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Chapter 2

Abstract

The global rise in prevalence of obesity is not fully explained by genetics or life
style factors. The developmental origins of health and disease paradigm suggest that
environmental factors during early life could play a role. In this perspective, perinatal
exposure to bisphenol A (BPA) has been indicated as a programming factor for obesity
and related metabolic disorders later in life. Here we study early life programming by
BPA usingan experimental design thatis relevant for human exposure. C57BL/6]xFVB
hybrid mice were exposed during gestation and lactation via maternal feed to 8 non-
toxic doses (0-3000 pg/kg body weight/day (pg/kg bw/d)) of BPA. After weaning,
offspring were followed for 20 weeks without further exposure. Adult male offspring
showed dose-dependentincreases of body and liver weights, no effects on fat pad weights
and a dose-dependent decrease in circulating glucagon. Female offspring showed a
dose-dependent decrease in body weight, liver, muscle and fat pad weights, adipocyte
size, serum lipids, serum leptin and adiponectin. Physical activity was decreased in
exposed males and suggested to be increased in exposed females. Brown adipose tissue
showed slightly increased lipid accumulation in males and lipid depletion in females,
and UcpI expression was dose-dependently increased in females. The effects in females
were more reliable and robust than in males due to wide confidence intervals and
potential confounding by litter size for male data. The lowest derived lower bound
of 90% confidence interval of the benchmark dose (BMDL) of 233 pg/kg bw/d
(for interscapular weight in females) was below the proposed BMDL of 3633 pg/kg
bw/d as a basis for tolerable daily intake. Although these results suggest that BPA can
program for an altered metabolic phenotype, the sexual dimorphism of effects and
diversity of outcomes among studies similar in design as the present study do not mark
BPA as a specific obesogen. The consistency within the complex of observed metabolic
effects suggests that upstream key element(s) in energy homeostasis are modified. Sex-

dependent factors contribute to the final phenotypic outcome.

32



Programming by early life exposure to BPA

Introduction

Obesity has reached pandemic proportionsin adults (OECD, 2010), and the incidence
is also increasing in children (Oken and Gillman, 2003). This development is of high
concern because most obese children become obese adults and childhood obesity is
associated with a shorter life expectancy. Furthermore, the condition is associated
with a range of metabolic disorders including insulin resistance, type 2 diabetes, and

dyslipidaemia.

Obesity is a complex disorder as many factors are involved in its pathogenesis. In recent
years it has become apparent that lifestyle changes, involving consumption of energy-
dense foods and insufficient physical activity, even in combination with a predisposed
genetic background, cannot fully explain the current obesity pandemic (McAllister
et al., 2009). Therefore, other determining factors have been considered, including
the developmental origins of health and disease (DOHaD) paradigm (Gluckman
and Hanson, 2004). According to this principle, exposure to environmental factors
during specific sensitive periods of development, mainly in utero and immediately
after birth, can interfere with maternal hormonal and nutritional signaling to the
developing organism. The organism then responds to these new signals by adapting
its phenotype, e.g. through changed metabolic setpoints, resulting in a permanent or
long-term change in the structure or function of the organism (Gluckman etal., 2005;
Lucas, 1991). This process is called programming (Lucas, 1991) and a subsequent
modification of various functions and systems in the body, including metabolic
homeostasis and endocrine and reproductive functions, can ultimately predispose
an individual to chronic diseases later in life, e.g. obesity and related metabolic
disorders (Oken and Gillman, 2003). Many ecarly life determinants for obesity and
related metabolic disorders have now been extensively studied, of which malnutrition,
maternal overweight and gestational diabetes are important examples (Barker, 1995;
Boney et al., 2005; Dabelea et al., 2000; Hales, 1997). In this respect, studies of
the Dutch Hunger Winter cohort have shown that a nutrition deficiency during
pregnancy leads to a low birth weight that is a risk factor for an increased susceptibility
to metabolic disorders later in life (Painter et al., 2005; Ravelli et al., 1998, 1999).

Exposure to endocrine disrupting compounds (EDCs) has been proposed as another

important early life determinant, since increased production rates of these compounds

over time coincide with the increase in incidence of obesity (Baillie-Hamilton, 2002).
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An EDC is “an exogenous chemical substance or mixture that alters the structure
or function(s) of the endocrine system and causes adverse effects at the level of the
organism, its progeny, populations, or subpopulations of organisms, based on scientific
principles, data, weight-of-evidence, and the precautionary principle” (EDSTAC,
1998). Along these lines, some EDCs may specifically alter energy homeostasis and
appetite regulation, which are both important for weight control, and such EDCs are
termed as environmental obesogens of which tributyltin chloride (Grun et al., 2006)
and diethylstilbestrol (Newbold et al., 2005) are prototypes. Obesogens could then
have a direct disrupting effect, or could act through programming of a developing
organism toward increased susceptibility to develop obesity later in life (Grun and
Blumberg, 2007). A troubling issue with EDCs is that many of such substances are
ubiquitously present in the environment and are considered to exert their effects,
including on programming, at low, environmentally relevant exposure levels (Casals-

Casas and Desvergne, 2011).

Bisphenol A (BPA) is a suspected obesogen. BPA is used as a monomer in the
production of polycarbonate plastics and epoxy resins. It is present in many consumer
products from which it can leach, such as plastic water bottles, food containers, can
linings, and thermal paper (Brotons et al., 1995), and humans are continuously
exposed from these sources to low levels of BPA, mainly via the oral route. Average
exposure levels (sum of oral and dermal) for adults are around 0.2 pg/kg body
weight/day (pg/kg bw/d), highest exposure levels seen in teenagers are 1.5 pg/kg
bw/d and a temporary tolerable daily intake has been set at 5 pg/kg bw/d (EFSA,
2014). Exposure starts early in life since BPA can cross the placenta (Schonfelder
et al., 2002). After birth, infants may be exposed via breast milk (Kuruto-Niwa et
al., 2007; Otaka et al., 2003; Sun et al., 2004; Ye et al., 2006), or via plastic baby
bottles (Vandenberg et al., 2007). In humans, BPA has a short half-life, in the
range of hours (Volkel et al., 2002). Measurable BPA in human serum as repeatedly
reported comes with uncertainties, because typical serum BPA concentrations are
orders of magnitude lower than levels measurable by modern analytical methods
(Teeguarden et al., 2013).

Toxicity of BPA has been studied extensively in terms of classical toxicological
paradigms, including hormonal activity (particularly estrogenicity), and there is
evidence for conclusions in at least some toxicological domains as reviewed in detail
by Chapin et al. (2008) and Willhite et al. (2008). Much controversy remains over
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possible obesogenic effects of BPA, due to inconsistent results from epidemiological
and animal studies. Epidemiological studies in adults reported an association of actual
BPA levels in urine with cardiometabolic disorders (Lang et al., 2008; Melzer et
al., 2010), or with obesity in children and adolescents (Trasande et al., 2012), but
the validity of these results from the cross-sectional NHANES data were afterwards
disputed (LaKind et al., 2012). Other epidemiological studies indicate inconsistent
findings for an association between prenatal BPA exposure and a low birth weight,
a predictor of obesity later in life (Harley et al., 2013; Lee et al., 2008; Miao et
al., 2011; Padmanabhan et al., 2008; Wolff et al., 2008). Animal studies have also
shown variable effects of early life exposure to BPA on body weight e.g. (Honma
et al., 2002; Miyawaki et al., 2007; Ryan et al., 2010b) possibly due to variation
in experimental conditions, such as dosing regimes, animal species and strains, and
timing of evaluation of effects. Altogether, research until now does not allow for
general and consistent conclusions regarding the hazard of low dose exposure to BPA,
including the translation of experimental results to humans. These uncertainties have

led to new research and policy initiatives around the world.

In view of the general concern about EDC-induced programming of obesity and the
particular uncertainties associated with BPA in this context, we aimed to investigate
the hypothesis that early life exposure to BPA can program the organism for
increased sensitivity to develop overweight and related metabolic impairment later
in life. The present study may contribute to the BPA hazard database and provide
further support for improved decisionmaking, because we aimed to model human
exposure conditions. Specifically, we applied gestational and lactational exposure via
maternal feed in a dose-response design in mice, using a dose range of 0—3000 pg/kg
bw/d, which is below the proposed lowest derived lower bound of 90% confidence
interval of the benchmark dose (BMDL) of 3633 pg/kg bw/d for systemic effects in
adules and offspring in a reproductive study in mice (Tyl et al., 2008) calculated by
EFSA (2014) and including a dose (3 pg/kg bw/d) approaching highest estimated
human exposure levels (up tol.5 pg/kg bw/d; EFSA, 2014). The adult phenotype
of the offspring with the focus on metabolic profile was analyzed in detail after a

latency period of 20 weeks.
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Methods

Test chemical and test diets

BPA (purity > 99%; CAS No. 80-05-7, Sigma-Aldrich, Zwijndrecht, The
Netherlands) was dissolved in soy oil, by constant stirring overnight at room
temperature. This master solution was serially diluted with a factor 3-3.3. The thus
obtained 7 solutions and a blank soy oil were mixed with the diet (NIH-07 diet,
Research Diet Services, Wijk bij Duurstede, The Netherlands) before pelleting,
aiming at concentrations of 0, 0.017, 0.056, 0.17, 0.56, 1.7, 5.6, and 16.7 mg/
kg BPA in feed, which corresponded to 0, 3, 10, 30, 100, 300, 1000, and 3000
pg/kg bw/d based on calculations with standard average food consumption of 4.5
g per mouse per day and a standard average body weight of 25 g per mouse. BPA
concentrations in test diets were confirmed by isotope dilution gas chromatography-
mass spectrometry after extraction with methanol (8402, JT Baker, Deventer, The
Netherlands), cleanup with solid phase extraction (Oasis HLB, WAT106202,
Waters, Breda, The Netherlands) and derivatization using trimethylsilane (1391,
Sigma-Aldrich, Zwijndrecht, The Netherlands). The limit of detection (LOD)
was defined as 2x the average absolute blank level, which in view of the small
data set is different than the definition of the LOD in the serum analysis. The
nonpurified soy-based NIH-07 diet was chosen because it was originally designed
to optimize gestation, lactation, and growth of rodents. This diet has also low levels
of natural phytoestrogens, which have been shown to promote normal physiology
in mice, in contrast to phytoestrogen free diets (Ruhlen et al., 2008). A cleaned
up extract of the diet was checked for estrogenic and anti-estrogenic activity with
an estrogen receptor mediated reporter gene ER-LUC assay (Rogers and Denison,
2000). The feed contained 306 pg estradiol equivalents per gram diet (most likely

phytoestrogens), and did not contain any estrogen receptor antagonistic activity.

