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Abstract

This study was conducted to evaluate the use of metabolomics for improving our ability to draw
correlations between early life exposures and reproductive and/or developmental outcomes.
Pregnant CD rats were exposed by gavage daily during gestation to vehicle or to butylbenzyl
phthalate (BBP) in vehicle at a level known to induce effects in the offspring and at a level
previously not shown to induce effects. Urine was collected for 24 h (on dry ice using all glass
metabolism chambers) from dams on gestational day 18 (during exposure) and on post natal day
(pnd) 21, and from pnd 25 pups. Traditional phenotypic anchors were measured in pups (between
pnd 0 and pnd 26). Metabolomics of urine collected from dams exposed to vehicle or BBP
exhibited different patterns for endogenous metabolites. Even three weeks after gestational
exposure, metabolic profiles of endogenous compounds in urine could differentiate dams that
received the vehicle, low dose, or high dose of BBP. Metabolic profiles could differentiate male
from female pups, pups born to dams receiving the vehicle, low or high BBP dose, and pups with
observable adverse reproductive effects from pups with no observed effects. Metabolites
significant to the separation of dose groups and their relationship with effects measured in the
study were mapped to biochemical pathways for determining mechanistic relevance. The
application of metabolomics to understanding the mechanistic link between low levels of
environmental exposure and disease/dysfunction holds huge promise, because this technology is
ideal for the analysis of biological fluids (e.g., urine, serum) in human populations.

INTRODUCTION

Exposures in pregnancy, /n utero development and early postnatal rapid development result
in physiological changes in metabolism that make them vulnerable to developing adverse
effects from exposure to chemicals. Traditional studies of reproductive and developmental
toxicity use markers (e.g., organ weights, histopathology, hormone levels, or anogenital
distance) that are indicative of disease or dysfunction, and are not typically sensitive at
environmentally relevant exposures and thus cannot be used to extrapolate findings from
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high-dose studies. Methods are needed that can improve our ability to draw mechanistic
correlations between life-stage exposures and the development of adverse health outcomes at
high-dose exposures, with low dose environmentally relevant exposures and possible adverse
outcomes.

The field of developmental and reproductive toxicology is being transformed by the
integration of new molecular biology, imaging and genomic technologies. In 2002, several
agencies developed the framework to begin the needed investment in scientific endeavors to
help establish a systems approach to strengthening the area of developmental and
reproductive biology (Mirkes et al., 2003). In the past few years, ground breaking research in
genomic analysis for reproductive and developmental toxicology has emerged. These studies
(predominantly studies of alterations in gene expression) have demonstrated (1) how specific
chemicals influence the highly sensitive processes in early mammalian development
(Clausen et al, 2005); (2) how gene expression can help define the shape of the dose-
response curve at low doses (Daston and Naciff, 2005); (3) how the effect of estrogen
agonists or estrogen antagonists on gene expression relates to the embryonic and fetal
development of the rat testis and epididymis (Naciff et al., 2005); (4) how chemicals induce
alterations in the expression of genes known to be expressed during development of the
craniofacies (Gelineau-van Waes et al., 1999); (5) specific genes that are induced in the
embryo following exposure to teratogens (Mikheeva et al., 2004; Kultima et al., 2004); (6)
specific genes involved in estrogen-induced organ growth (Moggs et al., 2004; Naciff and
Daston 2004) and the development of the uterus and ovary (Daston and Naciff, 2005); and
(7) the use of gene ontology and pathway analysis to provide insights into the molecular
mechanisms of estrogens (Currie et al., 2005).

