et al. 2001; Chapin et al. 1999; Willoughby et al. 2005). 4-
NP administration to laboratory rats orally via gavage at 50 mg/kg (Nagao et al.
2001), and in the diet at 650 and 2,000 ppm (Chapin et al. 1999) resulted in
accelerated vaginal opening in all generations of offspring. Other adverse effects
on females in the 650 ppm and 2,000 ppm 4-NP dose groups in the Chapin et al.
(1999) study included increased uterine weights (F; generation only) and
decreased ovarian weights (F, generation only), and increased length of the estrous
cycle (adult females in the F; and F, generations) in the high-dose 2,000 ppm
group. While there were no treatment effects on fertility, or female anogenital
distance in any generation, the effects on earlier vaginal opening and increased
length of the are clear indications of an in vivo estrogenic effect of developmental
4-NP exposure (Chapin et al. 1999)

Others have reported the effects of post-natal 4-tert-OP administration (50 mg/kg,
post-natal day 0 to10, via sc injection) on female reproductive function in the rat,
including accelerated vaginal opening, decreased ovarian weight, and increased
uterine weight (Willoughby et al. 2005). This study, however, did not see earlier
vaginal opening with 5 mg/kg 4-tert-OP or with 4-NP at 5 or 50 mg/kg administered
during this early post-natal period, suggesting that critical windows of exposure may
exist for AP’s effect on female reproductive development. Since very few animal
modeling studies have evaluated whether OP exposure affects female reproduction,
additional studies are needed to determine OP’s effect on female reproductive
endpoints using an oral route of exposure.

Menarche Onset in Humans Since most rodent developmental studies have
reported accelerated vaginal opening with 4-NP administration, researchers have
compared secondary sexual characteristics and menarche onset in Taiwanese girls
to levels of 4-NP in collected urine in 786 female students (Chen et al. 2009). After
controlling for age and body mass index, urinary 4-NP levels were significantly
inversely related to age of menarche, suggesting that further study is needed to
determine if the earlier onset of menarche is related to NP exposure.

Mammary Gland Development in Rats There is some evidence that NP
exposure may affect mammary gland development. Moon and colleagues treated
Long Evans pregnant rats with NP (branched alkyl chains, 85 % para-isomer) at
10 or 100 mg/kg (oral gavage) during gestational days 15-19, and observed
advanced lobular development in the high-, but not low-dose NP group’s mam-
mary glands on post-natal day 22 (Moon et al. 2007). The long-term effects of NP
administration on mammary gland development and function are not known.
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5.4.2.3 Male Reproduction

Male Reproduction in Rodents Chapin and colleagues administered branched
4-NP (CAS No. 84852-15-2) in the diet (NIH-07 feed) to SD rats in a 3.5 gener-
ational reproductive toxicology study (Chapin et al. 1999). 4-NP was present in the
diet at 0, 200 ppm (9-35 mg/kg per day), 650 ppm (30-100 mg/kg per day), and
2,000 ppm (100-350 mg/kg per day). There were no treatment-related changes in a
number of male reproductive endpoints, including anogenital distance, preputial
separation, testicular or epididymal weight, or in functional measures including pup
number or viability in any generation. While there were reduced epididymal sperm
densities at the mid- and high-NP doses, this effect was only observed in the F,
generation, and not the Fy, F; or F; generation. A lack of effects from 4-NP
administration (CAS No. 84852-15-2) on male reproductive endpoints, including
no effect on epididymal sperm counts, has been reported in a three-generation study
of SD rats, confirming Chapin and colleagues findings (Tyl et al. 2006). While a
two-generation reproduction study that administered NP (CAS No. 25154-52-3,
99 % pure) by gavage at 2-50 mg/kg also reported a lack of effects on male
reproductive endpoints or sperm indices in male Crg:CD(SD) IGS rats, 4-NP
treatment did affect levels of hormones (Nagao et al. 2001). This included
decreased levels of T3 and increased levels follicle stimulating hormone (FSH) in
males at postnatal day 22 in the F; 50 mg/kg males. In contrast, several other
reproductive studies have reported changes in male reproductive tissues in 4-NP-
treated male rats, especially at high-dose levels (250 mg/kg per day), including
statistically significant decreases in testicular weight (de Jager et al. 1999a), epi-
didymal weight (de Jager et al. 1999a, b; Hossaini et al. 2001; Han et al. 2004), and
seminiferous tubule diameter (de Jager et al. 1999a).

There is some evidence that exposure to NP can effect antioxidant-related
enzymes in exposed adult male rats. Adult male Wistar rats gavaged with NP at
doses up to 300 mg/kg per day showed a decreased in the activity of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) in epididymal
sperm (Aly et al. 2012).

Cell Culture Studies In cultured Sertoli cells from male SD rats exposed to 4-NP
for 24 h, the cytotoxicity (cell death) observed may have been due to accumulation
of reactive oxygen species (ROS) (Gong and Han 2006). Subsequent studies by the
same research group found changes in the plasma membrane of 4-NP-treated Sertoli
cells and in intracellular calcium homeostasis, suggesting that these changes may
partly explain 4-NP-induced cytotoxicity (Gong et al. 2008). These authors also
suggested that the changes in calcium signaling may be important in triggering
apoptosis. Cell culture studies and in vivo animal models have implicated 4-NP-
exposure in apoptosis induction in Sertoli cells (Li et al. 2010a; Wu et al. 2009) and
germ cells (spermatogonia and spermatocytes) (McClusky et al. 2007). Models and
proposed molecular mechanisms by which NP and other environmental estrogens
may induce apoptosis in germ cells have been reviewed (Lagos-Cabre and Moreno
2012). Others have proposed that the generation of ROS in NP-treated Sertoli cells
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may be mediated by miR-135 via the Wnt/beta-catenin signaling pathway (Choi
et al. 2011).

Male Sexual Development in Humans There have been few studies assessing
whether NP-exposure in human populations affects reproductive or sexual devel-
opment endpoints in males. A study of Korean students examined the association
between urinary and plasma levels of n-NP and tert-OP in boys with and without
hypospadias (urinary tract opening is at a place other than the tip of the penis)
(Choi et al. 2012). They reported a highly significant positive association between
urinary levels of n-NP in the boys with hypospadias. More research is needed to
examine this possible association of APs and developmental effects on male
reproductive organs in human populations.

5.4.2.4 Neurological Function and Behavior

Several studies have investigated whether APs can affect neurological develop-
ment and behavior, as well as the synthesis of neurological hormones and neu-
rotransmitters. While oral exposure to NP from gestational day 3 to postnatal day
20 in male rats did not affect spontaneous motor activity or performance in an
elevated plus-maze test, NP-treated pups did display fewer avoidance responses, as
well as showing evidence of adversely affecting monoaminergic neural pathways
(Negishi et al. 2004). NP administered to 5-day old rat pups intracisternally can
increase motor hyperactivity, though the mechanism for this effect was not iden-
tified (Masuo et al. 2004a, b). In cell culture studies, while treatment of neural
stem cells with 4-NP resulted in DNA fragmentation due to apoptosis in one
in vitro study (Kudo et al. 2004), there was no evidence of DNA fragmentation
when rat pheochromocytoma cells were exposed to unbranched APs, 4-n-NP or 4-
n-OP, in another study (Talorete et al. 2001). However, there was evidence that
incubation of the pheochromocytoma cells for an extended period of time (24 h)
with 4-n-NP and especially with 4-n-OP resulted in inhibition of acetylcholines-
terase, even at levels as low as 0.8 uM (Talorete et al. 2001). These authors noted
that human exposure to NP in drinking water is at a similar level. Using bovine
adrenal medullary cells, 4-NP administration had a marked effect on the reduction
of catecholamine synthesis at a NP concentration similar to that observed in U.S.
rivers (Yanagihara et al. 2005). Short-term treatment of this cell line with 4-NP
also caused elevations in various MAP-kinases, and these effects were estrogen-
independent.

Since the hormone estrogen is known to play an important role in the sexual
differentiation of central nervous system structures, the effects of 17B-estradiol and
4-NP as a weak estrogen on dendritic and synaptic development was investigated
using cultures of fetal rat hypothalamic cells (Yokosuka et al. 2008). Synaptic
densities increased in the mid-dose (4-NP at 10 nM; estradiol at 100 nM), but not
high-dose level (1 pM) for either 4-NP or estradiol. Similar effects were observed
on glial development. Since 4-NP may affect development of neuronal structures
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in the hypothalamus, further studies are needed to assess to what extent exposures
to NP or OP may affect neurological development or behavior in humans.

5.4.2.5 Immune Function and Allergic Response

Many of the effects of NP and OP on immune cells and allergic response have been
summarized by Suen and colleagues (Suen et al. 2012), including effects on
various cytokines, enhancement of mast cell degranulation, increased expression
of tumor necrosis factor-alpha (TNF-a), and increased Th2 differentiation. Some
of these effects are partially estrogen-dependent, while others appear to be estro-
gen independent. The induction of TNF-o in myeloid dendritic cells by NP or 4-
OP is partly reversible by an ER-antagonist (Hung et al. 2010). The decrease of
ERK1/2 phosphorylation in differentiated THP-1 cells exposed to 4-n-NP also can
be suppressed with an ER-antagonist (Bennasroune et al. 2012). There is also
evidence that the increased mast cell degeneration induced by NP is mediated by
ER-o (Narita et al. 2007). In contrast, the ability of 4-NP and 4-zert-OP to suppress
the development of Thl and enhance the development of Th2 T cell thymocytes
appears to be ER-independent (Iwata et al. 2004).

In an in vivo two-generational oral feeding study conducted in SD rats,
immunologic effects of NP (CAS No. 84852-15-3) on natural killer cells (NK) and
leukocytes in the F; generation were gender specific; while NP induced a dose-
dependent (at 500 and 2,000 ppm NP) increase in spleenic NK activity in the F;
females, this effect was not observed in NP-treated F; males (Karrow et al. 2004).
In vitro studies have demonstrated the ability of NP to suppress the lytic function
of NK cells (Udoji et al. 2010), supporting evidence of NP’s effect on suppressing
immune function. Tissue culture studies using chorionic villous explants from
human placenta have investigated whether treatment with 4-NP affects cytokine
secretion (Bechi et al. 2010). Using environmentally relevant low doses of 4-NP
(107]3, 107! ], and 107° M), 4-NP-exposed cultures had increased release of
granulocyte-macrophage colony-stimulating factor, interferon-y (IFN-vy), inter-
leukin (IL)-1p, IL-4, and IL-10, while reducing the release of TNF-a and having
no effect on IL-2 and IL-5, compared to vehicle control cultures. To what extent
APs may affect implantation and pregnancy outcomes via effects on cytokines, or
if APs may affect allergic diseases in the human population such as asthma, is not
known.

5.4.2.6 Obesity and Diabetes Risk

There is emerging evidence that APs may affect risk of developing obesity and
diabetes. Developmental perinatal exposure to 4-NP via administration to dams by
oral gavage from gestational day 12 to lactation day 7 resulted in a larger fat mass,
and higher blood cholesterol and glucose levels in mouse pups at 60 days of age
(Hao et al. 2012). Perinatal exposure to 4-NP with obesity in the F; generation also
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has been demonstrated in male and female Wistar rats (Zhang et al. 2014). In
addition, there was evidence of transgenerational obesogenic effects in the F,
offspring not exposed to 4-NP. The authors suggest this obesity effect in the F; and
F, generations, may be mediated by ER-o signaling pathways since there was a
parallel downregulation of ER-o imprinted genes. These 4-NP-induced genera-
tional obesity transmission effects were enhanced in animals fed high-fat diets.
Resistin gene expression was increased in 3T3-LI adipocytes exposed to OP (Lee
et al. 2008). The hormone resistin decreases differentiation and increases insulin
resistance in adipocytes. APs appear to have direct effects on insulin signaling
pathways. NP stimulated insulin secretion from rat pancreatic cells in vitro, and
this effect was blocked by an ER-inhibitor (Adachi et al. 2005). The insulin-
induction effect may be dose-dependent. Song and colleagues reported a U-shaped
response curve for both NP and OP in rat pancreatic cell islets (Song et al. 2012).
Both APs caused mitochondrial swelling, disrupting the expression of genes that
regulate mitochondrial functioning of beta cells. NP may affect insulin signaling in
other tissues including the liver. When rats received NP by gavage (15 to
1,500 pg/g body weight per day for 45 days), NP-treatment induced lipid perox-
idation in the liver and decreased activity of hepatic antioxidant enzymes, as well
as increasing blood levels of insulin and glucose (Jubendradass et al. 2012a). The
authors suggest that the NP-induced reduction in insulin signaling in the liver may
be due to oxidative damage and the generation of ROS. Because of this laboratory-
based evidence suggesting that NP and OP may affect pathways related to obesity
risk or diabetes risk, analyses of NHANES human biomonitoring data are needed
to see if measures of AP exposure, such as urinary excretion, are related to the risk
of diabetes and obesity human populations.