As females, in contrast to males, showed no body weight increase at the age of 17
weeks, we investigated whether an obesogenic response could be triggered in females
by a high fat diet challenge. A high fat diet (D12451, Research Diet Services, Wijk bij
Duurstede, The Netherlands), containing 45 kcal% fat (lard) compared to 15 kcal%
fat in the NIH-07 diet, was given to all female F1 mice during the final period of the
study (17-23 weeks of age).
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Experimental conditions

Obesity-prone (Michel et al., 2005; Surwit et al., 1988) nulliparous female C57BL/6]
mice (Charles River, Sulzfeld, Germany) were mated with male FVB mice (GPL,
Bilthoven, The Netherlands) to produce hybrid offspring for which comprehensive
background information of phenotype and development is available in our lab (Dollé
etal., 2011) and which would enable distinction of parental alleles in eventual follow-
up molecular studies. For practical reasons, dams were divided over two time groups
with a distance of one week. Dose groups were equally represented in each of these
two time groups. Mice were maintained under specific pathogen-free conditions
with a target ambient temperature of 21 °C, humidity of 60% and with a 12 h/12
h light/dark cycle. FO males were single housed in standard Macrolontype II cages
with polycarbonate bottles and were fed standard lab chow (CRM, Tecnilab-BMI,
Someren, The Netherlands). To minimize environmental exposure to BPA, FO females
and all offspring were housed in polysulfone cages (Tecnilab-BMI, Someren, The
Netherlands). Polysulfone does, in contrast to polycarbonate, not undergo hydrolysis
in hot water during routine cleaning, so only residual BPA from the manufacturing
process can be extracted from the surface, and this should be washed out after several
cleaning cycles as we applied before actual use of the cages. Drinking water was supplied
in glass bottles with rubber stoppers. Cages had spruce/fir wood bedding (Lignocel S
8-15; Tecnilab-BMI, Someren, The Netherlands) and aspen wood shavings (Lignocel

9 S) for cage enrichment. Both feed and water were supplied ad libitum.

After an acclimatization period of 4 weeks, female FO mice were fed experimental
diets explained above starting 2 weeks before mating, and continued during mating
(1 week), gestation (3 weeks), and lactation (3 weeks). Each dose group contained
four FO females, which were mated in pairs with one FO male for each pair. BPA
concentrations in sera of dams and of surplus offspring sacrificed at weaning, closely
around postnatal day (PND) 21, were measured to confirm internal exposure. After
weaning, all offspring were fed the control NIH-07 diet. For every dose group on
average 8 mice per sex (range 4-10, evenly recruited from available litters) were
included for follow-up through juvenile and adult stages and housed as mixed litter
groups of 4-5 animals per cage (two cages per sex per dose group). At the age of 5
weeks and continuing until the end of the study, body weight was measured weekly.

Food consumption in offspring could not be recorded reliably due to high spillage.
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At the age of 23 weeks, after being fasted for 16 h to induce a general basic metabolic
state, mice were sacrificed under ketamine/xylazine anesthesia by eye bleed, to
obtain a maximal serum blood volume for analytical purposes. During necropsy,
body length (nose-tail base) was measured, and a selection of organs was weighed,
including adrenal glands, brain, liver, femur, quadriceps femoris muscle, pancreas,
interscapular fat, perigonadal fat, perirenal fat, mesenterial fat, and subcutaneous fat
(both rostral and caudal mammary gland fat). Organs and tissues were partly snap-
frozen in liquid nitrogen and stored at —80 °C and the remaining tissues fixated in

formalin (see below).

This study was approved by the Animal Experimentation Ethical Committee of
our institute under permit number 200900208, and carried out in accordance with

prevailing legislation.

Glucose tolerance test

At 18 weeks of age a glucose tolerance test (GTT) was performed in control and top
dose (3000 pg/kg bw/d) males and females (7 = 8-9 per group). Mice were fasted
for 16 h before a baseline blood sample was taken (0 min). Subsequently, D-glucose
(Sigma, Zwijndrecht, The Netherlands) was injected i.p. at a concentration of 1.5 g/kg
bw. Glucose was measured in tail vein blood at 15, 30, 60 and 120 min after glucose
administration using the FreeStyle Lite meter and test strips (Abbott, Hoofddorp,
The Netherlands). The experiment was performed over two morning sessions, with
animals matched by age (is per time group, see above) per session, and 1.25 h between
the first and last tested animal in each session. Small clusters of animals of different

experimental groups were alternatively treated.

Spontaneous locomotor activity

At the age of 19-21 weeks, 1-2 cages per control and top dose group, each cage with
4 animals, were transferred to polysulfone cages mounted on LABORAS platforms
(Metris BV, Hoofddorp, The Netherlands) with access to feed and water ad libitum.
After an acclimatization period of minimal 6 h, activity of the mice was continuously
registered on four parallel platforms for 4.5 (females) or 6.5 days (males), starting at
the beginning of the dark phase (6.30 PM) of the first day. Through platform sensors
and customized software, physical activity of the animals was registered and expressed

as kinetic energy indices per cage per 15 min.
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Histopathology

Dissected organs were partly or entirely fixed in 4% formalin for 24 h (except
femur), subsequently placed in 70% alcohol and routinely embedded in paraffin,
sectioned and stained with hematoxylin and eosin. After routine histopathological
reading of the sections, the adipocyte size in perirenal white adipose tissue (WAT)
was measured as the average cell diameter of 9-20 cells touched by a standard grid
line on a representative area of the section. A proxy for the number of adipocytes in
that fat pad was then calculated by dividing its weight (W) by the average cell volume
(V) as derived from the measured cell diameter (D), using the formula W/V = W/
([D/2c)?x 4m/3), where c is a correction factor of 0.79 to estimate the real mean cell
diameter from the measured average cell diameter along a random cross-sectional
line. Lipid accumulation in brown adipose tissue (BAT) adipocytes was scored semi-

quantitatively in the interscapular fat depot (see Table 2).

Serum chemistry

For the analysis of BPA levels in sera from dams and pups at the time of weaning
(closely around PND21), serum samples were pooled from 3 to 4 damsand 6 to 7 pups
per dose group, with the exception of pups from the highest exposure group (3000
pug/kg bw/d), which were analyzed individually. Total BPA (free + conjugated) was
analyzed according to a previously described method (Geens et al., 2009). Briefly, after
deconjugation with B-glucuronidase/sulphatase followed by solid phase extraction and
derivatization with pentafluorobenzoylchloride, total BPA was quantified by isotope
dilution gas chromatography with mass spectrometric detection. BPA-d,, was used
as an internal standard. Recoveries of bovine serum samples of 1 ml spiked with 6.6
ng/ml BPA ranged from 86 to 123%. The LOD (1.1-1.9 ng/ml) was defined as three

times the standard deviation of the blanks.

Serum lipids were analyzed on a Beckman Coulter LX20 Clinical Chemistry Analyzer,
using Beckman reagent kits for total cholesterol (CHOL), triglycerides (TGs), and
high-density lipoproteins cholesterol (HDL-C) (Beckman Coulter B.V., Woerden,
The Netherlands), and a Wako reagent kit for free fatty acids (FFAs) (Wako Chemicals
GmbH, Neuss, Germany).

Milliplex kits (Millipore Corporation, Billerica, MA, USA) were used according to

the manufacturer’s protocol to measure serum adiponectin, ghrelin, glucagon, insulin,

leptin and pancreatic peptide YY-36 (PYY-36).
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Gene expression analysis

Total RNA was extracted from the tissue of interest using the RNeasy Lipid
Tissue Mini kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s
instructions. RNA concentrations and qualities were determined using a NanoDrop
Spectrophotometer (Isogen Life Science B.V., De Meern, The Netherlands) and an
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA), respectively. cDNA was
produced with the High Capacity cDNA Reverse Transcription kit (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. TagMan Gene
Expression Assays (Ucgpl: Mm01244861_ml; CideaxMmO00432554_ml) were
performed with 10 ng cDNA and TagMan Fast Universal PCR Master mix (Life
Technologies, Carlsbad, CA, USA) in 10 pl total volumes using the 7500 Fast Real-
Time PCR System, according to manufacturer’s instructions. Relative quantification
was performed by the comparative CT method (ddCt) in Microsoft Excel. Ucp! is a
marker of energy expenditure through thermogenesis, and contributes to regulation
of body weight (Kozak et al., 2010). Cidea is a marker of BAT adipocytes (Zhou et
al., 2003), and was used as a normalizer for the contents of BAT adipocytes in the

tissue extracts.

Statistical analyses

Data covering the entire study population were analyzed for statistically significant
dose-responses using the benchmark dose (BMD) approach (Slob, 2002) with the
PROAST software versions 36.x-37.x (www.rivm.nl/proast). In this approach,
optimal models from the exponential and Hill families are fitted to the data, and
a BMD with its 5% lower and upper bounds of the 90% confidence interval
(BMDL, BMDU) is derived from the fitted models at a predefined benchmark
response (critical effect size, CES). By default, the CES used in this study was 5%
for continuous data, as proposed by the European Food Safety Authority (EFSA,
2009). The goodness-of-fit was determined by the log-likelihood of each model
within a family of models. The optimal model selected for each family was the model
with the lowest number of parameters which gave the best significant fit. Clustered
analysis of individual animals from the same litter was applied. In the evaluation
of results, data which did not produce a statistically significant dose-response with
both exponential and Hill models, were not deemed sufficiently informative for
robust conclusions. Furthermore, data that produced dose-responses with a wide
confidence interval (BMDU/BMDL ratio >100) were not considered suitable to
derive a valid BMD.
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Some measures included only control and top dose animals, and could therefore not be
analyzed as dose-responses. Thus GT'T was evaluated by repeated-measures or nested
(to account for litter covariance) two-way ANOVAs (Graphpad Prism 5.0, R) to detect
differences at the different time points, and between the areas under the curve. Ucp!
expression, WAT adipocyte size and the proxy for cell number were also tested with
a nested ANOVA (R). A Student’s #test was used to compare exposed and controls
for the activity measurement, and differences in distribution of BAT histopathology
scores between experimental groups were tested for statistically significance in a two-
tailed Fisher’s exact test. Association between some parameters was analyzed by linear

regression analysis and results expressed as a Pearson correlation coefficient (7).