Proteomics in reproductive and developmental biology is a rapidly growing area. Early
applications of proteomics in reproduction and development included the elucidation of
biomarkers in amniotic fluid and maternal serum for intrauterine infection and premature
rupture of membranes (Buhimschi et al., 2004; Buhimschi et al., 2005a—c; Gravett et al.,
2004; Klein et al., 2005; Nilsson et al., 2004; Ruetschi et al. 2005; Thadikkaran et al., 2005;
Vuadens et al., 2003). More recent studies have investigated the proteome of semen (Li et
al., 2007), identified semen biomarkers of varying fertility rates (Peddinti et al., 2008), and
examined inter-individual variations in the seminal plasma proteome of fertile men
(Yamakawa et al., 2007). Studies have been conducted to determine the proteins in common
in oocytes and ovarian cumulus cells that may be involved in the communication process for
maturation (Memili et al., 2007), to determine biomarkers of preeclampsia by evaluation of
amniotic fluid of healthy vs hypertensive, or preeclamptic women (Park et al., 2008), and to
study mammalian preimplantation and postimplantation embryonic development (Katz-Jaffe
et al., 2005). Proteomics has been included in the study of bisphenol A-induced alterations
in the proteome of prenatally exposed mice (Yang et al., 2008).

While genomics and proteomic applications in reproductive and developmental toxicology
have rapidly increased in the literature in recent years, studies that investigate changes in the
metabolome in the study of reproduction and development are just now beginning to emerge.
Metabolomics has been used to distinguish between plasma samples from healthy women
and those from women with preeclampsia (Kenny et al. 2005), and to investigate markers for
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the early detection of epithelial ovarian cancer (Odunsi et al., 2005). Researchers have also
demonstrated that metabolomics could be better correlated with the viability of an embryo
than using traditional morphology measurements, and with a higher correlation of pregnancy
(Vergouw et al., 2008). The use of metabolomics in the study of male fertility is growing,
with recent reports that associate alterations in the sperm metabolome with diabetic status
(Mallidis et al., 2007). The use of metabolomics in the study of the consequences of
environmental stressors in reproduction and development is an open field. Significant
metabolic perturbations in the early life stages of Chinook salmon exposed to pesticides
have been demonstrated using metabolomics (Viant et. al., 2006); and metabolomics has
been used to demonstrate an alteration in the metabolic syndrome of offspring born to
pregnant rats on ad libitum feeding or under feed restriction (Desia et al., 2007).

The work presented here was conducted to use metabolomics of maternal and offspring
urine to evaluate the impact of prior exposure on the biochemical profiles of offspring
exposed /n uteroto a chemical known to cause endocrine disruption, butylbenzyl phthalate.

METHODS

Study Compound Selection

Phthalate esters are ubiquitous industrial chemicals (Blount et al., 2000). Adult exposures to
butylbenzyl phthalate (BBP, CAS No 85-68-7) is estimated at 2 pg/kg/day from foods (the
major source), and exposures to infants and children are estimated as up to three-fold higher
(Kavlock et al., 2002). Human exposure to BBP in workers have been estimated at 143 and
286 pg/kg body weight per day. The development toxicity LOAEL (lowest observable
adverse effect level) in rats is 185 mg/kg per day and the reproductive LOAEL is greater
than 500 mg/kg per day (Kavlok et al, 2002). In a CDC (Center for Disease Control) study,
urinary concentrations of monobutyl phthalate (a metabolite of both BBP and
dibutylphthalate) and monobenzyl phthalate (a metabolite of BBP), were observed in all of
the reference population of 289 adults, and higher levels of MBP (ca 47 pg/g creatinine)
were observed in women of child-bearing age (Blount et al., 2000). BBP is known to disrupt
reproductive development in male rats following /n utero exposure to a high oral dose
(Nagao et al., 2000), by affecting fetal testosterone biosynthesis in the Leydig cells, and to
affect a Leydig cell protein, InslI3, responsible for formation and function of the
gubernacular cords to enable descent of the testes to the lower abdominal inguinal ring by
birth and into the scrotal sacs by the end of lactation (Wilson et al., 2004). The testosterone
decrease is mediated by changes in gene expression regulating synthesis and transport,
resulting in retained nipples/areolae (sexuality dimorphic structures), reduced anogenital
distance (to a more female value), cryptorchidism (undescended testes, also affected by
reduced Insl3), and hypospadias (failure of penile tube to fuse) (Foster, 2006; Liu et al.,
2005; Tyl et al., 2004). High doses of phthalates, including BBP, are known to produce the
so-called ‘phthalate syndrome’ (Gray et al., 1999, 2000; Parks et al., 1999, 2000; Kavlock et
al., 2002).
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Study Design and Sample Collection