5.4.2.7 Carcinogenicity and Genotoxicity

Neither NP nor OP has been rated as a human carcinogen or suspected carcinogen
by the International Agency on Cancer or the National Toxicology Program. The
following section summarizes studies that have examined NP’s effect on cell
proliferation, tumor promotion, and induction of apoptosis in vivo and in vitro
studies in various organ systems.

Acevedo and colleagues hypothesized that NP could affect the incidence of
mammary tumors in MMTVneu mice by elevating hepatic and serum levels of the
potent estrogen, estriol (E3) (Acevedo et al. 2005). They administered technical
grade 4-NP at 0, 35 and 45 mg/kg per day orally to female mice for 32 weeks.
While the incidence of mammary tumors (carcinomas) was higher in the high-dose
4-NP animals compared to controls or mice treated with 17B-estradiol (10 pg/kg
per day, level equivalent to NP’s potency based on ER binding), levels of serum
E3 were not elevated in the 4-NP-treated mice, suggesting the 4-NP-induction of
mammary tumors was probably due to a different mechanism than elevation of
circulating E3.
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There is additional evidence that NP may have tumor promoting effects in the
mammary gland. C-Ha-ras transgenic (TG) rats were treated with a single dose of
the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA), and then were fed non-
soybean based diets containing 0, 10, 25, 100, or 250 ppm of NP for 18 weeks
(Fukamachi et al. 2004). While the overall percent of animals with mammary
tumors did not differ between controls and NP-treated animals at 18 weeks of age,
tumor multiplicity was significantly higher for mammary adenocarcinomas in the
10 ppm NP TG rats compared to controls, but there was not a dose-response effect
since number of adenocarcinomas per rat were similar in the 250 ppm NP-group
compared to controls. In non-TG animals, tumor induction was monitored for up to
18 weeks post-DMBA induction, and while there was an effect of NP on decreased
latency of mammary tumors in the 10 and 25 ppm NP groups compared to con-
trols, there were no treatment effects on the percent of animals with mammary
tumors nor on the multiplicity of tumors. The significance of this study is difficult
to interpret since the time course was short and therefore did not allow for
development of tumors at a more advanced age, potentially masking effects on
late-stage mammary gland tumor induction.

NP has the capacity to promote rat lung tumors possibly by stimulating cell
proliferation and inducing oxidative damage in DNA (Seike et al. 2003). Male
F344/DuCrj rats pretreated with multiple carcinogens, then fed NP (mixture of
branched side-chains) in the diet at 25 or 250 ppm for 28 weeks, had significantly
higher incidences of lung adenomas and carcinomas at either NP dose compared to
controls. This tumor promotion effect was accompanied by an increase in a marker
for oxygen-mediated DNA-damage in the lung, suggesting that NP may have an
effect both on lung cell proliferation and oxidative damage (Seike et al. 2003).

NP has wide range of effects in different cancers from promoting cell prolif-
eration to inducing cytoxicity via apoptosis in various tumor cell lines. 4-NP
increased cell proliferation of estrogen-dependent BG-1 ovarian cells in both cell
culture experiments and in vivo in xenographed mice (Park and Choi 2012). In
contrast, in a DMBA-induced model of ovarian cancer, female SD rats fed a diet
with 25-250 ppm 4-NP (~97 % purity) for 50 weeks had an 86 % reduction in
ovarian carcinoma compared to DMBA-only controls (Tanaka et al. 2002). A549
lung cancer cells exposed to 4-NP were unaffected at low concentrations (10 and
25 uM), but displayed inhibition of cell proliferation and cytotoxicity in the range
of 50-100 pM 4-NP (Andreescu et al. 2005). This apoptosis effect was not
observed for several other environmental estrogens tested, suggesting that 4-NP
has unique structural characteristics that may affect its cytotoxic effects in cultured
lung tumor cells. This effect of NP on inducing cytotoxic apoptosis has also been
demonstrated in human osteosarcoma MG63 cells, and the apoptotic effect may be
due to changes in calcium homeostasis, since changes in intracellular and extra-
cellular Ca”* are a trigger for apoptosis (Wang et al. 2005). Similarly, in a human
gastric cancer cell line (SCM1), NP induced Ca**-dependent apoptosis involving
the activation of p38 MAPK-associated caspase-3 (Kuo et al. 2010). When the
SCM1 cells were pretreated with BAPTA/AM, a chelator of a Ca2+, apoptosis did
not occur when the cells were then treated with NP.
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5.5 Regulatory Considerations

Most regulatory actions that have been taken or recommended to reduce NP
exposure have focused on limiting use of NPEs used as nonionic surfactants,
especially those used in industrial detergents, dust control, and deicing agents. The
U.S. Environmental Protection Agency (USEPA) released an Action Plan on
August 10, 2010 that supports the voluntary phase out of NPEs in detergents, and
initiates rule making that would add NP to the Toxic Release Inventory that
requires facilities to report releases of inventoried chemicals to the environment
(USEPA 2010). In Europe, a directive developed in 2003 restricted the use and
sale of NP and NPEs to levels less than 0.1 % by weight in a variety of appli-
cations, including use in industrial and domestic detergents, textile and leather
processing, pesticides and biocides, cosmetics and personal care products (except
spermicides), metal working, and in the manufacturing of paper and pulp
(EC 2003). These same restrictions are listed in the European Union’s 2006
Registration, Evaluation, Authorisation and Restriction of Chemical Regulation
(commonly called “REACH”) legislation in Annex XVII, section number 46
(EC 2000).

Assessment of whether the level of NP migrating from FCMs should be of
concern has not reached a consensus in regulatory agencies, partly because NP is
predominantly present as an impurity or degradation product as a NIAS. The U.S.
Food and Drug Administration (FDA) includes “nonylphenol, nonylphenol,p—,
octylphenol, octylphenol,p—, and tris(nonylphenyl)phosphite” (see Table 5.1) in
their List of Indirect Additives Used in Food Contact Substances (FDA 2014), but
NP and OP are not approved by the FDA for use as direct food additives. Neither
NP nor OP are listed in FDA’s Cumulative Estimated Daily Intake database for
food contact substances (FDA 2013).

In Europe, no specific migration limit has been assigned to NP by European
regulatory agencies. However, the Danish Institute of Safety and Toxicology has
proposed a Tolerable Daily Intake (TDI) of 5 pg/kg body weight for NP (Da-
nishEPA 2000). Several studies have calculated NP-exposures from FCMs. A
study conducted in Japan that determined migration of NP from PVC film to
cooked rice samples estimated that exposure from 4-NP could reach 171.9 ng/g
(Inoue et al. 2001). With a consumption of 200 g of rice per day by a 50 kg adult
(projected for a Japanese population), NP ingestion was estimated to be 0.7 pg/kg
body weight per day, which is below the proposed Danish TDI of 5 pg/kg body
weight. One study has attempted to estimate potential exposure to 4-NP from
TNPP used in food contact applications (Howe et al. 2001). Using FDA methods,
these researchers determined the migration of 4-NP from PVC-film and LLDPE,
both TNPP plastics, and other plastics into FDA-approved food simulants
(10-95 % ethanol) under different storage conditions and times (2 h to 10 days).
The overall dietary exposure to NP from LLDPE, HIPS, PVC-film and ethylene-
vinyl acetate was calculated to be 25.5 parts per billion (as expressed per gram of
diet). Based on a diet containing 3,000 g of food (solids and liquids), 4-NP
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Table 5.1 Selected indirect additives used in food contact substances (FCS), Regnum listings
under the U.S. Code of Federal Regulations (US CRF), Title 21, compiled from (FDA 2014;
USCEFR 2013)

Chemicals in FDA indirect Other chemical names CAS No. Doc. No. Regnum US CFR
additives in FCS database

Nonylphenol 4-Nonylphenol 25154-52-3 6025 176.180
176.200
176.210
177.1200
Nonylphenol,p— 4-n-Nonylphenol 104-40-5 6026 175.300
178.2010
Octylphenol 4-tert-Octylphenol 27193-28-8 6062 175.105
Octylphenol,p— 4-n-Octylphenol 1806-26-4 6064 175.300
177.2410
Tris(nonylphenyl)phosphite 26523-78-4 6956 177.2600

exposure was estimated to be 0.0765 mg per person per day. Using a reference
60 kg individual, authors estimated that the exposure to 4-NP from TNPP-products
would be less than 0.0013 mg/kg body weight per day. This is equivalent to
1.3 pg/kg body weight per day, which is less than the proposed Danish TDI of
5 pg/kg body weight. In contrast, researchers from the UK’s Food Standards
Agency have detected levels of 4-NP in PVC film as high as 4,150 mg/kg, with
migration into several high fat foods in the range of 0.2-0.8 mg/kg. These
researchers have suggested that NP migration from PVC-film to food approaches
or may exceed the proposed Danish TDI for NP (Bradley et al. 2010).

5.6 Conclusions

While the use of APEs as surfactants in detergents, and subsequent breakdown to
estrogenic APs during sewage treatment has received considerable attention and
regulatory action, far less attention has been paid to APs originating in FCMs,
especially food contact plastics. Isomers of 4-NP and 4-fert-OP have been detected
in foods, beverages, and a variety of food contact plastics. One possible source of
APs in FCMs is TNPP, which is used as a stabilizer and antioxidant in food contact
plastics. Preliminary studies suggest that 4-NP can migrate from TNPP-containing
PVC-plastic films to food. TNPP is also used in PS, HIPS, and LLDPE-based
films, though less is known about its migration from these and other food plastics.
While it is likely that the 4-NP released from TNPP would have a linear alkyl
chain (4-n-nonylphenol), the isomeric composition of 4-NP (branched vs. linear
alkyl chain) found in foods is not always reported. The nature of the 4-NP alkyl
chain may affect both the pharmacokinetics and pharmacodynamics of NP. More
research is needed to determine if APs are migrating from FCM or coming from
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other sources such detergent breakdown products, and under what conditions
migration to foodstuffs is likely to occur. Neither NP nor OP are approved for use
in food contact substances by European or U.S. regulators. Since 4-NP from either
TNPP and/or other sources is being found in foods and FCMs, regulators should
reevaluate whether migration limits and other regulatory action is warranted to
prevent AP contamination of the food supply, especially in light of the wide range
of adverse health effects that have been summarized here.

5.7 Research Needs and Recommendations

e Most studies reporting levels of 4-NP and 4-tert-OP in foods or beverages have
originated in Europe or Asia; more studies are needed to determine levels of
these APs in the global food supply.

e Research is needed to determine the chemical structures of the APs found in the
food supply (e.g., branched versus linear alkyl groups) and how this may affect
metabolism and health effects on human populations.

e Research is need to determine the conditions that affect the migration of APs,
including the type of packaging material, storage conditions (time and tem-
perature), and fat and moisture content of the foodstuff.

e Since TNPP appears to be a source of 4-NP food contamination, and 4-NP
exposure has been associated with a wide range of health effects in laboratory
animal, cell culture, and human studies, regulatory agencies should review
whether there should be limits on the use of TNPP in FCMs.

e A specific migration limit should be established for 4-NP by food safety reg-
ulatory agencies.

e While 4-tert-OP has been detected in the food supply, current information is
very limited, and more research is needed to document the extent of contam-
ination as well as identification of the sources of this AP, including exposures
from household items and FCMs.
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Chapter 6

Benzophenone UV-Photoinitiators Used
in Food Packaging: Potential for Human
Exposure and Health Risk Considerations

Suzanne M. Snedeker

Abstract Chemicals that are used in ultraviolet (UV) print inks include benzo-
phenone-based UV-photoinitiators used in printing the surface of food packaging,
especially printed cartonboard. Since these inks are not used up in the printing
process, these photoinitiators are available to migrate from the printed surface
through porous cartonboard and secondary packaging to food and beverages. The
UV-photoinitiators benzophenone (BP) and 4-methylbenzophenone (4-MBP) have
been detected in paperboard packaging of a wide variety of foods, and migration
studies and analysis of packaged foods indicate they can migrate from the pack-
aging to foods and beverages. BP also has been detected in recycled paper fibers and
recycled plastics, and can migrate from packaging both under room temperature and
frozen storage conditions even when the food is not in direct contact with the
packaging. There is limited information on the toxicology of these chemicals and
their metabolism in animals or humans. While neither BP nor 4-MBP appears to be
genotoxic, BP administration in rodent cancer bioassays indicates it is a possible
human carcinogen. A metabolite of BP, 4-hydroxybenzophenone (4-OH BP),
is estrogenic, but the estrogenicity of 4-MBP has not been evaluated. Both BP and
4-MBP have been detected in foods above regulatory specific migration limits and
have been the subject of food recalls in Europe. Further research is needed on levels
of UV-photoinitiators in food packaging in the global food supply and effective
secondary packaging to prevent migration to foodstuffs. More extensive toxico-
logical studies are needed on this class of chemicals to better determine potential
risks to human populations.
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DMAB - Print inks - Food packaging - Food contact plastics - Food contact
materials - Recycled packaging - Cartonboard . Paperboard - Migration -
Set-off - Polyethylene terephthalate plastic -+ PET - Polyethylene - PE - Poly-
propylene - PP - Frozen food - Estrogenicity  Endocrine disruption - Carcino-
genicity - Genotoxicity - Reproductive toxicity - Sensors - Liver - Hepatic -
Kidney - Renal - Hematopoietic system « EFSA Rapid Alert System for Food and
Feed - Specific migration limits - SML

6.1 Key Take Home Points

e UV-photoinitiators are commonly used in print inks on the printed surface of
food packaging, especially printed cartonboard.

e UV-photoinitiators can be 5 to 10 % percent of the print ink by weight and can
migrate through porous cartonboard and commonly used secondary packaging
to foods and beverages.

e Benzophenone and 4-methylbenzophenone are UV-photoinitiators that have
been detected in printed cartonboard and in fibers of recycled packaging.

e Migration of benzophenone-based photoinitiators from packaging to food has
been documented at room- and low-temperature frozen storage conditions,
even when the food was not in direct contact with the primary packaging.

e The metabolite of benzophenone, 4-hydroxybenzopheone, is a weak estrogen.

e Animal modeling studies provide evidence that benzophenone is a possible
human carcinogen, though neither benzophenone nor 4-methylbenzophenone
are genotoxic.

e UV-photoinitiators used in print ink are a class of chemicals that need to be
monitored in the global food supply, and additional toxicological risk assess-
ment is needed to better evaluate health effects in human populations.