Results

Exposure assessment

Actual BPA levels in 3 highest doses of feed were 1.8, 5.3, and 14 mg/kg, which
corresponded well with the nominal levels of 1.7, 5.6, and 16.7 mg BPA/kg feed.
BPA concentrations in the feed spiked at lower levels were below the limit of detection
(LOD). No BPA was detected in the control feed.

Internal total BPA levels in pooled serum of dams of the four highest dose groups at
the time of weaning were 2.2, 3.4, 12, and 50 ng/mL, respectively. Serum total BPA
levels in dams of the lowest three dose groups and the control group did not exceed
the LOD of 1.2-1.9 ng/mL.

Total BPA was measured in individual serum samples of pups at weaning from the
3000 pg/kg bw/d group. Due to the extremely small sample volumes available, typically
25-100 pL, serum samples from the 300 pg/kg bw/d group were pooled. These analyses
indicated internal doses in pups ranging from 83 to 240 ng/ml serum in the highest
dose group, and 24-26 ng/ml in the 300 pg/kg bw/d group.

General toxicity and reproduction parameters
In dams, dietary exposure to BPA had no effect on measurements of general toxicity,
notably not on mortality, body weight, weight gain and food consumption. Parental

behavior was also normal.
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Figure 1. Distribution of litter sizes after postnatal sampling. In males (triangles, dotted line), litters from which
individuals could be sampled for follow-up showed significant skewing toward larger sizes at higher doses. In
females (circles, solid line), distribution of litter sizes from which individuals were sampled was evenly over doses.

Explanation of the dose-response graph is in Figure 2 legend.

Average mating success rate was 84%, yielding 26 litters with an average litter size
of 7.5 (range 3—11). The overall F/M sex ratio in the F1 generation was 0.9 and the
overall survival rate was 96%. None of these reproduction parameters showed an
effect of BPA. Still, at high doses, male pups for follow-up after weaning were mainly
available from small litters, and small litters were therefore overrepresented at these

high doses (Figure 1). For females, litter sizes were evenly distributed over doses.

Body weights

From week 6 (w6) onwards, males showed a persistent dose-dependent increase
of body weight (Figure 2A, 21 weeks of age, final full data set), although with a
wide confidence interval, arising from highly variable weights within dose groups.
Growth analyzed as the ratio of body weights over the trajectory between onset of
body weight effect and end of the study (w21/w6) did not differ, resulting in similar
weight gain during that period across dose groups (Figure 2B), indicating that body
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weight differences that were present shortly after weaning were not progressive over
time. There were no effects of BPA on metrics of body size (body length, femur length,
femur weight; Table 1), and when body weight at the end of the study was expressed
relative to femur length as a robust measure of body size, there was also no effect,

supporting that body weight moved in parallel with body size.

Because of overrepresentation of small litters in the highest dose groups in males
available for follow-up (Figure 1), the effect of litter size on various endpoints in males
was also analyzed. Thus, a litter size dependent effect on body weight (weeks 3-23),
liver weight and body length (end of study) was found, all statistically significant in
both exponential and Hill models. These effects were more defined by large licters (7
= 10-11) than by small litters, as shown for example with body weight at weaning
in Figure 2C.

In contrast to males, females showed a dose-dependent decrease of body weight from
week 8 onwards (shown at termination of the standard diet regime, 17 weeks of age
in Figure 2D). The dose-related lower body weight remained after the shift to high fat
diet at 17 weeks, which was introduced to test a BPA related changed sensitivity for
such a diet. Growth rates expressed as ratio body weight w17/w8 (start of high fat diet/
onset of body weight effect) showed a dose-dependent decrease (Figure 2E) and the
BMDL are 11.2 pg/kg/d, although the BMDU/BMDL ratio of 172 did not fully met
the acceptance criterion (Table 1). Zooming in on the w17/w8 period the decrease in
growth occurred at the early phase during w13/w8 and was no longer apparent during
w17/wl3 and neither under high fac diet (ratio w21/w18; data not shown). As in
males, there were no effects on metrics of body size (body length, femur length, femur
weight; Table 1), but there was a dose-dependent decrease of body weight relative to
femur length (Figure 2F), supporting that the reduced body weight in BPA exposed

females was due to reduced body mass rather than to reduced body size.

Metabolic homeostasis

Results for glucose tolerance, physical activity and Ucpl expression are given in
Table 2. In the GTT, both area under the curve and baseline glucose levels between
control and exposed males did not statistically differ. In terms of energy expenditure,
the expended energy index derived from measured physical activity was statistically
significantly lower in top dose males compared to control males. Expression of Ucp! in

BAT, as a measure of expended energy in thermoregulation, showed no effect in males.
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There was no effect of perinatal BPA on glucose clearance between top dose females
and control females. A modest increase of physical activity was suggested in exposed
females and although this was a robust 108 h cumulative measurement, it could
not be statistically tested because of availability of only a single control unit. Dose-
response analysis of Ucp! expression in BAT, which was done after a suggested effect
in comparing top dose with control females, showed a significant dose-dependent

increase (Figure 3).

Figure 2. Dose-responses of body weight, growth, and related parameters. Analyses in males and females are
in the top row (A-C) and bottom row (D-F), respectively. (A, D) Dose-responses of body weight, in males at
21 w of age (end of study), in females at 17 w of age, that is at 18 and 14 weeks after cessation of BPA exposure
respectively, and in females before the onset of high fat diet. (B, E) Analysis of growth with no dose-related
effect in males from weeks 6-21, expressed as the ratio of body weight w21/w6, and with a significant dose-
dependent decrease of growth in females between weeks 8—17 (expressed as ratio w17/w8). (C) Significant litter
size dependent decrease of body weight at weaning (3 w) in males. (F) Significant dose-dependent decrease of
body weight relative to femur length in females at 23 w (end of the study). The function of the curves is shown
in the top line in the upper right corner of each graph, followed by parameters of significance and shape of the
curve. CES, critical effect size. CED, CEDLbt, CEDUbrt are the critical effect dose with its lower and upper
bound of the 90% confidence interval; which are in the text indicated as BMD, BMDL and BMDU. Small
symbols: individuals, large symbols: geometric mean (per dose). The analysis was done with PROAST version

37.9.
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Chapter 2

Table 1. Dose-response and correlations with body weight at necropsy for organ and body metrics and serum

parameters
Males Females
Dose- BMDL Max Relative Dose- BMDL Max Relative
response  (pg/kg effect tobody | response (pglkg effect to body
bw/d) size weight bw/d) size weight
(%) (%)
Body weight T ni 8.0 d 781 11
Week 21
Body size
Body length - -
Femur length - -
Body weight / femur - l ni -15
length
Growth
Week 21/6 -
Week 17/8 l ni 2 -5.5
Week 21/18 -
Organ weights
Brain - -
Femur - -
Liver T 1.7 16 - \ 583 -16 -
Quadriceps femoris - d 649 -12 -
muscle
Fat pad weights
Interscapular - 4 233 -26 -
Mesenterial -/7 ni -
Perigonadal - l ni =55 -
Perirenal - l ni -63 J
Subcutaneous - l ni -34 N
mammary - caudal
Subcutaneous - -
mammary - rostral
Sum fat pads - d ni —47 -
White adipocyte size - d 11.7 -17
Ucp1 expression T ni 31
Serum lipids
Cholesterol - -
Free fatty acids - { ni =59
High-density - -
lipoproteins
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Table 1. Continued

Males Females
Dose- BMDL Max Relative | Dose- BMDL Max Relative
response  (pg/kg effect  tobody | response (pg/kg effect to body
bw/d) size weight bw/d)  size  weight
(%) (%)
Triglycerides - 2 ni —-66
Serum hormones
Adiponectin - d ni -29
Glucagon { ni' 54 -
Insulin - -
Leptin - d ni 77

.- statistically significant increase, decrease dose-responses, or absence of effect. A single sign or value is
given when exponential (E) and Hill (H) modeling outcomes are the same; different outcomes with E and H
are indicated with the / separator. A BMDL (lowest 5% lower confidence bound of the BMD at a critical effect
size of 5%) is only given in case of a small confidence interval (BMDU/BMDL ratios < 100); BMDL data with
a wider confidence interval are not considered informative (ni) for risk assessment. A maximum (max) effect
size is derived from the c-parameter if present in the selected dose-response models, otherwise calculated as a
difference between top dose and control (background) values and the reported value is an average of E and H
max effect sizes. Organ and fat pad weights showing a statistically significant dose-response are also analyzed
relative to body weight, to detect interdependency of these parameters. pg/kg bw/d = ug BPA/kg body weight/day
! Five out of 68 glucagon values in males are below detection limit of the assay and replaced with 0.9 x lowest
detected value. The BMDL for glucagon is 0.26 pg/kg bw/d, although the BMDU/BMDL ratio for glucagon is
270, thus just beyond the arbitrary validation value of 100.

2 The BMDL for growth w17/w8 in females is 11.2 pg/kg bw/d, although BMDU/BMDL ratio is 172, thus just
beyond the arbitrary validation value of 100.

Table 2. Metabolic parameters tested in control and top dose animals

Males Females
Glucose tolerance test - -
Physical activity { T
Ucp1 expression (thermoregulation) - T

Statistical significance was tested with a nested ANOVA for the glucose tolerance test, and UepI expression and
a Student’s #-test was used for physical activity in males.

* This effect was only observed as a trend since statistics could not be performed due to one available control
unit.

# After a statistical difference was observed in control and top dose females, all female samples were tested and a
dose-response was observed, see Figure. 3.
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E2-CED y = a*exp(bx)

loglik ~12.25
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Figure 3. Thermoregulation in brown adipose tissue in females. Females showed a significant dose-dependent
increase of Ucp! expression in brown adipose tissue, relative to expression of Cidea as correction for non-brown
adipocyte cells in the analyzed tissue fragment. Ugp1 is a marker of thermoregulatory energy expenditure in the
animal. Explanation of the dose-response graph is in Figure 2 legend.

Organ and fat pad metrics

In males, among all measured organs during necropsy, only liver weight showed a
dose-dependent effect (Figure 4A) and the BMDL is 1.7 pg/kg bw/d (Table 1). This
effect on liver weight was not independent of body weight, because it did not persist
when expressed relative to body weight. Particularly the absence of effects in any
metrics of adiposity (weight of fat pads, adipocyte size, see below) did not support
increased fat mass as a background for the suggested increased body weight. The
observation that in some parameters only Hill but not exponential models could
provide a statistically significant dose-response indicates that these data did not

contain sufficient information to be conclusive.