Timed-pregnant Sprague Dawley rats were obtained from Charles River, Raleigh, NC. Dams
arrived on gestation day (gd) 11 and were singly housed in microisolator cages. They were
provided food (Purina rodent chow 5002) and water ad /ibitum. Dams were dosed daily by
gavage with BBP from gd 14 through gd 21. Three dams per group were dosed with corn oil
vehicle, 25 mg/kg/day BBP, or 750 mg/kg/day BBP dissolved in corn-oil. On gd 18, dams
were placed individually in all glass metabolism cages for the 0-6 and 6—24 hour collection
of urine, and subsequently returned to microisolator cages. All deliveries occurred within a
24 hour period. The dosing period (from gd 14-gd 19) was selected because it is a period of
androgen dependent sex differentiation (Anway et a., 2005), and at the higher dose (750
mg/kg/day), BBP was expected to induce effects on reproduction and development (e.g.,
reduced anogenital distance, AGD; nipple retention, etc). Including a high dose level that
was expected to induce effects in the offspring provides phenotypic anchors for analysis of
the metabolomics data at the effect level. Including the low dose level (25 mg/kg/day) that
was not expected to induce measureable (observable) reproductive and developmental
effects in pups on pnd 26 enabled the evaluation of changes in metabolic profiles that arise
due to exposure. Urine was collected from dams, for 24 hours, on GD 18, following 5 days
of exposure to BBP, but prior to delivery of pups. Urine was collected from dams again on
pnd 21, following weaning. Pup urine was collected, for 24 hours, several days (pnd 25)
after weaning.

On pnd 0, the litters that exceeded 10 pups were culled by random selection of males and of
females; attempting to have five per sex per litter. All live pups were counted, sexed,
weighed and examined grossly at birth (pnd 0), and on pnd 4, 7, 14 and 21. The AGD and
pup weights were recorded on pnd 0, pnd 21, and pnd 26 for F1 offspring. The F1 male pups
were checked for retained nipples and areolae on the ventrum on pnd 11 (all litters) and
again on pnd 13.

The pups were weaned on pnd 21, weighed, eartagged and housed by sex and litter in
microisolator cages. On pnd 21, dams were placed into all glass metabolism cages for 24 h
for collection of 0-6 and 6-24 h urine. On pnd 25, pups were placed in all glass metabolism
cages for the collection of urine. Pups were grouped (up to 3 pups per metabolism cage) by
sex, litter and measured effect (such as retained nipples or increased/decreased AGD).
Following urine collections, dams and pups were sacrificed on pnd 26 under CO», blood was
drawn by cardiac puncture, they were subjected to a full necropsy, and tissues were retained
for potential future analysis. Blood was processed to serum, and urine and serum were
stored at —80°C for subsequent analysis.

Hormone Analysis—Hormones were measured using commercially available kits and
standard methods performed in this laboratory. Measurements were made for luteinizing
hormone (LH) in serum from dams and male and female pups, testosterone (T) in males, and
estradiol (E) in females.
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Metabolomics

Sample Preparation, data acquisition, and processing: Samples were prepared for NMR
analysis by mixing an aliquot (~630 L) of urine with 70 uL of a solvent buffer solution
containing two internal standards (DSS and imidazole) for line shape analysis and spectral
assignment and quantitation using the library in NMR Suite 4.6 Professional software
(Chenomx, Edmonton, Alberta, Canada). NMR spectra were acquired on a Varian Inova 600
MHz instrument located in the NMR facility at Duke University, Durham, NC. IH NMR
spectra were acquired using the first increment of a NOESY sequence, with a 100 ms mixing
time, 1 s relaxation delay, a spectral width of 12 ppm, and 32 transients. The water
resonance was suppressed using resonance irradiation during the relaxation delay. All
spectra are acquired at 25°C, and the quality of each NMR spectrum was assessed for the
level of noise and alignment of identified markers. Spectra were assessed for missing data
and underwent quality checks.