6.2 Introduction

Chemicals used as photoinitiators in ultraviolet (UV) inks that are applied to food
packaging serve as catalysts in the UV-curing process, where the inks dry (cure)
rapidly through a photopolymerization process (Papilloud and Baudraz 2002). The
advantage of using UV-cured inks is that they can be directly applied to the outer
surface of the package without the use of solvents, hence reducing drying time and
eliminating solvent exposure to workers. They are most commonly applied to the
outer surface of paperboard cartons. Many of these photoinitiators constitute
5 to 10 % of the ink by weight (Anderson and Castle 2003). Since the
UV-initiators are not totally used up during the UV-curing, or eliminated from
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Table 6.1 Benzophenone UV-photoinitiators and amine synergists detected in food packaging

Chemical name Common Abbreviation CAS Detection in
name registry  food packaging
number  (Reference)

UV-photoinitiators

Diphenylketone Benzophenone BP 119-61-9 (Anderson and
Castle 2003)

4-methylbenzophenone 4-MBP 134-84-9 (Castle et al. 1997)

Amine synergists

4,4’-bis(dimethylamino) Michler’s MK 90-94-8 (Castle et al. 1997)
benzophenone ketone

4,4’ -bis(diethylamino)- DEAB 90-93-7 (Castle et al. 1997)
benzophenone

4-(dimethylamino)benzophenone DMAB 530-44-9 (Castle et al. 1997)

the packaging after the printing process is complete, they are available to migrate
through the porous paperboard and secondary packaging to the food or beverage.
They also can remain in the paperboard after the outer print layer is removed, and
thus UV-initiators can appear in new packaging made with recycled paperboard
fibers.

Several amine synergists used in UV-cured inks were identified in cartonboard
samples of printed food packaging in the mid-1990s (see Table 6.1), including
Michler’s ketone 4,4’-bis(dimethylamino)benzophenone (MK), 4,4’-bis(diethyl-
amino)benzophenone (DEAB), and 4-(dimethylamino)benzophenone (DMAB)
(Castle et al. 1997). A study has evaluated migration of MK, DEAB, and DMAB
from paperboard into food simulants (Ozaki et al. 2006). However, the majority of
studies on levels of UV-photoinitiators in food packaging and their migration to
food or beverages have focused on the UV-initiators benzophenone (BP)
(C13H190) and 4-methylbenzophenone (4-MBP) (C4H;,0) (see Table 6.1,
Fig. 6.1) (Sagratini et al. 2008; Anderson and Castle 2003; Rodriguez-Bernaldo de
Quiros et al. 2009; Johns et al. 1995; Bugey et al. 2013; Koivikko et al. 2010; Han
et al. 2011; Shen et al. 2009; Jung et al. 2013). BP and 4-MBP have been the
subject of several European Food Safety Authority (EFSA) notifications via the
Rapid Alert System for Food and Feed (RASFF) when food was found to be
contaminated with these photoinitiators (Harrington 2010, 2011; EFSA 2009a).
Available toxicological risk assessments on UV-initiators are largely limited to
studies on BP and 4-MBP. For these reasons, this chapter will focus on: evidence
documenting levels of BP and 4-MBP in food packaging and food and beverages;
conditions that affect their rate of migration from primary and recycled packaging;
adverse health effects that have been identified in animal modeling and cell-based
studies; and a summary of regulatory agency responses when the levels of these
UV-initiators in food have exceeded regulatory standards.
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Fig. 6.1 Chemical structures 0} 0
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6.3 Exposure, Metabolism, and Biomonitoring

6.3.1 Detection in Paperboard Food Packaging and Levels
in Food

One of largest studies of the levels of the UV-initiator BP in the printed carton-
board and packaged foods included 350 samples obtained from retail markets in
the United Kingdom (Anderson and Castle 2003). BP residues were detected in
41 % of the samples of cartonboard packaging with levels ranging from 0.05 to 3.3
milligrams per square decimeter (mg/dm?®). A random sample of 71 foods from the
143 positive packaging samples were analyzed for BP, and 51 foods (72 %) had
detectable levels of BP ranging from 0.01 to 7.3 mg per kilogram (mg/kg). Other
studies have focused on the frequency of UV-initiator detection in a specific type
of food. In an analysis of 82 cereal products obtained from Swiss retail markets,
three samples (3.7 %) had levels in the range of 3.9-7.6 mg/kg (Bugey et al.
2013). These foods exceeded the European specific migration limit (SML) for BP
of 0.6 mg/kg (EC 2003). The packaging of these three positive food samples had
correspondingly high levels BP ranging from 250 to 500 mg/kg. Based on these
results, the authors concluded that 1-2 % of the BP in the packaging migrated to
the food. For foods where the BP levels were below the SML of 0.6 mg/kg, levels
in the corresponding packaging ranged from 5 to 7 mg/kg.

Few studies have analyzed for both BP and 4-MBP in food contact materials or
foods. Levels of BP and 4-MBP were determined in 46 paperboard and cartonboard
samples obtained from European supermarkets and 19 paper samples obtained
directly from suppliers (Koivikko et al. 2010). These two different photoinitiators
were not found in the same food packaging sample; one or the other predominated
with only traces of the other UV-initiator being present, and these traces were often
due contamination from recycled paper fibers. BP was detected more frequently in
59 % of the 46 packaging samples, compared with a 30 % detection frequency for 4-
MBP. BP and 4-MBP were present in the paperboard packaging of cakes, chocolate,
cookies, and coffee, but were not detected in the packaging of pastry, breakfast
cereal, dried fruit, or nuts. The highest level detected for 4-MBP was in the pack-
aging of a cake sample (4.41 mg/dm?), while the highest levels for BP were in
packaging of coffee (3.99 mg/dm?) and a different cake packaging sample
(3.84 mg/dm?). Levels of 11 different UV-photoinitiators and amine synergists,
including BP and 4-MBP, were determined in the packaging (mostly paperboard) of
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310 foods obtained in German markets (Jung et al. 2013). The most frequently
detected chemical in the samples of food packaging was BP (49 %) followed by
4-MBP (8 %). Subsequently, 99 food samples were analyzed, and 23 were found to
have detectable levels of BP with 12 of these foods exceeding the European regu-
latory SML of 0.6 mg/kg, including rice paper (7.5 mg/kg), chocolate muesli cereal
(3.4 mg/kg), fruit muesli cereal (3.7 mg/kg), cocoa-filled cookies (1.8 mg/kg),
couscous (1.6 mg/kg and 0.86 mg/kg), and several samples of cinnamon used in a
milk powder (range 1.5-50.2 mg/kg). Eight foods had detectable levels of 4-MBP,
with the highest levels reported in two samples of chocolate muesli cereal at 8.1 and
0.80 mg/kg.

While most studies evaluating levels of UV-photoinitiators in foodstuff have
been conducted on dry food packaged in cartonboard, several studies have deter-
mined levels in beverages, including milk, fruit juices, and wine. Levels of different
UV-initiators were determined in packaging and food samples of 40 beverages
obtained from retail markets in Camerino, Italy (Sagratini et al. 2008). BP was the
most frequently detected UV-initiator, being present in all packaging materials in
the range of 0.2-387 micrograms per liter (pg/L), and in all beverage samples in the
range of 5-217 pg/L. Levels in poly-layered packaging were not directly related to
concentrations of BP in the beverage since the BP was not necessarily from the print
layer. Polycoupled packaging uses polyethylene (PE) in the layer in direct contact
with the beverage, and BP is used as a photoinitiator in the production of the PE film.
There was a wide range of concentrations reported in the different types of bever-
ages. While BP levels in most samples of white milk were in the range of
5.25-14 ng/L, chocolate milk samples tended to be higher and ranged from 14.8 to
39 pg/L. Levels of BP in juice samples ranged from 541 pg/L. While levels of BP
in most wine samples were in the range of 5.5-14.7 ng/L, levels were higher in one
red wine sample (217 pg/L) and one white wine sample (87 pg/L). Levels of BP in
milk samples obtained from retail markets in China was partially dependent on the
type of packaging (Shen et al. 2009). Levels of BP in six milk samples packed in a
“carton” (materials and construction not specified) ranged from 2.84 to 18.35 ng/L,
while none of the six milk samples packaged in plastic containers (type of plastic
unspecified) had detectable levels of BP.

Other studies have investigated levels of BP in the packaging of a variety of
dairy products (Ievels in food were not reported). In an analysis of food packaging
of 26 dairy foods, including 16 infant formula samples, two soy drinks, two
yogurts, three cheeses, and one ice cream, BP was detected in nine (34.6 %) of the
packaging samples (Sanches-Silva et al. 2008). The highest level reported was in
ice cream packaging (595 mg/kg). The other positive samples, including pack-
aging from one soy drink sample, one yogurt sample, and six infant formula
samples, had BP levels ranging from 0.32 to 2.75 mg/kg packaging.

BP was not detected in retail baby foods obtained in Japanese markets that were
packaged in a variety of containers, including glass, plastic (type not specified),
metallic laminated with plastic, and multilaminated film packages (Ozaki et al.
2002). This suggests that either these types of packaging were less likely to use
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UV-photoinitiators, or that these containers provided effective barriers to the
migration of BP-based UV-photoinitiators.

These studies suggest that both BP and 4-MBP are predominately found in
printed board packaging, though one type of photoinitiator will predominate over
the other. Levels of the UV-photoinitiator migrating from the paperboard to the
food is partially dependent the level in the paperboard. More research is needed on
levels of BP and 4-MBP used in PE film production and use in and their ability to
migrate through multilayered packaging.

6.3.2 Factors that Affect the Migration of UV-Initiators
Jrom Paperboard

UV-photoinitiators like BP that are used in print inks are not found in unprinted
virgin paperboard (Ozaki et al. 2006). Because the UV-initiator is not consumed in
the printing process, it can persist on the printed surface and migrate through the
layers of porous paperboard. A variety of factors have been shown to affect
migration from the printed surface through the paperboard and to the food itself
(direct contact), or from the paperboard through the vapor phase to the food
(indirect contact). These factors include set-off, the vapor pressure of the UV-
initiator, time and temperature of food storage, porosity and types of materials used
for primary and secondary packaging, the fat and moisture content of the food, and
whether the UV-initiator is present in recycled materials used to form new
packaging. These factors are discussed below.

Set-Off Paperboard is commonly printed by a sheet-fed lithographic process
where the use of UV-initiators in the ink results in a rapid cure and drying time
(Anderson and Castle 2003). It is common practice to stack sheets of the printed
paperboard or to roll it onto reels. The physical transfer of components in the
printed inked surface to the interior uninked surface of another stacked sheet is
called ser-off (Johns et al. 2000). Set-off is one the major routes of transfer of
UV-initiators in the printed layer to the interior non-printed surface of paperboard
used in food packaging.

Vapor-Pressure A model system was developed to evaluate factors affecting the
migration of several different types of BP UV-initiators (methyl-2-benzophenone,
methyl-2-benzoylbenzoate, BP, 2-hydroxybenzophenone, 4-MBP, 4-benzoylbi-
phenyl benzophenone, and DEAB) across the vapor phase to selected dry foods of
different fat content (Rodriguez-Bernaldo de Quiros et al. 2009). The three
UV-initiators with the highest migration into foods were 2-hydroxybenzophenone,
BP, and 4-MBP. This was in part due to the higher vapor pressure of these three
UV-initiators. Other factors associated with higher migration included a higher fat
content and porosity of the foodstuff.