In females, there was a dose-dependent decrease of liver weight (Figure 4B), muscle
weight (quadriceps femoris muscle), and various fat pads (interscapular, perigonadal,
perirenal, caudal subcutaneous), as well as sum fat pads. BMDLs of all parameters,
except for white adipocyte size (11.7 pg/kg/d), are in a close range of 233-781 pg/kg
bw/d, with 233 pg/kg bw/d for decreased interscapular weight as the lowest BMDL.
Again, the effect in liver weight, and in this case also muscle weight and weight of some
fat pads, was not independent of body weight, in view of absence of effect when these
parameters were analyzed as measures relative to body weight (Table 1). The decrease
of perirenal and caudal subcutaneous fat pads remained intact after correction for body
weight, suggesting that these particular fat pads had a relative higher decrease compared

to body weight. Body length and femur length did not show an effect of BPA exposure.

48



Programming by early life exposure to BPA

Details of body metrics are given in Supplementary Table 1.

Histopathology

In males, perirenal WAT adipocyte size tested significantly (p = 0.0397) between all
exposed (61.9 £ 10.9 pm, 7 = 59) and controls (51.6 + 7.6 um, 7 = 7), but this data set
did not show a statistically significant dose-response (Table 1; Supplementary Table 1).
Semi-quantitative scoring of interscapular BAT revealed a mild trend (p = 0.0769) for a

higher distribution of hypertrophied BAT cells in top dose males compared to control
males (Table 3).

In females, the size of perirenal WAT adipocytes showed a statistically significant
dose-dependent decrease (Table 1) indicating hypotrophy. The interscapular BAT
cells in top dose females also revealed hypotrophy when compared to control females
(Table 3). The proxy for WAT adipocyte number in the perirenal fat pad showed no
dose-response in either sex and no difference between control and exposed (0.35 +
0.09 pg/pm?, 7 = 7 and 0.36 £ 0.19 pg/pm?®, » = 59 in males; 0.34 + 0.22 pg/pm’,
n=8and 0.29 + 0.18 pg/um?, 7 = 55 in females). Size differences in WAT and BAT

are illustrated in Figure 5.

Histopathological examination of the liver, quadriceps femoris muscle, thyroid gland,

adrenals and pancreatic islets of males did not reveal any effects, including lipid

accumulation.
A B
E5—-CEDy =a * [c—(c—1)exp(~bxAd)] E2-CED y = a*exp(bx)
~ loglik 57.15 24, loglik 569
~N var 0.00981 ° ° var 0.0102
a 153 a 127
b 9.966e-10 b -5833e-05
c 116 @
d 10 CES -0.05
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Figure 4. Liver weight. Significant dose-dependent increase of liver weight in males (A), and decrease in females
(B). Explanation of the dose-response graphs is in Figure 2 legend.
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Table 3. Histopathology scores of BAT for control and top dose animals

Males Females
score 1 score 2 score 0 score 1 score 2
Control 8 0 0 2 7
Top dose 4 4 4 2 2%

Scores were defined through a first blinded screening of sections and represent no (score 0), moderate (score 1),
or strong (score 2) lipid accumulation. In this distribution table, numbers are counts of perinatally BPA exposed
individuals with a given score.

* The distribution in the top dose groups in females is statistically significant (p <0.05) in a two-tailed Fisher’s
exact test (using combined scores for females).

-
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Figure 5. Photomicrographs of adipose tissue in males. These photomicrographs illustrate differences of
adipocyte size in WAT (t0p panels) and lipid accumulation in BAT (botzom). (lefi) Control male, (right), top
dose male (3000 pg/kg bw/d). For magnification, see scale bars.
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Serum chemistry

In males, there were no effects of perinatal BPA on serum lipid parameters (Table
1, Supplementary Table 1). Endocrine profiling in males showed a dose-dependent
decrease of circulating glucagon (Figure 6) witha BMDL 0f0.26 pg/kg bw/d, although
the BMDU/BMDL ratio of 270 did not fully meet the acceptance criterion (Table 1).
Litter size did not affect glucagon. No effects were seen in adiponectin, insulin and

leptin, while ghrelin and PYY-36 were below the detection limit of the assay.

In females, there was a dose-dependent decrease in the serum free fatty acids and
triglycerides, as well as in the hormones adiponectin and leptin. Insulin and glucagon
were not affected (Table 1).

Because leptin is known to be proportional to total body fat mass, correlations between
this parameter and sum weight of all fat pads were also calculated, and showed high
values (7= 0.85 and 0.90 for males and females, respectively). Correlation coeflicients
between leptin and body weight were in the same range (» = 0.70 and 0.79 for males

and females, respectively).

E5-CEDy =a* [c—(c—1)exp(—bxAd)]

loglik -90.49
7

detlim 1.4

g1° CES 005
° CED 116
CEDL 05326
CEDU 69.34

° males

serum glucagon (pM)

0 1 2
log10 dose BPA (ug/kg bw)

3

Figure 6. Dose-response of serum glucagon in males. Serum glucagon as measured after necropsy at w 23.
Explanation of the dose-response graph is in Figure 2 legend. detlim = detection limit; five out of 68 glucagon
values are below detection limit of the assay and replaced with 0.9 x lowest detected value.
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Discussion

In this study, we investigated the hypothesis that exposure to BPA early in life can
program an organism for higher susceptibility to develop obesity and related metabolic
impairment later in life. The study was initiated to provide further clarity to the
contradictory evidence in literature of the obesogenic effects of BPA, and designed to
mimic the human situation by applying continuous oral maternal exposure during
gestation and lactation. The applied doses of BPA were below the BMDL of systemic
effects in adults and offspring in a reproductive study in mice (Tyl et al., 2008), and
the low doses approximated human oral exposure. The concentration of BPA was
confirmed in selected samples of the feed and in serum of dams and pups at the time of
weaning, though only higher doses exceeded the limit of detection. Although internal
concentrations during gestation are missing, fetal exposure is probable because we
confirmed maternal uptake from the feed, and placental transfer is known to occur,
including deglucuronidation (and thus reactivation) of glucuronidated BPA in the
placenta (Ginsberg and Rice, 2009; Nishikawa et al., 2010). The metabolic phenotype
of offspring appeared to be affected after perinatal BPA exposure, although differently

between sexes.

Body, organ and fat pad metrics, metabolic homeostasis

In males, a dose-dependent increase in body weight was observed, that was already
present closely after weaning (6 weeks of age) and persisted during adulthood. When
considering confounding variables, litter size is known to affect body weight (Epstein,
1978). This was confirmed in the total F1 study population, which showed a negative
effect of litter size on body weight, detectable closely after weaning, and persisting
until the end of the study, in both sexes. Because small litters were overrepresented at
the highest doses in the male, but not female, population, it cannot be excluded that
licter size is a determining factor for the increased body and liver weight in males. The
absence of an effect in fat pads and in body weight relative to femur length suggests
the increased body weight in males is not solely due to an increased fat mass, but an
increased overall body size also plays a role. Impaired energy balance of BPA exposed
males was suggested by the dose-dependent decrease of circulating glucagon, which
could be explained as a compensatory mechanism to balance blood glucose levels.
While litter size could be an alternative explanation for the effect on body weight
and related parameters in males, data did not indicate this for the decreased glucagon

(not shown). In contrast, in rats, glucagon has been shown to be negatively related
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to liteer size (Noack et al., 1982). On the side of energy expenditure, the decreased
total cage activity in top dose BPA exposed males compared to controls could be
interpreted as a cause of increased body weight, where as absence of effect in expression
of thermoregulatory UcpI in BAT does not contribute to an explanation of increased
body weight. Food consumption recordings were not reliable, and effects on this key

parameter for energy balance could therefore not be established (same in females).

The effect of BPA on body and liver weight was sex-dependent since adult females
showed a decrease in body weight, emerging at 8 weeks of age and onwards, and in
liver weight. Dose-responses of relative liver weight in both males and females were not
apparent, suggesting that the effects on liver weight were not independent of effects
on body weight. The same was true for muscle weight and weight of some fat pads in
females. However, weight decreases of perirenal and caudal subcutaneous fat pads in
females remained statistically significant even when expressed relative to body weight.
This suggests that these fat pads had a relatively high contribution to the overall
decrease of weight of these female animals, which is in line with the dose-dependent
decrease of body weight relative to femur length, supporting decreased body mass

rather than decreased body size underlays the decreased body weight.

Energy balance and metabolic homeostasis were affected differently in females,
although comparison between males and females is not fully justified in view of the
application of a high fat diet only in females. Females in this study received a high fat
diet in the final four weeks to test whether BPA exposure changed the sensitivity to
develop an overweight phenotype under high energy intake, which was not the case.
Also, a BPA induced resistance to a high fat diet in female mice, as reported by Ryan et
al. (2010b), was not confirmed. Explanatory for the decrease in body weight, females
showed a BPA induced increase of energy expenditure, as increased physical activity
(trend), and as an increase in Ucpl expression, indicating higher energy expenditure
in thermoregulation. The observed dose-dependent decrease of leptin is in line with
the decrease in fat mass, because the concentration of circulating leptin is known to
reflect the total body fat mass (Frederich et al., 1995). This was confirmed by the high
correlation coeflicients between leptin on the one hand and either sum fat pad weight
or body weight on the other hand. The BPA dose-related decreases of free fatty acids and
triglycerides in females could be in line with low fat mass, assuming that the complex
multi-hormonal regulation of these serum lipids, also involving insulin, glucagon,

leptin and adiponectin, are directed at balancing adipocyte and serum lipid contents.
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Programming

The observed effects of BPA exposure during early life were expressed soon after
termination of the actual exposure, and persisted thereafter. This suggests that BPA
initiated permanent functional changes, affecting energy homeostasis, through the
exposure during early development. Such permanent functional changes, which persist
or appear after removal of the initiating agent, can be understood as programming.
A possible explanation for programming is permanent epigenetic modifications such
as changes in DNA methylation (Jirtle and Skinner, 2007). Epigenetic programming
is presumed to lead to numerous developmental, metabolic, and behavioral disorders
(Bernal and Jirtle, 2010) and therefore, could be the explanation for the observed
altered metabolic phenotype in females. Although epigenetics is a speculative
explanation in the present study, the potential of BPA to modify the epigenome has
been shown for in vitro models (Bastos Sales et al., 2013) and was shown elegantly in

the Agouti mouse model (Dolinoy et al., 2007).