NMR data was processed using a traditional binning approach by automated integration
(increments of 0.04 ppm) over the spectral window, excluding the region of water
suppression, and normalized to the total spectral intensity. NMR data were also processed
using NMR Suite 4.6 Professional software, which deconvolutes the entire spectrum based
on chemical shift and coupling patterns, and then matches signals to a reference library of
approximately 300 low-molecular-weight metabolites. The internal standard (imidazole) was
used as the reference for performing the library matching. This software contains an internal
library adjustment for increments in chemical shift based on pH variations (Weljie et al.,
2006). A concentration determination for each metabolite was made by relative integration
of the analyte to the internal standard, where the library of concentrations was developed to
account for differences in integral values as related to the relaxation time of the signal
(Weljie et al., 2006; Slupsky et al., 2007). This method has some advantages over binning in
two major ways. First, small increments in pH can result in portions of metabolite signals
aligning with different bins when using the binning approach, while deconvolution
circumvents this problem. A second advantage is that this analysis depends on the
concentration of each metabolite, while the binning approach results in situations where
each metabolite has multiple signals that fall within separate bins. For subsequent data
reduction of the data derived from library matching, the concentration of each metabolite
was normalized to total creatinine.

Data Reduction and Visualization: Data captured by NMR (metabolite i.d. and
concentration; or bin region and integral value) were transported to SAS for statistical
analysis and visualized in Spotfire, or the data were transported to software (Umetrics) for
data reduction and visualization using SIMCA-P 11.5. Several approaches were taken to
analyze the NMR data to provide the best set of analytes that could distinguish the four
study groups (gd18 dams, pnd 21 dams, pnd 26 males, pnd 26 females) based on gender,
age, dose, and phenotypic results. In addition, data was combined for the study groups and
reduced. Approaches included: analysis of data using all bins (exclusion of water region),
analysis of data generated by complete spectral library matching performed via Suite 4.6
Professional software Umetrics, and analysis based on a targeted list of analytes. Data for
each of the four study groups, where the study groups are defined as the gd 18 dams, pnd 21
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dams, pnd 26 male pups and pnd 26 female pups, were analyzed independently from other
study groups. NMR spectra were assessed for the presence of signals derived from the
parent compound, BBP, or from metabolites derived from the parent compound. No signals
were observed for BBP or derived metabolites in urine collected from dams on pnd 21 or
from pups on pnd 26, but were observed in urine collected from dams during the dosing
period (gd 18). Thus, when using the binning approach, signals derived from BBP or derived
metabolites were excluded from the analysis (which occurred only for gd 18 urine). When
using the library matching approach, all signals are matched to those of endogenous
compounds, and then assessed to ensure that the fit did not also match the parent compound
or parent derived metabolites. For analysis with binned data, the integral was normalized to
the total integral for each spectrum. For analysis using data from library matching, the
concentration of each metabolite was normalized to creatinine. Principal component analysis
(PCA) or PCA with partial least squares projection to latent structures (PLSDA) was
conducted using SIMCA-P 11.5 for the binned and metabolite data. Loadings and variable
importance plots were examined to determine the bins or metabolites that best define the
dose groups. Subsequently, PCA using only the bins or analytes selected from the loadings
and variable importance plots was conducted to demonstrate that the analysis with the subset
of bins or metabolites could provide clear separation of the study and dose groups.
Additional analysis included determining the standard difference of each metabolite in BBP
dose group compared with the vehicle group (analysis in SAS) with visualization in Spotfire.
Metabolites identified as important for the separation of groups based on age, gender, dose
or phenotypic anchors were mapped to biochemical pathways.

Phenotypic Results

Phenotypic anchors for reproductive toxicity are summarized in Table 1. DAMS: FO parental
females, on average, exhibited decrease in absolute and relative weights of the uterus plus
cervix at the high dose group. There were no maternal findings in the vehicle and low-dose
groups. All dams receiving a high dose of BBP during gestation had male pups with
extensive reproductive findings documented on pnd 26. Reproductive findings in the low-
dose group were observed for some of the male pups in all three litters on pnd 11 or pnd 21,
but were less severe than for the high dose group and resolved by pnd 26.