Time and Temperature In a survey of BP levels in cartonboard packaging and
retail foods stored at different temperatures, BP migration tended to be highest in
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foods with direct contact with the packaging stored at room temperature compared
to those with indirect contact at room or frozen temperatures (Anderson and Castle
2003). While migration of BP tended to be lower in frozen foods than foods stored
at room temperature, cooling and freezing the food did not eliminate BP migration.
The average level of BP in food in direct contact with the paperboard packaging
held at room temperature was 2.0 mg/kg, compared with 0.58 mg/kg in frozen
foods in direct contact, and 0.13 mg/kg in frozen foods with indirect contact with
the packaging. Therefore, room temperature storage and direct contact of the
packaging with the food enhance BP migration rates, but freezing the food will not
prevent migration.

Slow migration of BP has been observed in microwavable packaged foods
stored frozen at —20 C (Johns et al. 2000). The seven frozen foods were pur-
chased in retail markets, and BP was detected in printed packaging of four
products: a cheese-egg-bacon flan, Cornish pies, potato waffles, and cheese and
onion sticks, in the range 0.4-3.0 mg/dm?. When levels of BP were determined in
the corresponding foods, the percent transfer of BP from the packaging to the food
ranged from 0-2 %. Model ink components of chemicals with different volatility
were tested for migration to hamburger or potato chips stored frozen for up to
1 year at —20 "C. BP’s migration was less than other test substances (9 % transfer
for potato chips, 8 % transfer for hamburger) because of BP’s relatively low
boiling point (305 "C). While majority of the BP that migrated did so during the
1 week of storage, there was continued transfer of BP during the 1-year period of
storage. Neither food was in direct contact with the packaging, and suggests that
BP migrated in the vapor phase from the packaging to the frozen food.

In a study of BP migration in ice cream bars, peak migration of BP occurred not
in the first week of storage, but after several months of storage. BP migration was
examined in wrapped frozen chocolate covered ice cream bars stored for 0, 10, 39,
88, and 242 days (Jickells et al. 2005). The greatest increase in migration occurred
between 88 and 242 days of storage. BP levels increased from approximately
900 mg/kg at 88 days to 4,400 mg/kg by day 242 of storage. These are some of the
highest levels of BP in food reported in the literature, and the high migration rates
may be partially due to the fat content of the ice cream bars.

Moisture Content Modeling studies of BP migration into the food simulant
Tenax® have determined that a higher relative humidity increased the rate of BP
migration at a constant temperature over a 30-day period (Barnkob and Petersen
2013). The migration of BP from paperboard to the food simulant was 7.3-fold
higher at a relative humidity of greater than 73 % compared to a relative humidity
of 3949 %.

Fat Content of Packaged Food Concentrations of the UV-initiator BP were
determined in milk samples of different fat content obtained in Chinese retail
markets (Shen et al. 2009). BP was detected in five out of six samples from carton-
type containers, but was not found in any milk samples packaged in plastic con-
tainers. The highest levels of BP (18.35 ng/kg) reported was in the milk sample
with the highest fat content [30 grams (g)/L] packaged in a carton. In an inves-
tigation of factors that affect migration of UV-cured inks from packaging to dry
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foods, including cake, bread, cereals, rice and pasta, the level of migration was
correlated to both the fat content and porosity of the food (Rodriguez-Bernaldo de
Quiros et al. 2009). These factors contributed to cake, with a fat content of 11.6 %,
having the highest level of migration of BP. Lower rates of BP migration were
reported for low-fat foods such as rice and pasta. In a survey of retail samples of
BP in cartonboard packaging and a subset of the foods, the product with the
highest level of BP (7.3 mg/kg) was a high fat chocolate product (Chocolate
Viennese whirls) that was in direct contact with the packaging and stored at room
temperature (Anderson and Castle 2003). Other foods with levels of BP that
exceeded 1 mg/kg included four foods stored at room temperature: oatmeal
(5.70 mg/kg), Thai jasmine rice (5.6 mg/kg), cranberry orange loaf (1.7 mg/kg),
and basmati and wild rice (1.1 mg/kg); and four foods stored at chilled/frozen
temperatures including cheese and onion slices (2.10 mg/kg), hot dogs (1.8 mg/
kg), pork pies (1.90 mg/kg), and vegetable burgers (1.20 mg/kg). The foods with
higher levels of BP tended to fall into several categories: grains and cereals with a
high surface to volume ratio stored at room temperature, high fat foods stored at
room temperature, and high fat foods stored at chilled/frozen temperatures. It
should be noted that other frozen foods that would be expected to have a moderate
to high fat and moisture content (grilled lamb, bacon puff pastries, sausages,
cheese and ham slices, and lasagna) had BP levels in the range of 0.13-0.84 mg/
kg. In one high-fat food that had thicker cartonboard packaging (gravy granules
stored at room temperature), BP levels were at the limit of detection at 0.01 mg/kg.
Therefore, the thickness of the cartonboard packaging can counter the effect of fat-
soluble BP’s migration to higher fat foods.

Recycled Paperboard Packaging In recycled paperboard, UV-initiators may
be present in the paper fibers even if the food container does not have a printed
surface. Many packaged foods do not have any secondary packaging, and the food
is in direct contact with the interior surface of the paperboard. In modeling studies
of UV-initiator migration from recycled board to solid food, the amount of time
the food is in direct contact with the paperboard and the temperature of incubation
had a significant positive effect on the migration of test substances (Triantafyllou
et al. 2007). When BP-containing paper strips were covered with a food powder
(semolina) and incubated for 20-360 min at 70 "C, the percent migration increased
with time, especially in the first 120 min. This effect was enhanced when the
temperature was increased to 100 "C.

Recycled and Virgin Food Contact Plastics BP is one of the contaminants
detected in washed and shredded polyethylene terephthalate plastic (PET) obtained
from curbside recycling collection (Konkol et al. 2003b). While 26 chemicals were
detected in PET plastic at levels below 215 parts per million (ppm), six contam-
inants, including BP, were detected at levels above 215 ppm. BP was detected in
the curbside recycled PET plastic at the level of 800 ppm, while virgin PET plastic
did not contain detectable BP. The source of the BP contamination in the recycled
PET plastic was not identified. In optimizing methods to extract and detect con-
taminants, the same researchers found that using a smaller particle size in the
ground PET flakes resulted in higher measured levels of the contaminants,
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including BP (Konkol et al. 2003a). Some research has been devoted to testing
whether coating the interior of PET plastic can prevent BP migration. Coating the
inner surface of BP-spiked PET bottles with silicon oxide prevented the migration
of BP into food simulants (3 % acetic acid and 10 % ethanol) (Welle and Franz
2008). Therefore, an appropriate interior coating of food containers made with
recycled PET may allow for the packaging of water-based beverages without
exceeding accepted migration limits for BP.

6.3.3 Effectiveness of Barriers to Prevent Migration
of UV-initiators

Studies have evaluated the effectiveness of secondary packaging, coating of pri-
mary packaging, and materials used in multi-layered primary packaging, to reduce
or eliminate the migration of UV-initiators to food and beverages. A modeling
study was designed to determine migration of surrogate contaminants including
BP, from paper or paperboard coated with PE to water samples (Choi et al. 2002).
The virgin paper and paperboard samples were spiked with BP and coated with PE
film (0.012 or 0.03 millimeters), and the migration through the paper and PE layer
into water was monitored for 21 days. Migration was monitored both in lower
temperature water (10 ‘C) and in room temperature water (24 ‘C). BP migrated
through the paperboard and thin layer of PE during the first 24 hours (h) at both the
lower temperature and room temperature. The thicker layer of PE slowed but did
not prevent the migration of BP at either temperature. The authors concluded that a
PE coating on paper or paperboard was not an effective barrier to BP migration
even at chilled temperatures.

Cakes are commonly marketed in colorful paperboard packages during the
Easter and Christmas seasons in Italy, and the shiny finish of the paperboard
packaging commonly uses UV-initiator inks that contain BP. Cakes are baked,
placed in secondary plastic sleeves, and are then placed in the printed carton. The
effectiveness of using different types of plastics in the sleeves to prevent BP
migration from the printed paperboard layer to the cake was evaluated (Pastorelli
et al. 2008). Polypropylene (PP) is the mostly commonly used plastic for sec-
ondary packaging, and two other multi-layer films were tested. PP film was found
to be an ineffective barrier to BP migration. This is likely due to BP’s migration in
the vapor phase both through the porous printed board, and the gas permeable PP.
Use of a multilayer film of PP, ethylene vinyl alcohol (EVOH), and PP slowed but
did not prevent BP migration from the paperboard to the cake. The secondary
packaging that prevented BP migration to the cake was a multilayer film composed
of PET, silica oxide, and PP (PET/SiO/PP). The PET/SiO/PP layer was an
effective barrier to BP migration at both 40 and 70 "C.

Many foods that have a higher fat content or a high moisture content are
packaged in paperboard containers coated with PE (Song et al. 2003). Recycled
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paperboard is commonly used to manufacture food containers, and can be con-
taminated with BP, or the recycled paperboard may contain BP applied to cure
inks during the printing process. In evaluating whether PP coating provides an
effective barrier to BP migration through paperboard packaging, modeling studies
have found that PP coated paperboard samples spiked with 50 mg/kg of BP failed
to prevent BP migration (Song et al. 2003). BP has been found to migrate from PP
coated paperboard to frozen foods obtained in retail markets (Johns et al. 2000).
These authors concluded that the migration of BP was partly due to the perme-
ability of PP to low molecular weight substances such as BP. Other researchers
also have found that paperboard and PE are ineffective barriers to BP migration in
model systems (Guazzotti et al. 2014; Biedermann et al. 2013).

Preliminary research using bio-polymer coatings indicates that some materials
are promising for slowing the migration of BP, including waxy starch, starch,
gluten, and gelatin coated paper (Guazzotti et al. 2014). Some of these coatings
may be useful for recycled packaging contaminated with fibers containing BP. PP
has shown to be an effective barrier to prevent 4-MBP migration in food packaged
in paperboard over 9 months, but PP was not an effective barrier to BP in these
modeling studies (Biedermann et al. 2013).

6.3.4 Development of Sensors to Monitor Levels
of Benzophenone Food Packaging

Efforts have begun to use molecular imprinting technology to develop sensors to
detect the presence of UV-photoinitiators in packaged food. An amperometric
molecularly imprinted polymer sensor has been developed to detect BP in pack-
aging plastics (Li et al. 2012). The sensor method detected BP in over a range of
0.05-5 millimolar (mM), with a detection limit of 10 nM. Levels of BP in different
types of food contact packaging were nearly identical using the sensor method as
compared to a high-pressure liquid chromatography-UV method.

6.3.5 Use of Benzophenone as Test Compound in Migration
Studies

BP is used as a surrogate contaminant in the routine testing of a chemical’s ability
to migrate from a food contact plastic, including recycled plastics, to a food
simulant (Franz and Welle 2008; FDA 2006, 2014). BP is used as a surrogate for
non-volatile, polar chemicals (FDA 2006). Food plastics are spiked with BP, and
its migration into liquid simulants such 3 % acetic acid or 10-95 % ethanol, is
then monitored to determine kinetic properties of the particular polymer plastic
being evaluated. This helps determine the type of processing needed for recycled
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plastics to reduced levels of contaminants in foodstuffs. If possible, it is desirable
that a chemical’s level in the recycled plastic be the same as those from virgin-PET
plastic (Franz and Welle 2008; Franz et al. 2004). Test methods are being
developed to examine migration of chemicals from paperboard and plastic-paper
materials into solid food simulants (Nerin and Asensio 2007; Sanches-Silva et al.
2009).

6.3.6 Metabolism and Biomonitoring Studies

There is very limited data on the absorption, metabolism, and pharmacokinetics of
orally or dermally administered BP in either humans or in animal models, and no
published literature could be located on the metabolism of 4-MBP by any route of
exposure. Available studies on BP are summarized below.

Several metabolites of BP have been identified using in vitro and in vivo
methods. When isolated rat hepatocytes were incubated with BP (0.25 mM) over a
3-h time course, the levels of BP decreased, while levels of its metabolites
benzhydrol and the sulfate conjugate of 4-OH BP increased (Nakagawa et al.
2000). There was also a small increase in levels of non-conjugated 4-OH BP. The
authors believed the formation of the 4-OH BP was probably due to enzymatic
aromatic hydroxylation mediated by cytochrome P-450 enzymes, though the
activity of hepatic P-450 enzymes were not reported in this study.

In an in vivo study, BP was administered as a single oral dose (100 or 400 mg/kg)
to intact female, Sprague-Dawley rats, and serum levels of BP and metabolites were
measured 6 and 24 h later (Nakagawa and Tayama 2002). At 6 h both BP and
metabolites benzhydrol, and to a lesser extent 4-OH BP, were present in the serum at
both dose levels. At 24 h, serum from 100 mg/kg BP-treated rats had undetectable
levels of BP and its metabolites, while in the 400 mg/kg group, BP, 4-OH BP, and
benzhydrol were still detectable in the serum. The authors proposed that in rat
hepatocytes BP forms benzhydrol by enzymatic ketone reduction, while a mono-
oxygenase converts BP to 4-OH BP with subsequent conversion to its sulfate form
via a sulfotransferase (Nakagawa and Tayama 2002). Similar results have been
reported in male rats treated with BP (Jeon et al. 2008). After an oral administration
of BP in corn oil at 100 mg/kg, plasma levels of BP and its metabolites were
monitored for 24 h. The two major metabolites detected were benzhydrol and 4-OH
BP. Plasma levels of BP and both metabolites peaked at 5 h, and continued to fall
during the time course, though levels were still detectable at 24 h. Levels of BP or
metabolites in the urine and feces or their tissue distribution were not reported.