Sexual dimorphism

The sexual dimorphism of body weight and other effects suggests that BPA interfered
in a sex-dependent way. This may relate to a differential sensitivity between sexes
for the estrogenic activity of BPA, e.g. related to gender specific expression patterns
of estrogen receptors (Wilson et al., 2011). Alternatively, gender differences not
specifically related to steroid hormone pathways may play a role, including sex-
dependent metabolism (Mugford and Kedderis, 1998), which is even known to vary
widely among strains of mice and also among species, and may at least in part explain
the variability of sex-dependency (as well as other variations) of BPA effects among

studies (see below).

Is BPA an obesogen?

As discussed above, BPA affected body weight in animals in this study, but the effects
contrasted between sexes. Moreover, the body weight effect in males may be mainly
determined by a changed overall body size, whereas a change in fat mass is more
likely to underlay the body weight effect in females. As such, these observations are
in line with the variation in effects reported by other in vivo studies. Even when
only considering studies with similar early life low dose exposure as in this study,
the variation in outcomes is noticeable (Table 4). Table 4, which includes results
of the present study, shows that increased body weight is reported mostly, and that

predominance of increased body weight is somewhat more obvious in males (10
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studies with upregulated body weight versus 5 no effect 1 down and 2 with variable
results in males, and 6 up versus 4 no effect, 5 down in females). Seven studies report
equal responses between sexes (Howdeshell et al., 2008; Ryan et al., 2010a), and 4
report different responses between sexes. One study reports opposite effects in one
sex, males, depending on the window of exposure (Liu et al., 2013). The variation of
experimental conditions in terms of animal species and strains, exposure dose, route
and window, contents of background diet (e.g. phytoestrogens and methyl donors),
microbiome and litter or individual animal as the statistical unit is too diverse to
derive a pattern of conditions and outcomes. This is also true for studies with an
outcome comparable to the present study, that is decreased body weight in females
and a different outcome in males (Alonso-Magdalena et al., 2010; Anderson et al.,
2013), where the use of mice is the only unifying factor. It thus appears that, without
considering chance findings within limits of normality, effects of BPA on body weight
are not at all robust and reproducible. The best explanations are that either BPA
interacts differently in the organism among studies, or that similar early events lead

to a different downstream phenotype, depending on other experimental conditions.

This reasoning is further supported by the limited magnitude (below 10%) of effects
of BPA on body weight observed in this study, and the wide confidence interval of
the body weight effects, indicating a high variation of individual responses. These
limitations do not suggest that BPA primarily and strongly affects body weight, but
rather affects underlying metabolic processes, which eventually, and depending on
confounding factors (such as sex), may or may not be expressed in a change of body
weight. The descriptive design of the present study does not allow deducing a single
effect as primary in the complex of observations, should such a key effect exist. In any
case, based on the sexual dimorphism of effects and diversity of outcomes between

studies, BPA cannot be marked as a specific obesogen.

Implications for risk evaluation

When extrapolating results from mice to humans the difference in toxicokinetics should
be considered since BPA demonstrates a higher bioavailability due to enterohepatic
recirculation in rodents (Doerge et al., 2010). We modeled human exposure as close
as possible, in contrast to many studies that used experimental conditions which are
not relevant for the human situation (i.e. short exposure window, high doses of BPA,
non-enteric exposure or oral peak exposure). The range of continuous oral low dose

exposures that we applied was below the BMDL of 3633 pg/kg bw/d for systemic
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effects in adults and offspring in a reproduction study in mice (Tyl et al., 2008) and
down to alevel that is approaching highest estimated human exposure. This approach
should facilitate the evaluation of the risk associated with BPA exposure, for which
only robustly affected parameters are suitable, i.e. with a low variation (BMDU/
BMDL ratio < 100; Table 1). The only parameter in males that fully met this criterion
is increased liver weight, which however is invalidated by a possible confounding by
litter size. Therefore, only effects in females remain as a robust effect, with a cluster
of effects for various weight related parameters showing BMDLs in the close range
of 233-781 pg/kg bw/d, with decreased weight of interscapular fat determining the
lowest BMDL. The informative low BMDL for white adipocyte size should only be
considered as an alert because it deviates largely from the weight related parameters.
The BMDL of 233 pg/kg bw/d for interscapular fat pad weight is a factor 16 below
the BMDL referred above, but above the highest estimated human exposure level of up
to 1.5 pg/kg bw/d (EFSA, 2014) even when considering safety factors for interspecies

and interindividual differences.

In conclusion, findings of the present study confirmed a phenotype of metabolic
effects in offspring with persistence into adulthood after termination of BPA exposure
at weaning, with an associated body weight increase in males and body weight decrease
in females. Based on the sexual dimorphism of effects, the probability that the increased
body weight in males is not due to increased fat mass, and the diversity of outcomes
among published studies, BPA cannot be marked as a specific obesogen. Altogether,
this indicates that if programming is accepted as a mechanism underlying the temporal
distance between exposure and effect, this occurs without apparent linearity of cause
and effect, i.e. circumstantial cofactors very much determine the apical adult outcome
of the exposure early in life. Results of this study suggest that as of yet unidentified
upstream key elements in energy homeostasis are affected, and sex-dependent factors
contribute to the final phenotypic outcome. None of the observed changes can be
marked as adverse in itself, but they can be considered as marks of undesirable effects
on metabolic regulation. BMDLs associated with the effects cannot support reliably

that BPA is active at the low levels relevant for human exposure.

56



Programming by early life exposure to BPA

@\

/00T sanssn aanonpoidar grw (uroastuad asnowr
TeRPlOgMIN o Jo £3ojopeg - - pu ¢—IANd '8 3/31 9%) 1¢-HIN 000100101 (10D 1-ad
(p/mq 33y/3
£00T 1y3rom anssn 0€ANd 0€ANd I¢ANd 1orem 00£2-09¢ s[enba)
e pemedy dsodipe |+ q l ! -0rao  Suppuug aiH orem /3 o[- asnow Yy
ea1ny e1odroo jo (uaBonsaoLyd
$00T oe] «LorpAd snonss 9IMm -MO[ €ISEJX [BIUALIO) asnowr
e opreIN - jo suoned paraiy d l pu 81-¢1dD s dT1d L0-HIN 000°01-00¢ (40D 1-ad
s1ySrom
%007 anssn aanonpoiday 06AaNd 1ZANd
Te 39 Twaqunyy 0 q pu l —71dD  9Seard eIy moyD) 1UdPOY EULIN e 1®’I T
7002 Im (mof-usSonsaoifyd asnow
e 32 ovdeN - pu - L1711 Beard g fuedef mudnQ) q1d 00C-0T—¢ NO/TdLED
STLIISD [euldea
7002 as1y pue Suruado 09-0aNd  09-0ANd
‘[ewewuor]  [eurdea padueape:] I, d 0 0 /1-11d5 'S (VA1) Z-1D 07T asnow P(DI
(p/mq 33y/3
1002 ADIPAS snonsa 0IT-FANd  O1I-%ANd 12ANd REMTY 0021 ‘00T spenba)
‘[ewuiqny  jo suroned parie 1y L el 1 905 Sunjuq Moy Judpoy UL  INem T/Sw O[—] 1®I (S
STIsd [euidea
000¢ [eeS woa 181 pue Suruado 7TANd 7TANd
PUE [[PUSOPMOL]  [eUISeA PIOUBAPE : ] 1 l l L1-11dD  28eaed [e10 paiels Jou i asnowr [-]0)
1onadid
6661 2 06-9¢ANd -onmu (SP233 TIN) 200S#
Te 10 uade)) L pu l L1-11dD Te10 MOYD) 1UIPOY PAYNID)  00T-07—C—C'0 asnour -0
Jonadid (Aos 04¢'9
6661 01¢—€TANd C8TANI -oIo1wr £$901AISG I _ﬂuu&mv
‘e 10 Aqusy q - 1 L1-11aD 10 121p duUBUAUTEW TIATY 07-¢ asnouwr [-0)
FRECNE] d W (ssmrayio parers
vddg jo s13g° jo mopuim 21nor ssa[un p/amq 3y/3l)
20U JUBAS[AI IDYIO sy, (98e) mq 1urodpuy arnsodxy arnsodxyy LI aso(] sapads ureng

SITpMNIS JUSPOT UT Y Jg 03 amsodx> B NATNU JO $199g° Hﬁ—wmwg %ﬁom ‘¥ 9Iqe],

57



srgoid wmnias

aur0pud pasorduw

<A1anoe 199 Apoq

(110 ueaqAos
04/ 10J pAIMInISqNs

(G P/mq

33/31 000701

TCANd [I0 UI05 05/ YaIas —01-10°0 S[enb2)
€102 1 i Pmipuadxo G—sw 6w —Sunewoard 760$6 11P) DEGNIV 101p 3yy/3n asnow
‘[E 10 uosIpuy ABrua | i+ L = - mg 11 2015-u2801152014Y 000°05—05—50°0 v/v nnody
az1s 21£o0d1pe
1 ©28erudo1ad 1ej
4poq | sparoge SpIEMuo [Z(INd
SISEISOWOY 97—¢m 97—¢m 1ZANd ‘(.{H 1o [pwiou
1102 T8 32 M\ asoon3 1 T+ .a ¢l el -0do o3eaed 1) «Aqpereursad ‘[ewrroN 0SZ1-0S7—0S 11 TRIST A\
SpIEMUO M6 ‘(TIH (P/mq
90107 ey £poq pIm pIm 1TANd ‘Gmem rp g mo| 373t ¢z spenbo)
Te 10 ueky 1 ‘wideqdod4y : - - -0do 11 ‘Aqrereuniad ‘HEENTY 101p Byy/3 | asnowr [-(JD)
£os 10 ®y[RyE
010T (asop mof A[uo OU 921(] 2OUBUNUIEIA
‘e 12 eudpepSejy  ‘sdfewr A[uo) pardape 081-2ZANd  081-7ZANd 1USPOY UII0I] %H |
-osuory SISEISOWOY 250N d e T 91-6dD oS [¥901D PEPRL #10C 001-01 asnowr 110
Surueam 19)Je “pyy 121P
1eJyS1y 10 191p MOYD
S191p Yroq aid prepuers ¢A[rereursad (p/mq
6002 ] 7ySrom FIM-TANd  AU0 FH1—6m 1ZANd 101EM ‘uafonssoifyd mof 3y/31 ¢ spenbo)
[E 39 Wwwog anssp asodipy L N N —9dd Supung  0$T¢€ DVAVN VAITI 1ovem /8w | RSN EN
(9913 uaBonsao1fyd)
800¢ urwiey paiooge 89UNd SpIEAMUO 8CANM ‘96MS
pue [nesneg Io1a€Yaq L1d1XUY q pu 1 ¢—0Nd s eULING $OHEG-NIV 0S w1
£010T €CANd Surueam-asod 1005
Te 32 ueky - - pu MoyD) ey BULIN
800C ¢ 0STANd 81ANd “Apeseursad ‘g00g
19 [[2YsoPMOL] - pu - -/do a3eaed re10 M0y 1By BULIN 007-07-C 1’1
~ | 3p° qd W (asmIaro parers
b Vdd Jo swage Jjo Mmopurm amor sso[un p/amq /Sl
m.. 25Uy JUBAS[AI Y1 auny, (98e) mq rurodpuy amsodxy  amsodxy I aso(] sapads ureng
-=
O

