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Abstract

INTRODUCTION—\oluntary physical activity levels are regulated by sex hormones. The
purpose of this study was to determine the effect of the endocrine disruptor benzyl butyl phthalate
(BBP) on the regulation of physical activity in mice.

METHODS—Mouse dams were treated with 500 mg-kg~1-day~1 of BBP or vehicle on gestation
days 9-16. Pups were weaned and analyzed for voluntary physical activity levels, puberty
development, sex hormone levels, and body composition over a 20 week period.

RESULTS—Seventy-three offspring from BBP treated dams were studied (n=43 males, n=30
females). Endocrine disruption was indicated by decreased anogenital distances in BBP-treated
male offspring at 10 (p=0.001) and 20 weeks (p=0.038) and delayed vaginal openings in BBP-
treated female offspring (p=0.001). Further, there was a significant decrease in serum testosterone
concentration in male mice between control and BBP at 10 weeks (p=0.039) and at 20 weeks
(p=0.022). In female mice there was a significant increase in serum testosterone concentration in
BBP mice at 20 weeks (p=0.002), and a significant increase in estrogen (estradiol) concentrations
at 20 weeks in the control female mice (p=0.015). Overall, BBP mice ran significantly less
distance (males, p=0.008; females, p=0.042) than controls. Other than a significant increase in
BBP-treated males in fat mass at 20 weeks (p=0.040), there was no significant decrease in weight,
lean mass, or fat mass in either female or male mice, regardless of treatment.

CONCLUSION—Maternal endocrine disruption altered hormone response, but not body
composition in either sex of offspring, with a corresponding decreased activity throughout early
adulthood in all offspring. These results suggest that exposure to common environmental
endocrine disruptors /n utero, can reduce and alter physical activity levels in offspring.
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INTRODUCTION

It is well known that physical inactivity is the underlying cause of a large variety of chronic
health conditions, is the second leading actual cause of death in the United States (in
conjunction with poor diet), and is a major contributor to obesity and diabetes (23, 26). The
regulation of physical activity is primarily influenced by genetic/biological mechanisms
(25-92% influence; reviewed in 19) and unique environmental exposures (8-52% influence;
14, 36). Sex hormones have been identified as potent biological regulators of daily activity
(4, 18) and decreased levels of circulating sex hormones, specifically testosterone, inhibit
voluntary physical activity, which can be rescued with hormone replacement (2, 3). Given
that there are multiple environmental endocrine disruptors (ED) that directly affect sex
hormone level and functioning (24), it is an intriguing possibility that environmental
exposure to ED may directly affect physical activity levels (37). Though disruption in
hormone levels or activity can cause a variety of physiological problems (5, 7) there is little
evidence regarding the impact of ED exposure on voluntary physical activity levels. Given
that benzyl butyl phthalate (BBP) is ubiquitous and found in a variety of plastic and personal
care products like deodorants, lotions, nail polishes, fragrances, and body soaps (12, 16), it
is unknown whether this established endocrine disruptor affects physical activity levels.
Thus, we hypothesized that /n utero exposure to BBP would alter physical activity in
offspring.

METHODS

This protocol conformed to the standards of humane animal care and was approved by the
Texas A&M University Institutional Animal Care and Use Committee (AUP 2012-0274).
Twelve female breeder mice (C57BI/6J inbred mice; Jackson Laboratory, Bar Harbor, ME)
were housed two to a cage and paired with one male breeder (n=6). Female mice were
evaluated every 12 hours for the presence of a vaginal plug that indicated gestation day 0. At
gestation day 0, the female mouse was placed in an individual cage for the remainder of
pregnancy. Pregnant female mice were administered a gavage treatment of either a control
substance (100ul of sesame oil) or BBP (500 mg-kg~1-day~1 in a vehicle of 100pl of sesame
oil; 6) on gestation days 9-16 when organ system development and testosterone production
occurs (30). While the BBP dosage we used was based on previous studies (6, 30), it is
estimated that fetuses are exposed to 1/100-1/1000 of the mother’s dose of BBP (27). Thus,
we estimate that the fetuses were exposed to ~ 0.5-5 mg-kg~1-day~ which places these
exposure rates slightly above the US EPA safe dose for humans of 0.2 mg-kg~-day~1 (38).

The resulting pups were weaned at three weeks of age and then housed individually for the
remainder of the experiment until sacrifice (Table 1). We also used a cohort of sentinel
C57BI/6J mice (four males, four females) developed from our breeding protocol to ensure
that the offspring of our animals were as active as past animals in this strain (20) and to
eliminate the possibility that our breeding procedures were introducing an unknown variable
that was altering physical activity. The sentinels were pups born from male/female breeder
pairs in our animal care facility that received no treatment during pregnancy - i.e. no BBP or
no control oil - and were randomly assigned to the sentinel group. Mice from the different
treatment groups were sacrificed at 4 weeks, 10 weeks or 20 weeks and are referred to as
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“Control 4 weeks” or “BBP 4 weeks”"Control 10 weeks” or “BBP 10 weeks” and “Control
20 weeks” or “BBP 20 weeks,” respectively.