The National Toxicology Program (NTP) conducted toxicokinetic studies of BP
administered as a single dose in male and female F344/N rats and B6C3F; mice
(Chhabra 2000). BP was monitored in the plasma, and a biphasic pattern in plasma
levels suggested enterohepatic circulation. However, there is little data examining
BP’s or benzhydrol’s Phase II metabolism. While the NTP report proposed the BP
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metabolite being recirculated was a glucoronide of benzhydrol, no published
studies have actually evaluated Phase II metabolism of BP and its metabolites.

Percutaneous absorption of BP has been determined in Rhesus monkeys using
14C-radiolabeled BP (Bronaugh et al. 1990). It should be noted that the purpose of
this study was to examine the absorption and excretion of dermally-applied
compounds used in fragrances, including BP. A single dose of radiolabeled-BP in
acetone was applied to abdominal skin of the monkeys, and the level of radio-
activity was monitored in the urine for up to 5 days. While 92.6 % of the radio-
label did appear in the urine of the monkeys, there was no attempt to determine the
chemical nature the radioactive compounds that were excreted (e.g., parent BP or
its metabolites).

The majority of the studies that have determined the extent to which BP and its
metabolites are detected in human urine have been small method development
studies. In one study that analyzed urine samples obtained from 14 human vol-
unteers (urine collection methods not specified), BP, 2-hydroxybenzophenone, and
3-hydroxybenzophenone, were not detected in any of the urine samples, while the
BP metabolite benzhydrol was detected in all urine samples in the range of
0.27-5.16 nanograms per ml (ng/ml), and 4-OH BP was detected in only one urine
sample at 0.15 ng/ml (Ito et al. 2009). Levels of urinary benzhydrol have been
reported in similar ranges in other studies, including a study that included six
human urine samples (0.4-3.7 ng/ml) (Kawaguchi et al. 2008), and a study that
included an analysis of ten human urine samples (0.63-5.91 ng/ml) (Kawaguchi
et al. 2009).

A liquid chromatography, tandem mass spectrophometry method (LC-MS/MS)
has been used to measure a variety of BP compounds in the urine of 625 adult
women from California and Utah, including the metabolite of BP, 4-OH BP
(Kunisue et al. 2012). The purpose of this study was to determine if there were
relationships between these BP compounds, especially those used in personal care
products, and the incidence of endometriosis, since several BP compounds,
including 4-OH BP have evidence of some estrogenicity. The results of this study
suggest that smoking may affect the metabolism of BP compounds. The median
levels of 4-OH BP were significantly lower in current smokers (n = 84, 0.27 ng/
ml) than in non-smokers (n = 584, 0.38 ng/ml) (Kunisue et al. 2012). According
to the authors, this effect may be due to the induction of cytochrome P450 enzymes
in the women who were current smokers. This study did not determine levels of
benzhydrol in the urine samples.

While gas chromatography-mass spectrometry methods have been developed to
monitor a variety of BP-based compounds in human urine (Kawaguchi et al. 2009;
Kunisue et al. 2012; Kawaguchi et al. 2008), most of the biomonitoring studies in
human populations have focused on monitoring urinary levels of 2-hydroxy-4-
methoxybenzophenone (also called BP-3), a UV-stabilizer commonly used in
sunscreen and personal care products (Wolff et al. 2007, 2010; CDC 2013). It
should be noted that BP-3 is not used in food contact applications, therefore a
discussion of these studies is not relevant to this chapter.
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The only other human tissue that has been analyzed for various BP compounds
is the human placenta. Using a LC-MS/MS method, levels of several BPs were
determined in 16 placental samples of women residing in Granada, Spain (Vela-
Soria et al. 2011). The metabolite of BP, 4-OH BP, was detected in 68.8 % of the
placenta samples in the range of 0.6—1.2 ng/g of tissue. Further research is needed
to determine if the placenta could be used to monitor levels of BP metabolites in
human populations.

6.4 Health Effects

Research investigating the toxicity and health effects of BP-related UV-photo-
initiators includes studies that have evaluated the general toxicity, carcinogenicity,
and reproductive toxicity in rodent feeding studies, as well as studies on the
genotoxicity and endocrine disrupting effects of these chemicals. The majority of
these studies have evaluated toxicological endpoints for BP; very little toxico-
logical information is currently available for 4-MBP.

6.4.1 General Toxicity Studies

In 14-week subchronic feeding studies conducted in male and female F344/N rats
and B6C3F; mice that received BP in the diet at 0, 1,250, 2,500, 10,000 or
20,000 ppm, the primary organ sites affected were the liver, kidney, and hemato-
poietic system (Chhabra 2000). The elevated liver weights of BP-exposed rats in
the mid- and high-dose groups were due to centrilobular hypertrophy and cyto-
plasmic vacuolization of hepatocytes, while increases in rat kidney weights were
observed in concert with renal tubule dilatation, protein casts, renal tubule epithelial
regeneration, and renal papillae necrosis. Increases in liver weights in BP-exposed
mice also were accompanied by dose-related hepatocyte hypertrophy. Male mice in
the 5,000 and 10,000 ppm groups were anemic, with lower hemoglobin levels and
hematocrit values as well as depressed erythrocyte counts. Kidney weights were
depressed in mid- and high-dose BP-treated mice (2,500 to 20,000 ppm groups),
but unlike the exposed rats, the mice did not show microscopic abnormalities that
would explain the increased renal weights. The BP-treated mice also showed
changes in weights of reproductive organs, including lower weights of the testis and
epididymis in the male 10,000 ppm group, although there were no reports of
changes in any sperm indices.

The liver and the hematopoietic system were the primary organ sites affected in a
short term 28-day, subchronic feeding study (BP at 100 or 500 mg/kg) conducted in
male and female Sprague-Dawley CD rats (Burdock et al. 1991). Both BP-treated
groups had increased liver weights accompanied by hepatocellular enlargement.
Decreased hematocrit and hemoglobin were observed in both the 100 and 500 mg/kg
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BP-treated females, and decreased hemoglobin levels were seen in the high-dose
(500 mg/kg) males. There were no renal histological changes reported for BP-
treated animals in this short-term study.

6.4.2 Carcinogenicity

In 2-year cancer bioassays conducted by scientists from the National Institute of
Environmental Health Sciences (NIEHS) and Batelle (Rhodes et al. 2007), groups
of 50 male and 50 female F344 rats and B6C3F; mice were fed diets containing 0,
312, 625, and 1,250 ppm BP. Diets were started when the animals were 8 weeks of
age. Target organs affected included the kidney, liver, hematological systems, and
the mammary gland. There was a significantly higher incidence of renal tubular
hyperplasia in male rats fed the mid-dose 625 and high-dose 1,250 ppm BP-diets
compared to controls, as well as a significantly higher incidence of renal neuropathy
in all BP-treated male rats. Evidence of carcinogenicity included a statistically
higher incidence of renal adenomas in the 1,250 ppm male rats when analysis of
single and step sections of renal tissue were combined. In female rats, while the
incidence of renal hyperplasia was significantly increased in both the 625 and
1,250 ppm groups, there were no significant differences for the incidence of renal
adenomas or carcinomas between control and BP-treated female animals. There
was equivocal evidence of mononuclear-cell leukemia based on increased inci-
dence in the male rats in the 312 and 625 ppm groups, but not in the 1,250 ppm
group. However, the authors noted that this leukemia is typically a late developing
neoplasm and only two of the 50 animals in the 1,250 ppm group survived to the
105 week time point. Hence, there may have been an insufficient number of sur-
viving animals in the high-dose group to see an effect of BP-treatment. In females,
only the mid-dose 625 ppm BP-group had a higher incidence of mononuclear-cell
leukemia compared with controls. Several rare histiocytic sarcomas were observed
in the 625 and 1,250 ppm BP-treated female rats, while none were observed in the
controls or the 315 ppm low-dose group.

In mice, both non-neoplastic and neoplastic hepatic lesions were observed in
BP-treatment groups (Rhodes et al. 2007). Both male and female mice had a
significantly higher incidence of hepatocyte centrilobular hypertrophy when
exposed to any of the three levels of BP. Male mice had a significantly higher
incidence of heptocellular adenomas in the 625 and 1,250 ppm groups compared
to the controls. In female mice, while there was a higher incidence of hepato-
cellular adenomas in the 625 and 1,250 ppm groups, it did not reach statistical
significance. Rare histiocytic sarcomas in female mice were observed in the 650
and 1,260 ppm groups, but the incidence was significantly higher compared with
controls only in the 625 ppm group. The incidence of these types of sarcomas in
the female mice exceeded the historical control range for both the 625 and
1,250 ppm BP-treated groups.
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The number of mammary fibroadenomas per animal (multiplicity) and incidence
was significantly decreased in 625 (15/50) and 1,250 ppm (7/50) BP-exposed female
F344 rats compared with controls (27/50 ppm) (Rhodes et al. 2007). In addition, the
incidence of mammary fibroadenomas in the 1,250 ppm group was less than half
of that predicted by the historical controls from dietary (feed) studies. Mammary
fibroadenomas are a common spontaneous neoplasm in female rats. The authors note
that other BP-based compounds have been identified as inhibitors of the steroid
sulfatase, an enzyme that plays a role in the synthesis of estrone and conversion to
estradiol. However, the actual mechanism by which BP or its metabolites may have
reduced mammary tumor incidences in these cancer bioassays is not known.

The authors concluded that there is some evidence of carcinogenicity of BP
based on increased incidence of renal tubular adenomas in male F344/N rats,
hepatocellular adenomas in male B6C3F; mice, and histiocytic sarcomas in female
B6C3F; mice. The evidence of mononuclear cell leukemia and histiocytic sar-
comas in female F344/N rats was considered to be equivocal (Rhodes et al. 2007).

BP does not appear to be carcinogenic when applied dermally in female Swiss
mice. BP was dissolved in acetone, and applied on a one-inch square of shaved
dorsal skin at concentrations of 0, 5, 25 or 50 % BP twice a week for 120 weeks
(Stenback 1974). Skin tumors in BP-treated animals included two squamous cell
papillomas of the dorsal skin and one squamous cell carcinoma of the lip. There
was not a statistically significant difference in the incidence of tumors in BP-
treated animals compared to untreated control animals or to acetone-vehicle
controls. However, the survival rate of the BP-treated animals was lower than
controls, with less than half of the BP-treated animals surviving at 70 weeks of age
(5 % BP-group with 48 % survival; 25 and 50 % BP-groups with 48 % survival)
compared with 72 % survival in the acetone-treated vehicle controls and 74 %
survival in untreated controls. Hence, there may not have been a sufficient number
of viable animals in the BP-treated groups for the development of late stage
tumors. This study did not include male mice. No studies could be located that
evaluated the carcinogenicity of dermally-applied BP in male or female rats.

There are no published studies on BP or 4-MBP exposure and cancer incidence
in humans. Based on sufficient evidence of carcinogenicity in animal cancer
bioassays (primarily the evidence cited from the Rhodes et al. 2007 cancer bio-
assays), the International Agency for Research on Cancer (IARC) classified BP in
Group 2B, possibly carcinogenic in humans (IARC 2012). The NTP’s 12th Report
on Carcinogens does not include a substance profile on BP because this chemical
has not been nominated for review.

6.4.3 Genotoxicity

The NTP Technical Report on toxicity studies for BP reported a lack of evidence of
genotoxicity for this chemical (Chhabra 2000). The NTP report cited mutagenicity
studies (Mortelmans et al. 1986) that found no evidence of mutations in Salmonella
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typhimurium strains TA98, TA100, TA1535 or TA1537 treated with BP. These
mutagenicity studies were done with and without liver S9 metabolic activation. The
NTP conducted micronucleus assays using male B6C3F; mice, and there were no
statistically significant increases in micronuclei from the BP-treated animals com-
pared to controls (Chhabra 2000). Because of concern of BP and 4-MBP’s use as UV-
initiators in food packaging printing ink and appearance in packaged food, the EFSA
asked for additional data on the genotoxicity of these compounds. Two in vivo
micronucleus assays in male CBA and NMRI mice were conducted for BP and 4-
MBP, and an additional in vitro micronucleus assay using human lymphocytes was
conducted for only 4-MBP (Abramsson-Zetterberg and Svensson 201 1). These results
of these experiments indicated no evidence of genotoxicity for either BP or 4-MBP.