panunuo)) ‘§ 9[qey,

58



Programming by early life exposure to BPA

Aouapuay

UONEBAIISQO [EIUIPIOU] ¢
smopuim amsodxa uo Jurpuada(g ,
qO10T ‘Te 32 UBAY UO Paseq 2S0p JO UOISIPAUOY) ,
10249 JO 135U0 Ul AB[Op Pasea1dap 1P ey YSIH
$S9X2$ UIIMIIQ SIDPIP 199J2 JO 15U
SATIOIYD 2TOW ISOP MOT ¢
UONEAIdSQO JO awn pue sdnoid asop 1940 [qerrea sawrooino 1ydiom Apoq asuodsai-asop 1ydrom £poq oN ,
Apnis o1 Jo pud Y1 18 PaUTLIANAP A[UO Y 10912 IUIISUBN ‘T 10919 JO (19sU0 21e]) pake[dp ‘(] «Apnis 1noySnoryr 1ydrom £poq uo 1op2 uduewad { ,
S[ewIdf/o[eW /A ‘BIBP OU ‘PU SNOSUBINDIANS *O°S 1IJIP 18] :wE ‘QdH &m—u _ﬁw:umom\:o:ﬁmuw CANI/AD <(s)3eam ‘M fqauowr ‘w Eﬂwﬂu\s xﬁog ‘mq

7 unodouodipe
‘1 undoy
2 sprdi] wnias
1 oz1s 216o0d1pe

‘v 1y3rom ped 1ej
1 yBrom 10A1] 1 1ZANd asnow
1 uoSeon(3 17-gm Ic-om  —SBunewoid IT-L18 Jul (IS5T1A)  000€-0001-00€  FAIX[9/TdLSD
Apms sy, ‘| 3ySom sl Ty a T ) me »Ia QdH *£0-HIN —001-0¢—01—¢
Pa109geE SISeISOWOY] Ge—em Ge—Em 1ZANd
€107 'Te 10 NI as0om(3 A - 0 LT -90o '8 £os 10 ejTejre ON 001 asnow 9Tg/SD
aryoxd
WNIds SULIDOPUD Surueam-1sod
paSueyd ¢pardage 100S MoYyD) 1UdpOY
Ansodipe pue aserur 1onadid eunn g Apereursod
€10¢ Ppooj ‘siseasoswoy 614—0AdNd -ow 800G MOYD 1U2POY 000706
Te 19 9[Suy 2500N[0) L pu 6ls? 91-6dO T’10 BuLIN] Paseq-£og -0005—005—06—G  osnowr [-(D)
| 30 qd W (esmIayo parers
Vdd Jo swage Jo Mmopuim 2mor sso[un p/amq 3xy/Sl)
20Uy JUBAS[AI Y1 suny (98e) mq rurodpuy amsodxy  amsodxy I aso(] sopads ureng

panunuo)) *§ 9[qey,

59



Chapter 2

Acknowledgements

The authors wish to acknowledge the support of the biotechnicians from the team
of Hans Strootman at the RIVM animal facilities. Further technical support was
provided by Joke Robinson, Piet Beekhof, Sandra Imholz, Hennie Hodemackers
(RIVM) and Jorke Kamstra, Peter Cenijn and Jacco Koekkoek (VU). Ilse Tonk, José
Ferreira and particularly Wout Slob provided invaluable support with the statistical

analysis.

This study was funded by the European Community’s Seventh Framework Programme
[FP7/2007-2013] under grant agreement OBELIX 227391.

Supplementary data

Supplementary data associated with this article can be found in Appendix A.

60



Programming by early life exposure to BPA

References

Akingbemi B.T., Sottas C.M., Koulova AL, Klinefelter G.R., Hardy M.P. (2004) Inhibition of testicular
steroidogenesis by the xenoestrogen bisphenol A is associated with reduced pituitary luteinizing hormone
secretion and decreased steroidogenic enzyme gene expression in rat Leydig cells. Endocrinology 145:592—
603.

Alonso-Magdalena P, Vieira E., Soriano S., Menes L., Burks D., Quesada I., Nadal A. (2010) Bisphenol A
exposure during pregnancy disrupts glucose homeostasis in mothers and adult male offspring. Environ
Health Perspect 118:1243-1250.

Anderson O.S., Peterson K.E., Sanchez B.N., Zhang Z., Mancuso P, Dolinoy D.C. (2013) Perinatal bisphenol
A exposure promotes hyperactivity, lean body composition, and hormonal responses across the murine life
course. FASEB ] 27:1784-1792.

Angle B.M., Do R.P, Ponzi D., Stahlhut R.-W., Drury B.E., Nagel S.C., Welshons W.V., Besch-Williford C.L.,
Palanza P, Parmigiani S., Vom Saal ES., Taylor J.A. (2013). Metabolic disruption in male mice due to fetal
exposure to low but not high doses of bisphenol A (BPA): evidence for effects on body weight, food intake,
adipocytes, leptin, adiponectin, insulin and glucose regulation. Reprod Toxicol 42:256-268.

Ashby J., Tinwell H., Haseman J. (1999) Lack of effects for low dose levels of bisphenol A and diethylstilbestrol
on the prostate gland of CF1 mice exposed 77 utero. Regul Toxicol Pharmacol 30:156-166.

Baillie-Hamilton PE (2002) Chemical toxins: a hypothesis to explain the global obesity epidemic. ] Altern
Complement Med 8:185-192.

Barker D.J. (1995). The fetal and infant origins of disease. Eur ] Clin Invest 25:457-463.

Bastos Sales L., Kamstra J.H., Cenijn PH., van Rijt L.S., Hamers T., Legler J. (2013) Effects of endocrine

disrupting chemicals on in vitro global DNA methylation and adipocyte differentiation. Toxicol In Vitro
27:1634-1643.

Bernal A.J., Jirde R.L. (2010) Epigenomic disruption: the effects of early developmental exposures. Birth
Defects Res A: Clin Mol Teratol 88:938-944.

Boney C.M., Verma A., Tucker R., Vohr B.R. (2005) Metabolic syndrome in childhood: association with birth
weight, maternal obesity, and gestational diabetes mellitus. Pediatrics 115:€290-¢296.

Brotons J.A., Olea-Serrano M.E, Villalobos M., Pedraza V., Olea N. (1995) Xenoestrogens released from
lacquer coatings in food cans. Environ Health Perspect 103:608-612.

Cagen S.Z., Waechter Jr. .M., Dimond S.S., Breslin W.J., Butala J.H., Jekat EW., Joiner R.L., Shiotsuka
R.N., Veenstra G.E., Harris L.R. (1999) Normal reproductive organ development in CF-1 mice following
prenatal exposure to bisphenol A. Toxicol Sci 50:36-44.

Casals-Casas C., Desvergne B. (2011). Endocrine disruptors: from endocrine to metabolic disruption. Annu

Rev Physiol 73:135-162.

Chapin R.E., Adams J., Boekelheide K., Gray Jr. L.E., Hayward S.W., Lees P.S., McIntyre B.S., Portier K.M.,
Schnorr TM., Selevan S.G., Vandenbergh J.G., Woskie S.R. (2008) NTP-CERHR expert panel report
on the reproductive and developmental toxicity of bisphenol A. Birth Defects Res B: Dev Reprod Toxicol
83:157-395.

Dabelea D., Hanson R.L., Lindsay R.S., Pettitt D.J., Imperatore G., Gabir M.M., Roumain J., Bennett PH.,
Knowler W.C. (2000) Intrauterine exposure to diabetes conveys risks for type 2 diabetes and obesity: a
study of discordant sibships. Diabetes 49:2208-2211.

Doerge D.R., Twaddle N.C., Vanlandingham M., Fisher J.W. (2010) Pharmacokinetics of bisphenol A in
neonatal and adult Sprague-Dawley rats. Toxicol Appl Pharmacol 247:158-165.

Dolinoy D.C., Huang D., Jirte R.L. (2007) Maternal nutrient supplementation counteracts bisphenol
A-induced DNA hypomethylation in early development. Proc Natl Acad Sci U S A 104:13056-13061.

Doll¢ M.E., Kuiper R.V., Roodbergen M., Robinson J., de Vlugt S., Wijnhoven S.W.,, Beems R.B., de la
Fonteyne L., de With P, van der Pluijm 1., Niedernhofer L.J., Hasty P, Vijg J., Hoeijmakers J.H., van
Steeg H. (2011). Broad segmentalprogeroid changes in short-lived Erccl (-/Delta7) mice. Pathobiol Aging
AgeRelat Dis 1.

EDSTAC (1998) Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC) Final Report.
htep://www.epa.gov/endo/pubs/edstac/exesum14.pdf

61



Chapter 2

EFSA (2009) Guidance of the Scientific Committee on a request from EFSA on the use of the benchmark dose
approach in risk assessment. EFSA J 1150:1-72.

EFSA (2014) Draft Scientific Opinion on the risks to public health related to the presence of bisphenol A (BPA)
in foodstuffs. Panel on Food Contact Materials, Enzymes, Flavourings and Processing Aids (CEF). htep://
www.efsa.europa.eu/en/consultationsclosed/call/ 140117 .pdf

Epstein H.T. (1978) The effect of litter size on weight gain in mice. ] Nutr 108:120-123.

Frederich R.C., Hamann A., Anderson S., Lollmann B., Lowell B.B., Flier ].S. (1995) Leptin levels reflect
body lipid content in mice: evidence for diet-induced resistance to leptin action. Nat Med 1:1311-1314.

Geens T., Neels H., Covaci A. (2009) Sensitive and selective method for the determination of bisphenol-A and
triclosan in serum and urine as pentafluorobenzoate-derivatives using GC-ECNI/MS. ] Chromatogr B:
Anal Technol Biomed Life Sci 877:4042-4046.

Ginsberg G., Rice D.C. (2009) Does rapid metabolism ensure negligible risk from bisphenol A? Environ Health
Perspect 117:1639-1643.