Wheel Running Activity

Beginning at eight weeks of age, physical activity measurements were determined on all
animals by measurement of daily distance (km/day), duration (min/day), and speed
(m-min~1) of wheel running using our standard lab protocol (21). In brief, running wheels
were mounted to the cage tops of standard rat cages and were equipped with a computer
(BC500, Sigma Sport, Batavia, IL) to record running distance and duration. Running wheels
had a 450mm circumference and a 40mm wide, solid running surface. Running distance and
duration data were collected on a daily basis in the morning, sensor alignment and wheel
resistance checked and adjusted as needed, and an average daily running speed was
calculated from the corresponding distance and duration measures.

Body Composition

Body composition in all mice was measured weekly using magnetic resonance imaging
(MRI) using an EchoMRI (EchoMRI, Houston, TX). In brief, mice were first weighed,
placed in the appropriate sized MRI tube, and then inserted into the MRI. The body analysis
was completed in 30 seconds with the mouse awake and resulted in direct measurements of
total body fat (grams) and lean mass (grams).

Puberty Development

As indices of puberty development and whether BBP-treatment disrupted pubertal
development, anogenital distances in males and vaginal openings in females were used. In
female pups, the beginning of mouse estrous cycling was indicated by the day of vaginal
opening (33). This identification was performed daily by holding the mouse face up and
examining the vaginal region with a spatula until the vaginal opening was visibly present.
Previous studies (28) have suggested that /n ufero phthalate exposure delays vaginal
openings in female offspring. As noted above, in males, anogenital distance [AD - distance
from the anus to the base of the genitalia (22)] was measured weekly using a digital caliper
(Mitutoyo Digimatic). Several studies (29, 30, 32) have shown that /n utero exposure to
phthalates significantly decreases the anogenital distance.

Sex Steroid Analysis

On the day of sacrifice, blood samples were extracted via cardiac puncture using a 20 gauge
needle, and the blood was spun down with cold centrifugation at 1000 RPM at 4°C for 30
minutes to obtain the serum. Testosterone (ng/ml) was measured in triplicate via ELISA per
manufacturer’s instructions (Alpco Serum Testosterone, Salen, NH) for all male and female
samples, and estrogen (17-beta estradiol) (pg/ml) was measured in pooled triplicate via
ELISA per manufacturer’s instructions (MyBioSource, San Diego, CA) for all female
samples.
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Statistical Analysis

Physical activity data (distance, duration, and speed) was analyzed by a two-way ANOVA
(weekxtreatment) with 12 levels (8-19 weeks) for time and 2 levels for treatment (BBP vs.
Control). In addition, body composition, sex steroid analysis, and puberty development was
analyzed by an ANOVA. Alpha levels were set to 0.05 a priori JMP v.12, SAS, Inc. Cary,
NC). A Tukey’s post-hoc test was used to assess significant main effects or interactions.

RESULTS

Seventy-three pups were analyzed for this experiment (Table 1) with an average litter size of
six pups in the control mice and four pups in the BBP mice, plus eight sentinel mice (four
males and four females).

Sex Steroids

There was a significant decrease in serum testosterone concentration values in BBP male
mice compared to control at 10 weeks (p=0.039) and at 20 weeks (p=0.022; Figure 1). There
was no significance in serum testosterone concentration values in male mice between control
and BBP at 4 weeks (p=0.403; Figure 1). The average coefficient of variance between
triplicates from the male samples was 2.23%. When testosterone concentration values were
computed, any value outside three standard deviations above or below the mean were
eliminated from the analysis; using these standards, we eliminated one data point from the
BBP 4 week group, two data points from BBP 20 week group, and two data points from the
Control 20 week group. In the female mice, there was no significant difference in serum
estradiol concentration levels between control and BBP at 4 weeks (p=0.997), 10 weeks
(p=0.999), but the control mice had significantly (p=0.015) higher values at 20 weeks
(Figure 2a). The coefficient of variation between triplicates of the estrogen samples averaged
3.12%. In addition, testosterone concentration levels were higher in the female BBP 20 week
group versus the control 20-week group (p=0.002; Figure 2b). However, there was no
significant difference in serum testosterone concentration levels in the females between the
BBP and control groups at 4 weeks (p=0.427) or 10 weeks (p=0.137; Figure 2b). The
coefficient of variation values within the testosterone triplicates of the female samples
averaged 5.12%.