The rec and comet assays have evaluated the genotoxicity of chemicals
extracted from the paperboard of virgin and recycled paper products (outer print
layer was removed before extraction) (Ozaki et al. 2004). Several BP-based
chemicals were identified in the paperboard extracts. They included: BP, MK,
DEAB, and DMAB. BP was detected in 8/16 of the extracts of virgin paper
products and in 11/12 of the recycled paperboard products. DMAB and DEAB and
MK were not detected in virgin paper products, but were detected in 4/12, 8/12,
and 9/12 of the extracts of recycled products, respectively. None of the four BP-
chemicals produced a killing zone by the rec-assay. In the comet assay BP was
weakly positive and DEAB was positive, while MK and DMAB were negative
(note, there is an inconsistency in reported results; narrative states DMAB was
negative in the comet assay, but results in a table format show it to be positive).

The weight of the evidence from a variety of in vitro and in vivo test indicates a
lack of genotoxicity for BP, and no evidence of genotoxicity from micronucleus
test for 4-MBP. Additional studies are needed to clarify the presence of and
capacity for genotoxicity of other BP-related chemicals used as amine synergists in
print ink (including MK, DEAB, and DMAB) that have been identified in recycled
paperboard products.

6.4.4 Reproductive Toxicity

The NTP reported few effects on reproductive organs with oral administration of
BP via the diet at 0, 1,250, 2,500, 5,000, and 10,000 ppm in F344/N rats and
B6C3F,; mice for 14 weeks (Chhabra 2000). In male rats there were no treatment
effects on the weights of the testis, epididymis or cauda epididymis, and there were
no treatment effects on spermatid or epididymal spermatozoal measurements. In
mice, testis weight and epididymis weight were significantly lower in the
10,000 ppm BP-group compared to controls, while in female rats and mice there
were no statistically significant effects on the estrous cycle.

In a two-generation reproductive study in Sprague-Dawley rats, the parental
(Fo) and first generation (F;) were fed diets containing 0, 100, 450 and 2,000 ppm
BP (Hoshino et al. 2005). There were no treatment-related effects on serum
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hormone levels, the estrous cycle, delivery, lactation, sperm indices, viability of
pups, anogenital distance, reflexes, physical development or external abnormali-
ties. Decreased body weight gain was observed in both males and females of the F,
and F, 2,000 ppm BP-treatment group. As with other toxicology studies in rats,
target organs that were affected in BP-treatment groups in this multi-generational
reproduction study included the liver and kidney. In both the 450 and 2,000 ppm
group the parental animals in the F; and F;, generation showed increase in hepatic
weight and centrilobular hepatocyte hypertrophy, elevated renal weights, regen-
eration of the renal proximal tubular epithelium, and dilation of the renal proximal
tubules. Based on these results, the no observed effect level (NOEL) was
2,000 ppm for reproductive effects in the parental generation and 450 ppm in the
offspring.

6.4.5 Dermal Effects

There is limited evidence, based on the results of one study, that BP may be an
allergen with dermal exposure. In a study of 19 human patients, one patient
developed an allergic reaction to a dermally-applied photopatch containing BP
(Cook and Freeman 2001). No other studies could be found in the published
literature on whether BP, 4-MBP or their metabolites affect immune function.

6.4.6 Endocrine Effects

Estrogenicity Results from in vivo uterotrophic studies in rodents and in vitro
estrogenicity assays in a variety of test systems suggest that while the parent
chemical BP and its metabolite benzhydrol are not estrogenic, there is some
evidence that hydroxylated metabolites of BP, including 4-OH BP, are weak
estrogens. The positioning of the hydroxyl group(s) on BP affects the level of
estrogenicity of the metabolite. These studies are summarized below.

When BP was given orally at 100 or 400 mg/kg for three days to ovariecto-
mized female Sprague-Dawley rats, at the high-dose BP induced an increase in
uterine wet weight (1.9-fold increase), and this uterotrophic effect was accompa-
nied by an increase in uterine luminal epithelial cell height and an increase in
thickness of the cornified epithelial cell layer in the vagina (Nakagawa and Tay-
ama 2002). The results of other studies support these findings. When 21-day old
juvenile female Sprague-Dawley rats were injected subcutaneously (sc) with BP,
benzhydrol, 4-OH BP or 17f-estradiol, only the 4-OH BP and 17f-estradiol
induced an increase in uterine weight (Nakagawa and Tayama 2001). There was
no uterotrophic effect of BP or its metabolite benzhydrol. In another uterotrophic
assay using juvenile female rats, both 4-OH BP, and 3-hydroxylated benzophe-
none, administrated by sc injection, elicited an estrogenic response while BP did
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not induce an uterotrophic effect (Hayashi et al. 2006). Results of further exper-
iments indicated that BP has very little binding affinity for the estrogen receptor,
but both the 3- and 4-hydroxylated forms of BP showed similar affinities for the
estrogen receptor with an ICso of 4.2 x 107> M.

In an in vitro estrogenicity assay, incubation of estrogen-dependent MCF-7
breast tumor cell with BP or benzhydrol for six days elicited no cell proliferation
response, indicating a lack of estrogenicity of these chemicals (Nakagawa et al.
2000). In contrast, when the MCF-7 cells were incubated with 4-OH BP, there was
a significant increase in cell proliferation, indicating estrogenic activity of this
metabolite. Other studies using MCF-7 cells have tested a variety of hydroxylated
forms of BP for their estrogenic activity (Suzuki et al. 2005). The most potent was
2,44’ -trihydroxybenzophenone, followed by 2,3’,4,4’-tetrahydroxybenzophenone,
4,4’-dihydroxybenzophenone, 2,2’ 4,4’ -tetrahydroxybenzophenone, 4-OH BP, and
2,4-dihydroxybenzophenone, with the parent chemical BP having little estrogen
activity. The authors concluded that the presence of a hydroxyl group in the 4-
position (para position) on the phenyl ring(s) of BP appears to an important
determinant of a derivative’s estrogenicity, and that the placement of other
hydroxyl groups in other positions on one or both of the phenyl rings can modify
hormone activity.

A yeast two-hybrid assay was used to evaluate the estrogenicity of BP and 19
hydroxylated derivatives (Kawamura et al. 2003). In general, the presence of a
hydroxyl group at the 3- or 4-position on a phenyl ring of BP was associated with a
strong estrogenic response. In contrast, the estrogenicity of BP derivatives that had
no hydroxyl group at the 3- or 4-position was weakly positive or negative. In
derivatives that already had a hydroxyl group at the 4-position, addition of a
second hydroxyl group at the 2-position further enhanced the estrogenicity of the
compound.

Therefore, the results from these studies support the theory that the placement
of hydroxyl groups on the phenyl rings of BP can determine the estrogenicity of
the compound, and hydroxylation at the 4-position is essential for determining
estrogenicity of a BP derivative. No published studies could be located that
evaluated the estrogenicity of 4-MBP.

Other Endocrine Disruption Effects Few studies have examined whether
exposure to BP or its metabolites affect other endocrine endpoints. The androge-
nicity of 4-OH BP has been evaluated using the Hershberger assay, and no ago-
nistic effects were observed (Yamasaki et al. 2003). In a 10-day oral feeding study,
administration of 4-OH BP by stomach tube at the highest dose (600 mg/kg), but
not at the low- (50 mg/kg) or mid-dose (200 mg/kg) level, caused a significant
depression in the weight of the ventral prostate of castrated male Brl Han: WIST
Jcl (GALAS) rats compared to controls (Yamasaki et al. 2003). Weights of other
male organs, including the seminal vesicle, glans penis, and Cowper’s gland, were
not affected by exposure to 4-OH BP.
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6.5 Regulation and Regulatory Actions
6.5.1 European Union

The Committee of Ministers of the Council of Europe adopted a resolution in
September 2002 concerning the transfer of chemicals from paperboard to food. It
stated that:

“paper and board used for all food contact applications...should not transfer constituents
to foodstuffs in quantities which would endanger human health” (COE 2002).

General migration limits or limits for specific chemicals were not specified in
this resolution. SMLs of non-volatile additives migrating from plastic food contact
materials into food are discussed in the Practical Guide, Food Contact Materials
published by the European Commission in 2003 (EC 2003). Annex A lists a SML
of 0.6 mg/kg for BP’s migration from plastic food contact materials' (page 85).
However, this guide did not discuss or set SMLs for volatile substances that can
migrate from paperboard packaging though the vapor phase to the food, such as
the UV-initiators BP and 4-MBP. The 0.6 mg/kg SML for BP set for migration
from food contact plastics is commonly cited as the limit for BP migration from all
types food contact materials in the scientific literature since no other standard is
available.

In 2009, there were several reports of 4-MBP contaminating European foods.
On February 2, 2009 the European Union’s (EU’s) EFSA RASFF was notified by
German authorities that the UV-initiator 4-MBP had migrated from packaging to
cereal food products at the concentration of up to 798 pg/kg. Additional data from
Belgian authorities was submitted to the RASFF by the end February reporting
levels of 4-MBP in cereals was as high as 3,729 pg/kg (EFSA 2009a). The EFSA
issued a Summary of Opinion on the toxicological evaluation BP on May 14, 2009
(EFSA 2009b), including reassessing the tolerable daily intake (TDI) on BP and 4-
OH BP and assessing if the 4-MBP should be covered by the TDI for BP and 4-
MBP. This document also addressed toxicological concerns and lack of toxico-
logical data on the related UV-initiator 4-MBP (EFSA 2009b). Based on non-
neoplastic renal toxicity endpoints, including hyperplasia and nephropathy in the
kidneys of BP-treated rats, the TDI for BP was recommended to be reset from 0.01
to 0.03 mg/kg body weight. Other researchers have noted that this new TDI of
0.03 mg/kg body weight for BP has not yet been adopted by the EU (Bugey et al.
2013), hence, the SML of 0.6 mg/kg for BP appears to still be in force. The
Summary Opinion of the EFSA panel recommended that a group TDI of 0.01 mg/
kg body weight be established for BP and 4-MBP (EFSA 2009b). Although 4-OH
BP is one of the primary metabolites of BP, the panel concluded this did not justify

' The SML is set by multiplying the tolerable daily intake (TDI) by 60 kg (which represents a
60 kg body weight for a reference male). Hence, 60 kg x the BP TDI of 0.01 mg/kg body weight
per day results in the SML of 0.6 mg/kg.
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including 4-OH BP in same TDI as BP. There was little toxicological data
available in 2009 on 4-MBP, hence the calculation of a Margin of Exposure (MoE)
for 4-MBP had to be based on toxicological and metabolic data for BP. Based on
the highest levels of 4-MBP reported in contaminated breakfast cereals, and the
highest level of consumption of breakfast cereals in European adults and children,
the panel concluded:

“...for adults, the estimated exposure is unlikely to lead to a health concern, since the
estimated MoE is higher than 600. For children, the estimated exposure based on a
conservative scenario (high consumption of breakfast cereals, average concentration of 4-
methylbenzophenone) is also unlikely to pose a health concern. However, for children,
based on the highly conservative scenario (high consumption of breakfast cereals, highest
concentration of 4-methylbenzophenone), the estimated MoE is below 600. Therefore a
health concern cannot be excluded in this case.

Based on the limited exposure data available and applying knowledge on the toxicity of a
similar substance, benzophenone, EFSA concludes that short term consumption of con-
taminated breakfast cereals should not pose a risk to most people. However, if the use of 4-
methylbenzophenone is to be continued, more data on occurrence of the substance in foods
should be provided as well as appropriate toxicity data corresponding to the level of
exposure for a full risk assessment.” (EFSA 2009a)

InJuly 2010, Germany authorities notified the RASFF that the UV-initiator BP was
detected at levels up to 1,559 pg/kg in imported Italian couscous (Harrington 2010).
Over 15,620 cartons of the tainted food were withdrawn from sale. The following year
in April 2011, German authorities reported to the RASFF that BP was detected in
frozen vermicelli noodles at a concentration of upto 1,746 pg/kg (Harrington 2011).
Over 150 kg of the noodle product was withdrawn from sale in Germany.

No other reports of RASFF related to BP or 4-MBP have been located since the
2011 alert for BP. It is not known to what extent manufacturers have adapted or
changed the use of these UV-photoinitiators in food packaging, hence, a prudent
approach would be to continue to monitor levels of BP and 4-MBP in foods,
especially foods packaged in printed cartonboard, as well as seeking additional
toxicological data on BP and 4-MBP to better assess potential health risks in
human populations, especially children.

6.5.2 Food and Drug Administration

The U.S. FDA does lists BP in its database of Everything Added to Food in the
United States (EAFUS), which includes a listing of substances directly added to
food (FDA 2013a). BP is included in this database because it is allowed as a
flavoring in food. BP was not found in FDA’s List of Indirect Additives Used in
Food Contact Substances (LIAUFCS)? database. There were no listings for BP in

2 Note there was a LIAUFCS listing for 2-hydroxy-4-n-octoxy-benzophenone, CAS Registry
No. 1843-05-6, also known as BP-12.
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the Food Contact Substance (FCS) Notifications database, which lists premarket
notifications for food contact substances regarded as safe for their intended use as
submitted by the manufacturer (FDA 2013b). BP is not listed in FDA’s database of
food contact substances that have a Cumulative Estimated Daily Intake (CEDI)
(FDA 2012). The photoinitiator 4-MBP is not listed in FDA’s EAFUS-, LIA-
UFCS-, FCS Notifications-, or CEDI database.