Gluckman P.D., Hanson M.A. (2004) Living with the past: evolution, development, and patterns of discase.
Science 305:1733-1736.

Gluckman P.D., Hanson M.A., Spencer H.G. (2005) Predictive adaptive responses and human evolution.
Trends Ecol Evol 20:527-533.

Grun F, Blumberg B. (2007) Perturbed nuclear receptor signaling by environmental obesogens as emerging
factors in the obesity crisis. Rev Endocr Metab Disord 8:161-171.

Grun F, Watanabe H., Zamanian Z., Maeda L., Arima K., Cubacha R., Gardiner D.M., Kanno J., Iguchi T.,
Blumberg B. (2006). Endocrine-disrupting organotin compounds are potent inducers of adipogenesis in
vertebrates. Mol Endocrinol 20:2141-2155.

Hales C.N. (1997) Metabolic consequences of intrauterine growth retardation. Acta Paediatr Suppl 423:184—
187, discussion 188.

Harley K.G., Aguilar Schall R., Chevrier J., Tyler K., Aguirre H., Bradman A., Holland N.T., Lustig R.H.,
Calafat A.M., Eskenazi B. (2013) Prenatal and postnatal bisphenol A exposure and body mass index in
childhood in the CHAMACOS cohort. Environ. Health Perspect 121:514-520, 520e511-516.

Honma S., Suzuki A., Buchanan D.L., Katsu Y., Watanabe H., Iguchi T. (2002) Lowdose effect of in utero
exposure to bisphenol A and diethylstilbestrol on female mouse reproduction. Reprod Toxicol 16:117—
122.

Howdeshell K.L., Furr J., Lambright C.R., Wilson V.S., Ryan B.C., Gray Jr. L.E. (2008) Gestational and
lactational exposure to ethinyl estradiol, but not bisphenol A, decreases androgen-dependent reproductive
organ weights and epididymalsperm abundance in the male long evans hooded rat. Toxicol Sci 102:371—
382.

Howdeshell K.L., vom Saal ES. (2000) Developmental exposure to bisphenol A: interaction with endogenous
estradiol during pregnancy in mice. Am Zool 40:429-437.

Jirtle R.L., Skinner M.K. (2007) Environmental epigenomics and disease susceptibility. Nat Rev Genet 8:253—
262.

Kozak L.P, Koza R.A., Anunciado-Koza R. (2010) Brown fat thermogenesis and body weight regulation in
mice: relevance to humans. Int ] Obes (Lond) 34 Suppl.1:523-27.

Kuruto-Niwa R., Tateoka Y., Usuki Y., Nozawa R. (2007) Measurement of bisphenol A concentrations in
human colostrum. Chemosphere 66:1160-1164.

LaKind J.S., Goodman M., Naiman D.Q. (2012) Use of NHANES data to link chemical exposures to chronic
diseases: a cautionary tale. PLoS One 7:¢51086.

Lang I.A., Galloway T.S., Scarlett A., Henley W.E., Depledge M., Wallace R.B., Melzer D. (2008) Association
of urinary bisphenol A concentration with medical disorders and laboratory abnormalities in adults.
JAMA 300:1303-1310.

Lee Y.J., Ryu H.Y,, Kim H.K., Min C.S., Lee J.H., Kim E., Nam B.H., Park J.H., Jung J.Y,, Jang D.D., Park
E.Y.,, Lee K.H., Ma ].Y., Won H.S., Im M.W.,, Leem J.H., Hong Y.C., Yoon H.S. (2008) Maternal and
fetal exposure to bisphenol A in Korea. Reprod Toxicol 25:413-419.

LiuJ., Yu P, Qian W., Li Y., Zhao J., Huan E, Wang J., Xiao H. (2013). Perinatal bisphenol A exposure and

adult glucose homeostasis: identifying critical windows of exposure. PLoS One 8:¢64143.

62



Programming by early life exposure to BPA

Lucas A. (1991) Programming by early nutrition in man. In The childhood environment and adult disease
edited by Boch G.R., Whelan J. 38-55.

McAllister E.J., Dhurandhar N.V,, Keith S.W., Aronne L.J., Barger J., Baskin M., Benca R.M., Biggio J.,
Boggiano M.M., Eisenmann J.C., Elobeid M., Fontaine K.R., Gluckman P, Hanlon E.C., Katzmarzyk P,
Pietrobelli A., Redden D.T., Ruden D.M., Wang C., Waterland R.A., Wright S.M., Allison D.B. (2009)
Tenputative contributors to the obesity epidemic. Crit Rev Food Sci Nutr 49:868-913.

Melzer D., Rice N.E., Lewis C., Henley W.E., Galloway T.S. (2010). Association ofurinary bisphenol A
concentration with heart disease: evidence from NHANES2003/06. PLoS One 5:e8673.

Miao M., Yuan W., Zhu G., He X., Li D.K. (2011) [z utero exposure to bisphenol A and its effect on birth
weight of offspring. Reprod Toxicol 32:64-68.

Michel C., Duclos M., Cabanac M., Richard D. (2005) Chronic stress reduces body fat content in both obesity-
prone and obesity-resistant strains of mice. Horm Behav 48:172-179.

Miyawaki J., Sakayama K., Kato H., Yamamoto H., Masuno H. (2007) Perinatal and postnatal exposure to
bisphenol A increases adipose tissue mass and serum cholesterol level in mice. ] Atheroscler Thromb
14:245-252.

Mugford C.A., Kedderis G.L. (1998) Sex-dependent metabolism of xenobiotics. Drug Metab Rev 30:441-498.

Nagao T., Saito Y., Usumi K., Yoshimura S., Ono H. (2002) Low-dose bisphenol A does not affect reproductive
organs in estrogen-sensitive C57BL/6N mice exposed at the sexually mature, juvenile, or embryonic stage.
Reprod Toxicol 16:123-130.

Newbold R.R., Jefferson W.N., Padilla-Banks E. (2007) Long-term adverse effects of neonatal exposure to
bisphenol A on the murine female reproductive tract. Reprod Toxicol 24:253-258.

Newbold R.R., Padilla-Banks E., Snyder R.J., Jefferson W.N. (2005) Developmental exposure to estrogenic
compounds and obesity. Birth Defects Res A: Clin Mol Teratol 73:478-480.

Nikaido Y., Yoshizawa K., Danbara N., Tsujita-Kyutoku M., Yuri T., Uehara N., Tsubura A. (2004) Effects of
maternal xenoestrogen exposure on development of the reproductive tract and mammary gland in female
CD-1 mouse offspring. Reprod Toxicol 18:803-811.

Nishikawa M., Iwano H., Yanagisawa R., Koike N., Inoue H., Yokota H. (2010) Placental transfer of conjugated
bisphenol A and subsequent reactivation in the rat fetus. Environ Health Perspect 118:1196-1203.
Noack S., Besch W., Komolov I., Hahn H.]J. (1982) The effect of litter size on the development of the endocrine

rat pancreas. Acta Biol Med Ger 41:1179-1184.

OECD (2010) Healthy Choices, OECD Health Ministerial Meeting, 7-8 October 2010. http://www.oecd.
org/health/ministerial/46098333.pdf

Oken E., Gillman M.W. (2003) Fetal origins of obesity. Obes Res 11:496-506.

Otaka H., Yasuhara A., Morita M. (2003) Determination of bisphenol A and 4-nonylphenol in human milk
using alkaline digestion and cleanup by solid-phase extraction. Anal Sci 19:1663-1666.

Padmanabhan V., Siefert K., Ransom S., Johnson T., Pinkerton J., Anderson L., Tao L., Kannan K. (2008)
Maternal bisphenol-A levels at delivery: a looming problem. ] Perinatol 28:258-263.

Painter R.C., Roseboom T]., Bleker O.P. (2005) Prenatal exposure to the Dutch famine and disease in later life:
an overview. Reprod Toxicol 20:345-352.

Patisaul H.B., Bateman H.L. (2008) Neonatal exposure to endocrine active compounds or an ERB agonist
increases adult anxiety and aggression in gonadally intact male rats. Horm Behav 53:580-588.

Ravelli A.C., van der Meulen J.H., Michels R.P, Osmond C., Barker D.]., Hales C.N., Bleker O.P. (1998)
Glucose tolerance in adults after prenatal exposure to famine. Lancet 351:173-177.

Ravelli A.C., van Der Meulen J.H., Osmond C., Barker D.]J., Bleker O.P. (1999) Obesity at the age of 50 y in
men and women exposed to famine prenatally. Am J Clin Nutr 70:811-816.

Rogers J.M., Denison M.S. (2000) Recombinant cell bioassays for endocrine disruptors: development of a

stably transfected human ovarian cell line for the detection of estrogenic and anti-estrogenic chemicals. In
Vitro Mol Toxicol 13:67-82.

Rubin B.S., Murray M.K., Damassa D.A., King J.C., Soto A.M. (2001) Perinatal exposure to low doses of
bisphenol A affects body weight, patterns of estrous cyclicity, and plasma LH levels. Environ Health
Perspect 109:675-680.

63



Chapter 2

Ruhlen R.L., Howdeshell K.L., Mao J., Taylor J.A., Bronson EH., Newbold R.R., Welshons W.V., vom Saal
ES. (2008) Low phytoestrogen levels in feed increase fetal serum estradiol resulting in the fetal estrogeni-
zation syndrome and obesity in CD-1 mice. Environ Health Perspect 116:322-328.

Ryan B.C., Hotchkiss A.K., Crofton K.M., Gray Jr. L.E. (2010a) /% utero and lactationalexposure to bisphenol
A, in contrast to ethinyl estradiol, does not alter sexually dimorphic behavior, puberty, fertility, and
anatomy of female LE rats. Toxicol Sci 114:133-148.

Ryan K.K., Haller A.M., Sorrell J.E., Woods S.C., Jandacek R.J., Seeley R.J. (2010b) Perinatal exposure to
bisphenol A and the development of metabolic syndrome in CD-1 mice. Endocrinology 151:2603-2612.

Schonfelder G., Wittfoht W., Hopp H., Talsness C.E., Paul M., Chahoud 1. (2002) Parent bisphenol A
accumulation in the human maternal-fetal-placental unit. Environ Health Perspect 110:A703-707.

Slob W. (2002) Dose-response modeling of continuous endpoints. Toxicol Sci 66:298-312.

Somm E., Schwitzgebel V.M., Toulotte A., Cederroth C.R., Combescure C., Nef S., Aubert M.L., Huppi PS.