Puberty Development

As supported by the literature (29, 30, 32), in the male mice, anogenital distances in BBP
mice were significantly smaller compared to control mice at 10 (p=0.001) and 20 weeks
(p=0.038; Figure 3a). Additionally, similar to previous phthalate work (28) vaginal openings
in female BBP mice were significantly delayed compared to control mice (p=0.001; Figure
3b).

Voluntary Wheel Running Data

Overall, in male mice, the BBP-offspring showed a significant decrease in distance
(p=0.008) and duration of exercise (p=0.005), but not speed (p=0.495) as compared to
control-vehicle mice (Figure 4). On average, BBP male mice ran 20% less than controls
across the experiment. In the BBP female mice, much like the BBP male mice, there was a
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significant decrease in distance (p=0.042) and duration (p=0.015) across the 20-week time
period, but no significant alteration in speed (p=0.742) between control and treatment mice
(Figure 5). On average, BBP female mice ran 15% less than controls across the experiment.
The control mice (treated with oil gavage) did not differ in activity levels as compared to the
sentinel mice (p=0.355; data not shown).

Body Composition

Overall, at each sacrifice time point, there were no differences in body weight, lean mass,
and fat mass between either male or female BBP or control mice, with the exception of
BBP-treated male mice that showed a higher fat mass at 20 weeks than control male mice
(Table 1). As would be anticipated due to growth, all mice weights and body compositions
increased across the 20 weeks of the experiment.

DISCUSSION

To our knowledge, this is the first study to examine the effect of a common and ubiquitous
environmental toxicant — BBP (12, 16) — on physical activity levels in both male and female
mice. In the current study, with maternal exposure to BBP, we observed significant decreases
in testosterone levels in males as well as changes in sex hormone driven physiological
parameters including decreased anogenital distances. We also observed a decreased estradiol
level and a delayed vaginal opening in the treated female offspring. Most importantly, we
observed an overall significant inhibition in distance run, primarily as a consequence of
decreased duration of daily activity, in both male and female offspring. This study shows
that /n utero exposure to a physiologically relevant dosage of a common environmental
toxicant decreases physical activity levels in mice.

Routes of phthalate exposure can be through ingestion, food, medical devices, or
pharmaceuticals (34). Not all sources, pathways, and rates of human exposure are well
understood; however, BBP is used in a variety of products that can leach onto a person’s
skin or contaminate the food they eat making it hard to quantify just how much a person is
exposed to these chemicals on a daily basis (34). One criticism of much ED research has
been the lack of physiological relevance of the applied dosages. Gledhill et al. (9) concluded
in 1980 that there was insufficient published data to make any determination on safe levels
of BBP exposure in the U.S. Since that report, there has been little progress on determining
‘safe’ levels of BBP exposure. The most current guidelines for daily exposure to various
phthalates (including BBP) from the European Commission suggest that safe exposure levels
for humans for BBP is 0.5 mg-kg™1-1-k=1(8). In the present experiment, the BBP dosage of
500 mg-kg~1-1-k~1 given to the dams significantly exceed the Commission guidelines and
would appear to not be physiologically relevant; however, fetuses are estimated to only be
exposed to 1/100-1/1000 of the mother’s dose of BBP (27). Thus, in this study, we estimate
that the fetuses were exposed to ~ 0.5-5 mg-kg~1-1-k~1 which places these exposure rates
above the US EPA safe dose for humans of 0.2 mg-kg™1-1-k~1(38). However, it should be
considered that while in our study we exposed the fetuses to only one endocrine disruptor,
adult pregnant females (and consequently the fetus) are routinely exposed on a daily basis to
dozens of different endocrine disruptors which will further compound the dosages (25).
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Thus, the dosage that we employed, even though using only one endocrine disruptor, is
likely indicative of the total disruptor load that a pregnant female (and her fetus) encounters
on a daily basis.

Wheel Running Activity

Past studies in our lab (3, 4) have shown that testosterone is a primary regulator of physical
activity in both male and female mice with estrogen also affecting physical activity, albeit at
a lower level. Supporting these earlier results and confirming our initial hypothesis, BBP
male mice showed decreased testosterone and AD distance, both indicative of disrupted
testosterone production, and demonstrated an overall decrease in daily activity across the 20
weeks of the study. The decrease in daily activity was primarily due to a reduced duration of
running without a change in speed of activity (Figure 4). In total, our data suggests that in
males, interfering with testosterone production /n utero by BBP administration reduces
circulating testosterone in male mice leading to decreased activity levels.