6.6 Summary and Conclusions

The UV-initiators BP and 4-MBP which are used in UV-cured print inks, have
been detected the cartonboard packaging of a wide number of foods, and have been
the subject of EFSA RASFF notifications because of their detection in foods above
regulatory migration limits. Modeling studies and studies of packaged foods have
shown that BP can migrate from the printed surface of food packaging through
primary cartonboard and many types of secondary packaging to food and bever-
ages under a variety of storage conditions, including short and long-term storage at
room temperature and low temperature (frozen storage) conditions. There is some
evidence that BP may contaminate recycled paper board and recycled plastics
including PET, and further studies are needed to determine if 4-MBP also is
present in recycled food packaging. Limited information is available on the tox-
icology of BP, and very little information other than EFSA-mandated genotoxicity
studies on 4-MBP, is currently available. While the weight of evidence indicates
that neither BP nor 4-MBP are genotoxic, there is evidence that BP is possibly a
human carcinogen based on evidence from oral feeding rodent cancer bioassays,
especially evidence of renal adenomas in treated male rats, hepatocellular ade-
nomas in male mice, and rare histiocytic sarcomas in female rats and mice. In sub-
acute toxicity rodent feeding studies, the kidney, liver, and hematopoietic system
are the primary sites adversely affected by BP-administration. While BP is not
estrogenic, there is evidence that the metabolite of BP, 4-OH BP, is a weak
estrogen, but to date there has been no evaluation of endocrine disrupting effects of
4-MBP. The detection of these UV-photoinitiators in food packaging and in a wide
number of foods, violative levels in foods that exceed migration limits, and tox-
icological data supporting cancer risk and endocrine disrupting effects, are valid
reasons for the need to monitor these UV-photoinitiators in the global food supply
and to obtain additional toxicological data on possible adverse health effects.
However, as mentioned in the introduction to this chapter (Sect. 6.2), BP and 4-
MBP are only two of the many photoinitiators and related chemicals used in UV-
cured inks. The amine synergists MK, DAMB, and DEAB are examples of dial-
kyamino-benzophenones detected in food packaging (Castle et al. 1997). In
addition, other UV-photoinitiators and amine synergists used in food packaging
print inks include: 1-hydroxycyclohexyl phenyl ketone (IRGACURE 184), 2-
isopropylthioxanthone (ITX) (see Chap. 11, Sect. 11.2.3), and the dialkybenzoates
ethyl-4-dimethylbenzoate (EDAB), and 2-ethylhexyl-4-dimethylaminobenzoate
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(EHDAB) (Sagratini et al. 2008; Shen et al. 2009; Han et al. 2011). While
methodology is available for analyzing levels of these chemicals in packaging and
foods, there is limited data available on levels of these photoinitiators, as well as
levels of BP and 4-MBP in the global food supply. Given than a food may be
packaged in a container manufactured in a different country than where the food
originated, this underscores the importance of monitoring UV-photoinitiators and
their capacity to contaminate food and beverages.

6.7 Further Research Needs and Recommendations

e As a class of chemicals, BP UV-photoinitiators and amine synergists used in
food packaging print inks need to be monitored in the global food supply to
identify levels in food packaging and their capacity to migrate to food and
beverages.

e UV-photoinitiators that are violative of migration limits should be either pro-
hibited for use in food packaging, or secondary packaging should be in use that
effectively prevents the migration of the UV-photoinitiator from the primary
packaging to the food or beverage.

e The source of BP found in recycled food contact PET plastic needs to be
identified, and more studies are needed to determine the scope and levels of
UV-initiator contamination of recycled plastics.

e Since a number of UV-initiators have been identified in food packaging and in
food and beverages, more extensive toxicological studies are needed to
determine target organs and functional systems that may be adversely affected
by exposure to these chemicals.

e Monitoring devices (sensors, see Sect. 6.3.4) should be further developed and
used to detect migration of UV-initiators from food packaging to food and
beverages.
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Chapter 7
Perfluorinated Compounds in Food
Contact Materials

Penelope A. Rice, Omari J. Bandele and Paul Honigfort

Abstract Perfluorinated compounds (PFCs) exhibit unique physical characteris-
tics including hydrophobic and oleophobic properties as well as thermal and
chemical stability. Due to these characteristics, PFCs are used in a wide variety of
industrial and consumer applications, including automotive, electrical, clothing,
and household products. PFCs are ubiquitous in the environment and PFCs greater
than seven carbons in length have been found to bioaccumulate in wildlife and
humans. Furthermore, laboratory animal studies have raised concerns as to the
safety of human exposure to these compounds. Although their use in the manu-
facture of food contact substances (FCSs) constitutes a small segment of the use of
PFCs, their use in food packaging and migration to foodstuffs does represent a
potential source of oral exposure to humans. This chapter focuses on aspects of
human exposure, and potential health risks associated with two types of long-chain
PFCs that historically have been found in food packaging: perfluorinated car-
boxylic acids (PFCAs) and fluorinated telomer alcohols (FTOHs).
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7.1 Key Take Home Points

e The presence of PFCs in food has been demonstrated to be a major route of
exposure to these compounds. However, the origination of these compounds in
food, either from the use of these compounds in food packaging or from
environmental contamination, has not been definitively elucidated.

e Long-chain PFCAs have clear adverse effects on the liver, the immune system,
the testes, and the female mammary gland in rodents, particularly in mice.
Most of the observed effects appear to be due to activation of the PPAR-o
receptor, although activation of other pathways may also be involved. PFCs as
a class have adverse effects on development in rodents, and PFOA is carcin-
ogenic in the liver, pancreas, and testes of male rats.

e The human relevance of the observed effects of PFCAs in rodents is unknown,
as the available epidemiology data does not consistently point to similar effects
in highly-exposed human population cohorts. Moreover, mechanistic data
indicate that the observed effects in the liver and on the developing rodent may
be mediated via rodent-specific pathways.

e Little is known about the toxicity of FTOH, as most of the available animal
studies have been performed in rats, which is less sensitive to the toxic effects
of PFCs than the mouse. However, the available data in the rat indicates that
the FTOH are less toxic than the PFCA of comparable chain length.

e Recent regulatory action is expected to limit future exposure to these com-
pounds from food packaging use.

7.2 Overview of Perfluorinated Compounds Used in Food
Packaging

7.2.1 Structures and General Uses of Perfluorinated
Compounds

Long-chain PFCs contain an extended alkyl chain of eight carbons (C8) or longer
where all of the hydrogens have been replaced by fluorine. This perfluorinated
alkyl chain is bonded to another functional group, such as an acid (in the case of
PFCAs) or an alcohol (FTOHs). The lower cut-off of C8 is based on pharmaco-
logical considerations. PFCs with an extended perfluorinated chain length shorter
than C8 do not accumulate in mammalian tissues (Chenglis et al. 2009). Unless
otherwise specified, all PFCs discussed in this chapter are C8 or longer.

PFCAs are a subset of perfluorinated acids which consist of a non-polar per-
fluorinated alkyl chain and a polar carboxylic acid end group. Based upon their
combination of hydrophobic and hydrophilic properties they are often used as
surfactants in emulsion reactions, or as reactants to make low-molecular weight
perfluorinated products. Historically the C8 PFCA (perfluorooctanoic acid—
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PFOA, Fig. 7.1) has been the most commonly used, but chain lengths of C9
(perfluorononanoic acid—PFNA), C10 (perfluorodecanoic acid—PFDA), and
longer have also been utilized. Although PFCAs can be produced in separate chain
lengths, most commercial products consist of mixtures of several chain lengths.
FTOHs are a subset of fluorinated alcohols which consist of a perfluorinated
alkyl chain combined with a non-perfluorinated alkyl alcohol. Due to the non-
perfluorinated character of the alkyl alcohol, these compounds can participate in
condensation reactions which would not be possible if the entire alkyl chain was
perfluorinated. In this manner, FTOHs are often incorporated as a side-chain to
higher molecular weight, non-perfluorinated polymers. The resultant free per-
fluorinated alkyl side-chain imparts release properties to the finished polymer.
Most commercial products consist of FTOHs with a C2 non-perfluorinated alkyl
group coupled to perfluorinated alkyls of various chain lengths. The most common
FTOH has a C8 perfluorinated alkyl chain coupled with a C2 non-perfluorinated
alkyl alcohol (perfluorooctylethanol—8-2 FTOH, Fig. 7.2). FTOHs used in the
production of perfluorinated polymers typically include mixtures of varying chain
lengths, with the most prevalent FTOH species being the 8-2 and 10-2 FTOHs.

7.2.2 Use in Food Contact Materials

Since PFCAs and FTOHs are used in the manufacture of FCSs but are not FCSs
themselves, they are not specifically regulated by the United States (U.S.) Food
and Drug Administration (FDA) as FCSs. However, they are found as impurities,
either as residuals from their use in the production or as degradation products of
the FCS, in PFCs regulated for food contact use. As such, FDA considers the
safety of PFCAs and FTOHs in the regulation of those FCSs where these com-
pounds are present.

PFCs have historically been used in food contact applications prior to 1958. The
prior sanctioned use of PFCs manufactured utilizing a subset of perfluorinated
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acids where the perfluorinated alkyl chain is coupled to a sulfonic acid end group
(PFSAs, the most commonly used of which was the C8 perfluorooctane sulfonic
acid—PFOS) as coatings for food contact paper can be found in Title 21 of the
Code of Federal Regulations part 181.30 (21 CFR 181.30) as well regulations for
the same use in 21 CFR 176.170. Based upon information that PFSAs were
widespread in the blood of the general population and concerns for bioaccumu-
lation and toxicity, the U.S. Environmental Protection Agency (USEPA) published
three significant new use rules (SNURS) to limit any manufacture or importation
of 271 related chemicals (US EPA 2002a, b, 2007). These SNURS apply to the
manufacture and import of related chemicals for all applications, of which use in
the manufacture of FCSs was a small segment. As a result of these SNURS there is
no current consumer exposure to the FCSs listed in 21 CFR which utilize PESAs in
their manufacture, and those FCSs will only be discussed in the context of general
exposure to PFCs.

Since the 1960s, PFCAs have been used in the manufacture of FCSs as a
surfactant in the polymerization of high molecular weight FCS polymers such as
polytetrafluoroethylene (PTFE), which is used in non-stick cookware coatings.
PTFE also has been used as a reactant to make low-molecular weight paper
coatings, where the hydrophobic and lipophobic nature of the extended perfluo-
rinated alkyl chain imparts both water and grease resistance to paper used in food
contact applications. PFCAs are indirectly regulated for their use as surfactants
and in the polymerization of high molecular weight FCSs under 21 CFR Sec-
tions 177.1380, 177.1550, 177.1615, 177.2400 and 177.2510. The use of PFCAs in
the manufacture of low molecular weight paper coatings was also considered by
FDA in several listings for FCSs in 21 CFR 177.170 and 177.180 as well as in
several effective Food Contact Notifications (FCNs) (US FDA 2013).

FTOHs are used as components of paper coatings through the side-chain
manipulation of high molecular weight polymeric FCSs. Resultant FCSs have been
in use since the early 2000s and are the subject of effective FCNs (US FDA 2013)
for their use to impart water and grease resistance to food-contact paper.

7.3 Human Exposure
7.3.1 Levels of PFCs in Serum

Several studies have examined serum levels of PFCs in various populations; most of
the available data concern serum levels of PFOA and PFNA. The 2003-2004
National Health and Nutrition Examination Survey (NHANES) (Calafat et al. 2007)
reported mean serum PFOA and PFNA levels of 4.5 nanograms per milliliter (ng/
ml) and 1.1 ng/ml, respectively, in U.S. males and 3.5 ng/ml and 0.9 ng/ml,
respectively, in U.S. females 12 years of age and older. Mean plasma levels of
PFOA reported in Denmark are 6.8-6.9 ng/ml for males and 5.4-6 ng/ml for
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females (Eriksen et al. 2009). Serum PFOA in the U.S. has decreased from levels
reported for the 1999-2000 NHANES survey, while serum PFNA levels are
increasing (Kato et al. 2011). Serum PFOA levels in occupationally-exposed pop-
ulations are 691 ng/ml, at least two orders of magnitude higher than the general
population (Olsen et al. 2007). Occupationally, highly-exposed segments of the
population, such as a cohort of employees from DuPont’s Washington Works plant,
have reported mean serum PFOA levels of 75.7 ng/ml (Hoffman et al. 2011).