(2009) Perinatal exposure to bisphenol A alters early adipogenesis in the rat. Environ Health Perspect
117:1549-1555.

Sun Y., Irie M., Kishikawa N., Wada M., Kuroda N., Nakashima K. (2004) Determination of bisphenol A in
human breast milk by HPLC with column-switching and fluorescence detection. Biomed Chromatogr
18:501-507.

Surwit R.S., Kuhn C.M., Cochrane C., McCubbin ]J.A., Feinglos M.N. (1988) Diet-induced type II diabetes
in C57BL/6] mice. Diabetes 37:1163-1167.

Teeguarden J., Hanson-Drury S., Fisher J.W., Doerge D.R. (2013) Are typical human serum BPA concentrations
measurable and sufficient to be estrogenic in the general population? Food Chem Toxicol 62:949-963.

Trasande L., Attina T.M., Blustein J. (2012) Association between urinary bisphenol A concentration and obesity
prevalence in children and adolescents. JAMA 308:1113-1121.

Tyl R.W., Myers C.B., Marr M.C., Sloan C.S., Castillo N.P, Veselica M.M., Seely ].C., Dimond S.S., Van Miller
J.P, Shiotsuka R.N., Beyer D., Hentges S.G., Waechter Jr. ].M. (2008) Two-generation reproductive
toxicity study of dietary bisphenol A in CD-1 (Swiss) mice. Toxicol Sci 104:362-384.

Vandenberg L.N., Hauser R., Marcus M., Olea N., Welshons W.V. (2007) Human exposure to bisphenol A
(BPA). Reprod Toxicol 24:139-177.

Volkel W., Colnot T., Csanady G.A., Filser J.G., Dekant W. (2002) Metabolism and kinetics of bisphenol A in
humans at low doses following oral administration. Chem Res Toxicol 15:1281-1287.

Wei J., Lin Y., Li Y., Ying C., Chen J., Song L., Zhou Z., Lv Z., Xia W., Chen X., Xu S. (2011) Perinatal
exposure to bisphenol A at reference dose predisposes offspring to metabolic syndrome in adult rats on a
high-fat diet. Endocrinology 152:3049-3061.

Willhite C.C., Ball G.L., McLellan C.J. (2008) Derivation of a bisphenol A oral referencedose (RfD) and
drinking-water equivalent concentration. ] Toxicol Environ Health B: Crit Rev 11:69-146.

Wilson M.E., Westberry J.M., Trout A.L. (2011) Estrogen receptor-alpha gene expression in the cortex: sex
differences during development and in adulthood. Horm Behav 59:353-357.

Wolff M.S., Engel S.M., Berkowitz G.S., Ye X., Silva M.]., Zhu C., Wetmur J., Calafat A.M. (2008) Prenatal
phenol and phthalate exposures and birth outcomes. Environ Health Perspect 116:1092-1097.

Ye X., Kuklenyik Z., Needham L.L., Calafat A.M. (2006) Measuring environmental phenols and chlorinated
organic chemicals in breast milk using automated on-line column-switching-high performance liquid
chromatography-isotopedilution tandem mass spectrometry. ] Chromatogr B: Anal Technol Biomed Life
Sci 831:110-115.

Zhou Z., Yon Toh S., Chen Z., Guo K., Ng C.P, Ponniah S., Lin S.C., Hong W., Li P. (2003) Cidea-deficient
mice have lean phenotype and are resistant to obesity. Nat Genet 35:49-56.

64



Programming by early life exposure to BPA

Appendix A

@\

9COFCI'T  $TOF90T 8I'OFICO 0€0FSOT  9TOFOI'T  CTTCOFCTT  FHI'OFO0T 9I'0FE80 sproe A1rey a1
TE0F 99T  TSOF09T  9U0OFGET 6TOFEST  HTOFOLT 9TOFILT 6I0FIST  0T0F69T [019159[04 )
(1/j0u) ptfosd prdry
FOF6ST  SSOFTIT 9P 0OFI9T  8FOFTIT  IHFOFO0IT  TLOFFHFIL  FHEOFOGST  H90F 191 YaSud] Iwog
0% F 001 1’2 F201 TTFT66 SYF 001 TTF001 TEF G666 CTFE66 YTF9L6 p3ua) Apog
(ww) o215 Apog
IT+809 L6F96S Y1696 T8F86S IT¥€89 0L F.2°¢9 S8FT99 9LFIIS o(wr) az1s 21£50d1pe 211y
IPLFEELT  TTOLFLYLL  OSTFSEIL  SH6FOT61  6YLIFS80T  LSLF6SST  9TITFHIST  80€ F 8701 ;sped 1ej wng
pue3
€LTFLET €S F 091 07 7601 061907  F9TF 161 TS F €1 YY1 F 0L [FF086  Arewwew [ensol - snosurInoqng
pue[3
0S F¥€1 I+l 6CFO0IL 0%C F LET OTT F %L1 85 F 0TI €LF 6V TEF 001 Arewrurew [epnes - snosuEINOgNg
SLFOIT €OT ¥ 811 8L FS°0S PFIIL 9TT ¥ C€1 9LF €01 89 + 811 STF 805 [euaItizg
P F€1€ 0T ¥ 78¢ S F 191 €01 F €T YETF 10€ 891 ¥ 18¢C I81 F L6T 9S F 091 [epeuO3LIag
PITFHCI 6C1 ¥ 601 80T F¥I1 S6F9I1 €ETF 091 CLFGCL8 YL F 811 SEFLSY [EHIRIUasIN
99 FCIC 101 +%¢C 9% F 8¥%1 ISF LI 85 F 70T 19F 161 ST F0¢€T 9¢ F %1 Te[ndedsiauy
(Bus) sigs10m pvd .y
LLF LEE SS F89¢ €S FICE 6LF LLT IS ¥8T¢ 9LF91¢ ¥9 F 6C¢ 09 ¥ 90¢ Se2IdUE |
TS FTUT S FTCE ILF1¥C LY F€9C $¢ ¥ 88C 79 F 66T 6€ F89C €TF 9T apsnu stowdy sdasupeng)
GITFTLLI CITFTCLI 10T + 2991 991 F 1481 8TT ¥ €581 0%1 F98L1 99T ¥ €8%1 8CI F 7091 19AIT
ITF 101 LIFTII GLFIII ST F0TI LIFLIT Ly F 1T 6L F801 CLFT166 g
CTF6LY €1 F¥98% 1TF9Ly CIOFGLY €I F98% T F8LY 1T +88% S8F LY urerq
T'TF¢¢ 8CTFI19 9TF¢9 8CFTL 0eEFIL ¥TF9¢ LTFTS STIFTS spue|3 [euaIpy
(Bus) s1¢310m uvSs()

000€ 0001 00¢ 00T 0¢ (18 ¢ 0

(p/sq By/3t) dno8 asop yag

s1o19wered wnids pue somaw Apoq pue uedio 10§ safew [,] pasodxa y g Aereurtad jo (S ¥ ueaw onawuy "y 2[qe], Areyuswsddng

65



ISF6'S9 ITFTSY CCIF6'18 6¢£F9°89 TE€TF 05T 8¢ F0'99 L9T F9T1 0LF97T6 [eLIUAsa
SIFS66 0¢€ F LST wCFICl SHFSEL IS F sl 76 F €V1 16 FTH1 9C FILI Tendeosiarug
(Bu) syydrom pvd 1,y
0% F 68¢C 6¢ F L6T IS F60¢ SSF0T¢ LY F LST SCF 6T SSF9LT 0L F €C¢ SE2IOUT ]
0CF0L1L 9T ¥ L61 LT F8LI ¥ F961 €CTF 861 7€ F00C €TF 881 TS F 861 apsnur stoway sdasupengy
SITFELOT  SOIFLETI  [SFGLIT  9FTFOSTI  ILFSYEL  HOIFG6CT  $9TF6TCI 691 F SIET 19417
LIF 068 TLFTIT6 YLFTS6 L'LF 168 CLFIH6 CIFE06 0'6F6°06 SLFTIT6 g
CTF 8% 1€ F /8% STFY6Y TTF S0S 81 F 20S 91 F¥I¢ 9T F 6L¥ TTF 66¥ urexg
0CFTICI I'IFyel TEFTTU GCTFEPI 07 FS¥I 0y F¥¥1 T'TFCT 8TFCCI spue[3 [euaIpy
(Bw) sigS1am uvs()
000€ 000T 00¢ 00T 0¢ 0T ¢ 0
(p/#q 35/3d) dnoid asop yaq
s1a1ouwrered wnios pue sotaur Apoq pue uedio 1oy sajewdy 1] pasodxa yg Arereunsad jo (O F uesw sndwiury ‘g 2[qe], Areruswsjddng
"aN[eA PAIDIIP ISIMO[ X (°() Y3 paoe[dor pue Lesse a3 JO IIWI[ UONIIIP MO[q 2I19M SI[eW UT $an[ea uoZeon[3 g9 Jo N0 dAL] .
"1 [euditiad Jo suondas Ut parnseaw sem dzis 2140dIpe YA ,
‘sped 1ej pared 10§ 1ySrom oy jo Surjqnop e Surpnpour pa102[[0d sped 1ej [[e Jo s1yZrom Yam parenoed sem sped 1y wing |
WTFYTT  VI1F€EI1 6T0F €90 80'T F8%'1 IT'CFECOT CTTFIVT BI'EFT8L SS0FE€90 (Tw/3u) undag
PTOF8L0 6V 0FC60 STOFHSO TLOFS80T 8C0F 160  LTOFO0LO IS0F €90  9V0F¥HL0 (Tw/3u) urnsuy
¥YY¥16 ITFSLIL SIFLI1 9ILFY6 S6FI¥I S6LFI'ST €6F90C 1¥07TC (N d) uo3eonyny
SIFT6 9TF86 YITY6 I'€EF06 YITLS CITL8 SIFECIT  $80F06 (w81 unoauodipy
apfoud suriropuzy
POoF <01 8TOF¥6'0 TTOFO080 TYOFHIL 09°0FCI'T 0€'0F8CT 8COFLL0 HTOFI8O0 sopL1204[3uy,
CCOFHIT LYOFITT LTOFLS'T 6C0F 661 €TOFIIT SECOFITT 8I'0F01'C 00+ 0CC supo1dody] \Emcwﬁ\aw:nm
000¢ 0001 00€ 00T 0¢ 01 € 0

(p/aq 3/3rl) dnoi3 asop yag

Chapter 2

panunuo)) "y1 9[qe], Areruswaiddng

66



Programming by early life exposure to BPA
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