Similar to the male mice, in the female mice we observed a decrease in estradiol as well as a
delayed vaginal opening, which is an index associated with disrupted endocrine functioning
(28). Associated with these alterations was a significant difference in distance and duration
of exercise, but not speed in the BBP mice, confirming our hypothesis that exposure to BBP
will alter physical activity. While the estradiol levels at 20-weeks were decreased in the BBP
mice, the potential mechanism responsible for this decrease in activity in the female mice, is
less clear. Specifically, the lack of an alteration in estradiol earlier in the lifespan, coupled
with the higher levels of testosterone in the 20-week old BBP-treated females, was
surprising. BBP is known to be primarily anti-androgenic and only weakly estrogenic (11)
which may be why female BBP-treated offspring did not demonstrate altered estradiol levels
until the 20 week period. However, it is unclear from the literature why testosterone was
increased in the BBP-treated females at 20 weeks of age. While this difference in
testosterone levels may be indicative of a complex dysregulation of the endocrine axis in the
female mice similar to that observed when alterations in testosterone occurred before
weaning (13), these results require further investigation to confirm this speculation.

In context, alterations in physical activity by common environmental endocrine disruptors,
such as BBP, is important because BBP is ubiquitous in cosmetics and personal care
products used daily by most people, especially by women (1, 12, 16, 40). To our knowledge,
this is the first data to suggest that a common endocrine disruptor can significantly inhibit
physical activity in offspring. However, there has been general concern with the role of BBP
and other phthalates on human health by scientific bodies such as The American Council on
Science and Health (15, 17).

The adipocyte has been hypothesized as a target of endocrine disrupting chemicals (31) and
It has been speculated that a dose-response exists between ED exposure, the time frame
when exposure occurred (i.e. /n utero, puberty), and how much body composition is altered
(39). While there have not been studies specifically targeting BBP, other phthalate exposure
has resulted in increased body fat accumulation. For example, Hao et al. (10) found that
male offspring born to mothers dosed with low doses of mono-2-ethylhexyl phthalate
(MEHP) (0.05, 0.25, or 0.5 kg/mg) had an increased body weight and fat storage with
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similar results available in female mice (35). However, In general, we did not observe a
significant difference in weight, fat mass, or lean mass in the BBP groups versus the control
groups at most time points, with the exception of the week 20 male BBP animals having a
higher body fat percentage (Table 1). Given that all male and female mice had access to a
running-wheel at the beginning of week eight until sacrifice, it is probable that the physical
activity the mice performed on a daily basis was enough to maintain their body composition
within normal levels.

In summary, exposure to a physiological dose of a phthalate /n uferoin mice caused
significant alterations in reproductive indices and a reduction of daily physical activity in
both male and female offspring. The decreased activity was primarily the result of a
reduction in duration of daily activity. In the male offspring, testosterone levels were reduced
in early to mid-life, with reductions in testosterone associated with the reduced activity
levels. Intriguingly, the female BBP mice, while exhibiting an overall decreased activity
level and delayed pubertal signs, only showed changes in estradiol at 20 weeks of age and
showed increased testosterone concentration, suggesting a complex dysregulation of sex
hormone production by the weakly anti-estrogenic BBP. However, taken together, our
observations show that /n utero exposure to physiologically relevant levels of a common
environmental toxicant (BBP) can cause significant changes in sex hormones concentrations
later in life in the offspring with associated significantly inhibited daily activity levels in
offspring.. These results provide a potential environmental factor to investigate as reductions
in childhood activity levels are considered.
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Fig. 1.
Serum testosterone levels in male control and BBP mice. *Significantly (p<0.05) different

between control and BBP-treated animals. Significant difference in serum testosterone
concentration values in male mice between control and BBP at 10 weeks (p=0.039) and at
20 weeks (p=0.022). No significance in serum testosterone concentration values in male
mice between control and BBP at 4 weeks (p=0.403).
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Fig. 2.
Sex hormone levels in female mice. *Significantly (p<0.05) different between control and

BBP-treated animals. Panel A: Estradiol concentration values were not significantly
different between control and BBP at 4 weeks (p=0.997) or 10 weeks (p=0.999), yet there
was significance at 20 weeks (p=0.015). Panel B: Testosterone levels were significantly
different between between female BBP 20 weeks and control 20 weeks (p=0.002). No
significant difference in serum testosterone concentration values in female mice between
control and BBP at 4 weeks (p=0.427) or 10 weeks (p=0.137).
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Page 12

Il Control
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Indices of pubetal development in male and female mice. *Significantly (p<0.05) between
control and BBP-treated animals. Panel A: Anogenital difference were significantly different
between BBP male offspring and control offspring. Anogenital distances were significantly
smaller in BBP mice compared to control mice at 10 weeks (p=0.001) and 20 weeks
(p=0.038). Panel B: Vaginal openings were significantly delayed between BBP and control

females (p=0.001).
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Fig. 4.
Physical activity indices of male mice. The BBP offspring showed a significant overall

decrease in distance (p=0.008) and duration of exercise (p=0.005), but not speed (p=0.495)
as compared to control mice.
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Fig. 5.
Physical activity indices of female mice. The BBP offspring showed a significant overall

decrease in distance (p=0.042) and duration of exercise (p=0.015), but not speed (p=0.742)
as compared to control mice.
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