7.3.2 Routes of Exposure

As PFCs are ubiquitous in the environment (Houde et al. 2006), there are multiple
routes for human exposure which could potentially account for the blood levels
discussed above. The conclusion of several studies which examined monitoring
data of likely routes for human exposure is that the diet is a significant source of
exposure. A survey of Canadian composite food samples collected between 1992
and 2004 calculated a medium dietary intake of 73 ng/day for perfluoroocate-
sulfonamides (PFOSAs) and concluded that this was of the same order of mag-
nitude as exposure to these compounds from indoor dust and air inhalation
(Tittlemier et al. 2006). Comparisons of the Canadian composite food study using
2004 composites, which took into account PFOS and perfluorocarboxylates, noted
a combined exposure of 250 ng/day and concluded that this was slightly higher
than exposure resulting from water, dust, treated carpet, and apparel (Tittlemier
et al. 2007) or water, dust ingestion/dermal exposure, and indoor/outdoor air
inhalation (Lorber and Egeghy 2011). Another study of Norwegian women that
correlated serum levels to exposure to PFCs through diet and indoor environmental
routes concluded that food was generally the major exposure source, but that the
indoor environment was also a significant source of exposure (Haug et al. 2011).
Attempts to model comprehensive reviews of available exposure data from various
routes have focused on PFOA and PFOS exposure and agree that dietary sources
are the major route for human exposure to these compounds, in some scenarios
accounting for 90 % or greater of the exposure (Fromme et al. 2009; Trudel et al.
2008; Vestergren and Cousin 2009).

7.3.3 Migration of PFC from Food Contact Materials
to Food and Food Simulants

Relatively few studies have been published which directly correlate detected levels
of PFCs in foods to the migration of these compounds from food packaging.
Interestingly, the Canadian composite food survey (Tittlemier et al. 2006) detected
PFOSAs in all foods sampled prior to 2003 with the highest concentration in fast
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food composites followed by pre-packaged consumer products such as microwave
popcorn (both food categories where contact with coated paper packaging would
be expected) with the lowest concentrations in less processed foods such as sea-
food, meat, and dairy, where contact with such packaging would be less likely.
However, the same composite survey did not detect PFOSAs in fast food or
prepackaged food composites after 2002, a date which coincides with the USEPA
SNURs banning the manufacture and import of PFSA related compounds, while
the level in foods not commonly packaged in coated paper remained constant.
Furthermore, the specific PFOSAs detected in fast food and prepackaged food
composites prior to 2003 were used primarily to coat paper, whereas those
detected in foods not commonly packaged in coated paper were PFCs primarily
used in fabric coatings. These results indicate that, while there is constant, low
level exposure to PFCs originating in food from environmental routes, the use of
PFCs to coat paper results in exposure to those chemicals when food packaged in
those products is consumed. Furthermore, although specific to PFSAs, this study
can be taken as generally indicative of the impact of regulatory actions on con-
sumer exposure to PFCs, including PFCAs and FTOHs, from their use in food
packaging.

Migration of PFCs into food simulants has been analytically demonstrated
(Begley et al. 2005). FDA examined PTFE coated cookware for residual PFCAs,
and migration of PFCAs and FTOHs from commercial packaging (microwave
popcorn bags) coated with PFC coatings. This work demonstrated that migration
of PFCAs from their use as surfactants to make high molecular weight non-stick
coatings is negligible due to a low initial residual level, and that further abusive
heating did not result in the generation of additional PFCAs. However, this work
did detect migration into food simulants of both PFOA and FTOHs (11 micro-
grams per square decimeter (ug/dm?) paper) from PEC coated paper under con-
ditions designed to mimic storage and microwave susceptor use.

In conclusion, serum levels demonstrate that the general population is exposed
to PFCs. Examination of potential exposure routes have concluded that exposure
through the diet is a significant source of exposure. Potential sources of this dietary
exposure may involve environmental contamination of food as well as migration of
PFCs to food from packaging. Although few studies have been published, avail-
able information demonstrates that migration of PFCs to food from packaging may
contribute to dietary exposure.

7.3.4 Pharmacokinetics

PFCAs are readily absorbed via inhalation, ingestion, or dermal exposure (Kennedy
1985; Kennedy et al. 1986; US EPA 2009) and aren’t metabolized. Accumulation
occurs mainly in lean, well-perfused tissues in order: liver > blood > kid-
ney > lungs > heart, with extremely low levels in other tissues (Benskin et al.
2009). Serum PFCAs are largely bound to serum albumin, with <2 % unbound
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PFCA (Ohmori et al. 2003). PFCAs are excreted unchanged in the urine and/or bile;
biliary excretion dominates at >C9 (Goecke et al. 1992; Ohmori et al. 2003). PFCAs
have been shown to cross the human placenta (Apelberg et al. 2007) and enter the
milk of the nursing mother (Volkel et al. 2008). Systemic half-lives of PFCA
increase with chain length and are sexually-dimorphic in rats, with systemic half-
lives for PFOA, PFNA, and PFDA of 2—4 hours (h), 1.4-2.44 days, and 58.6 days in
females versus 67 days, 29.5-30.6 days, and 39.9—40 days in males (Ohmori et al.
2003; Tatum-Gibbs et al. 2011). The estimated half-life for PFOA in humans does
not differ between sexes but is extremely long: 2.3-3.8 years (Olsen et al. 2007).
The sexual dimorphism in rats is due to reuptake of PFCAs from the renal filtrate in
males via renal organic anion transporters (OATs), whose expression is upregulated
by testosterone (Weaver et al. 2010). Comparisons of the pharmacokinetics of PFOA
in mice, rats, and humans suggest that mice more closely resemble humans than do
rats due to the lack of sexual dimorphism in both mice and humans (US EPA 2009).

Of the FTOHs to which consumers are exposed via the diet, the 8-2 FTOH has
been the most extensively studied, with most of the work performed in rats. The 8-
2 FTOH (Fasano et al. 2006, 2009) shows sexual-dimorphism in the extent of its
absorption from the gastrointestinal-tract under non-fasting conditions, with lower
net absorption in males (49 %) versus females (81.2 %) dosed at 5 milligrams per
kilogram (mg/kg), while under fasting conditions, there was no gender difference
in net absorption. Extent of absorption decreases with increasing dose (49-57 % at
5 mg/kg vs. 27 % at 125 mg/kg) under non-fasted conditions. Most of the
absorbed fraction (>90 %) is excreted in bile, with ~6 % excreted in the urine
(Fasano et al. 2006). Systemic half-lives of 8-2 FTOH are greater in males
(112-217 h) versus females (5.6—17.5 h).

Unlike PFCAs, 8-2 FTOH is preferentially distributed to adipose tissue,
whereas its metabolites were located in lean, highly perfused tissues. The 8-2
FTOH is extensively metabolized in vivo to various 8-2 and 7-3 saturated and
unsaturated alcohol and aldehyde products, 6-2 fluorotelomer aldehydes, gluta-
thione conjugates, and C5-C9 PFCAs. The most ubiquitous metabolites are the 7-3
acid (both sexes) and PFOA (Fasano et al. 2009). Nabb et al. (2007) found that
with rodent hepatocytes metabolized FTOH faster and to a far greater extent than
human hepatocytes, and that rodent, but not human, hepatocytes produced PFCAs
from FTOHs, indicating that rodents may have significant differences from
humans in the metabolism of FTOH. Perfluorinated FCSs, such as the perfluoro-
alkyl phosphate surfactants, can also be metabolized in vivo to their FTOH
components and the corresponding FTOH-metabolites (D’eon and Mabury 2007).
This finding implies that direct dietary exposure to these perfluorinated FCSs may
produce similar toxic effects as exposure to any FTOH impurities present in the
perfluorinated FCS.
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7.4 Health Effects and Toxicology

7.4.1 Systemic Toxicity: Non-neoplastic Effects on Organ
Systems

The toxicity of PFOA has been evaluated in oral studies of varying duration in rats,
mice, and monkeys. FTOHs and other PFCAs have been evaluated only in rodents.
Oral administration of these compounds result in decreased body weight gain and
feed efficiency/intake, with PFCA > C10 producing frank body weight loss in rats
(Shi et al. 2007; Zhang et al. 2008). Targets organs for that are common to several
of the tested compounds are the liver, the immune system, and the male and female
reproductive organs. Various other targets of toxicity include the kidney, teeth, and
thyroid. Effects on each target organ are discussed separately below.

Effects on the Liver Increased liver weights, hepatocellular hypertrophy,
peroxisomal and xenobiotic-metabolizing enzyme induction, and peroxisome
proliferation are the signature toxic effects of PFCs in rodents, with hepatotoxicity
usually, but not always, manifesting as increases in serum liver enzyme levels
(Perkins et al. 2004; Son et al. 2008a; Kudo et al. 2005; Kawashima et al. 1995;
Ladics et al. 2005, 2008; Hirata-Koizumi et al. 2012). Dose-related decreases in
serum cholesterol, high density lipoprotein (HDL): low density lipoprotein (LDL)
ratio, and triglycerides occur in rodents (Borges et al. 1992; Zhang et al. 2008;
Minata et al. 2010), but increased triglycerides were noted in cynomolgus mon-
keys (Butenhoff et al. 2002). Peroxisomal enzyme induction may coexist with
peroxisomal enzyme inhibition, such as with PFDA (Borges et al. 1992). Increased
liver weights and peroxisomal enzymes appear to be critical effects, occurring at
levels as low as 14.1 pg/ml in mice (Wolf et al. 2008) and 70 pg/ml in rats
(Perkins et al. 2004). Potency increases with perfluorocarbon chain length and is
proportional to the degree of hepatic accumulation (Kudo et al. 2005, 2006),
although PFOA and PFNA appear to be the most peroxisome proliferator activated
receptor (PPAR)-a agonists (Wolf et al. 2012). Epidemiological studies assessing
the association between PFCA exposure and serum lipids and/or serum liver
enzymes have found positive associations (Sakr et al. 2007a, b; Lin et al. 2010;
Gallo et al. 2012) or no association (Olsen et al. 2000, 2003; Wang et al. 2012;
Olsen and Zobel 2007; Gilliland and Mandel 1996). In contrast to laboratory
animal studies, some human epidemiology studies have noted positive associations
between perfluorochemical exposure and blood total cholesterol and/or triglycer-
ide levels (Olsen et al. 2003; Sakr et al. 2007a, b; Steenland et al. 2009; Frisbee
et al. 2010) or only a negative association with serum HDL levels (Wang et al.
2012; Olsen and Zobel 2007; Gilliland and Mandel 1996). No association with
liver disease was noted in an occupationally-exposed cohort (Lundin et al. 2009)
or in the Washington Works cohort (C8 Science Panel 2012a). The lack of con-
clusive effects in humans is not surprising, considering that peroxisomal prolif-
eration and enzyme induction is mediated via activation of PPAR-a (Wolf et al.
2008), to which rodents are extremely sensitive. Human liver cells, in contrast, are
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refractory to peroxisomal proliferation (Bjork and Wallace 2009) even though
PFCs are agonists at both the human and rodent PPAR-a receptor with apparently
equal potency (Vanden Heuvel et al. 2006). Some of the effects may also be
mediated by activation of the Constitutive Androstane Receptor (CAR) and/or
PPAR-y (Cheng and Klaassen 2008), as PFOA produced significant, although
qualitatively distinct, hepatic toxicity in both PPAR-a wild-type (WT) and
knockout (KO) mice (Wolf et al. 2008).

Effects on the Immune System Most of the studies evaluating the immuno-
toxicity of PFCs have focused on PFOA and PFNA. Splenic and thymic atrophy
with inhibition of cell proliferation and/or induction of apoptosis (Yang et al.
2001; Fang et al. 2008; Hirata-Koizuma et al. 2012), altered T-cell phenotypes
(Son et al. 2008b), and decreased cell-mediated and humoral immune responses
(Nelson et al. 1992; Yang et al. 2002a) were noted in mice at oral doses of
>10 mg/kg per day PFOA or >3 mg/kg per day PENA. Published studies conflict,
and have reported that PFOA increased (Loveless et al. 2008) and decreased (Qazi
et al. 2009) numbers of circulating neutrophils and monocytes, which may reflect
the higher doses used by Loveless and colleagues. PFOA has been reported to have
stimulatory (Qazi et al. 2009) or inhibitory (Corsini et al. 2011) effects on
inflammatory cytokine production. The observed immunotoxicity may be medi-
ated via PPAR-a activation, as administration of PFOA to PPAR-o KO mice had
no effects on splenic or thymic weights or cellularity (Yang et al. 2002b). No
immunotoxic effects have been noted in any of the studies conducted with the
FTOH, although only immune system organ weights and histopathology were
assessed. Serum PFOA was inversely related to serum antibody titer to tetanus and
diphtheria in vaccinated children in the Faroe Islands (Grandjean et al. 2012),
suggesting that higher PFOA exposure reduced the immune response to vaccina-
tion in children. Other epidemiology studies found no association between PFOA
exposure and infectious disease morbidity and/or mortality in children from the
general population (Fei and Olsen 2011; Okada et al. 2012), the Washington
Works cohort (C8 Science Panel 2012b), or in occupationally-exposed populations
(Leonard et al. 2008). Dose levels associated with immunotoxicity in animal
studies produced significant systemic toxicity and large increases in blood corti-
costeroid levels. It is possible, therefore, that the discordan