Pups: Vehicle Corn oil Group—For the control group, all clinical and gross
observations were normal and there were no findings of nipple or areolae retention.

Low Dose Findings—A total of 16 male offspring were evaluated. A total of nine male
pups from the three litters had reproductive findings at the low dose. Seven of the 16 male
pups had retained areolae on pnd 11 (but not on pnd 26) and two male pups had decreased
AGD on pnd 21 (not present in pnd 0 or pnd 26). At the time of necropsy (pnd 26), all male
AGD and areolae were normal. There were no findings in the female reproductive tissues for
the low-dose pups.
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High Dose Findings—At 750 mg/kg per day, there was an increased stillborn index on
pnd 0O, a reduced survival index for pnd 0—4, and reduced pup body weights/litter during
lactation. The sex ratio (% males/litter) was equal across all groups on pnd 0, but was
reduced from pnd 4-21 (i.e. male pups preferentially died on pnd 0-4). In the high dose
group, all male pups had decreased AGD on pnd 0, which persisted through pnd 26. All
male pups had retained areolae, and half of the male pups had retained nipples at pnd 11 or
13. At necropsy (pnd 26), all males in the high-dose group were missing part or all of the
epididymis and seminal vesicles. Abnormal or missing prostate (two of six male pups) and
abnormal or missing testes (four of six male pups) were also found. One pup also exhibited a
cleft phallus, and abnormal or missing vas deferens (three pups) were found in the male
pups. No significant findings were present for the F1 female pups born to dams receiving the
high-dose of BBP.

Hormones: The measurement of luteinizing hormone (LH) in serum from dams and male
and female pups, testosterone (T) in males, and estradiol (E) in females was conducted using
traditional approaches in reproductive and development toxicology. For dams, a significant
decrease in E occurred 3 weeks after the exposure to a high-dose of BBP, compared with
low-dose and vehicle control groups (Table 2). A reverse trend occurred for the female pups,
where a significant increase in mean E occurred for the female pups born to dams that had
the high BBP exposure, compared with the control group. For both dams and female pups,
the average level of LH was increased in high-dose study group compared with the control;
however, these values were not statistically significantly different. T levels in serum of male
pups on pnd 26 were similar for all dose groups, and were similar between male pups that
had adverse reproductive findings and those without adverse reproductive findings. On
average, the LH levels in the males in the high-dose group were elevated, but not
significantly different, over control or the low-dose group males.

Visual Assessment of 1H NMR Spectra

Maternal Urine—The relative intensity of signals in the NMR spectra of urine from BBP-
exposed dams in comparison with signals from vehicle-exposed dams was examined to
evaluate quantitative differences in the excretion of endogenous metabolites. Relative
quantitative differences were apparent in NMR spectra of endogenous metabolites in gd 18
dam urine from BBP exposed dams (exposed from gd14 to gd 21) compared with urine from
the vehicle exposed dams. Likewise, dam urine collected (pnd 21) 3 weeks following the last
day of exposure showed relative quantitative differences between the BBP-exposed and
vehicle exposed groups (Fig. 1), where the quantitative differences are related to the relative
proportion of endogenous metabolites. It was expected that quantitative differences between
the vehicle and high-dose BBP-exposed dams would be observed for samples collected on
gd 18 (during the time period of exposure), since the high dose was selected at a
concentration known to disrupt the endocrine system. Findings of quantitative difference
(based on relative signal intensity) between the vehicle and low-dose group supported the
hypothesis that low-dose exposure to phthalates also altered the metabolic status of the dam.
The investigation for alterations in the relative ratios 3 weeks following exposure cessation
supported the hypothesis that BBP exposure had a lasting effect that could be detected by
assessment of the biochemical profile.
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Offspring Urine—Relative quantitative differences were apparent in NMR spectra of
endogenous metabolites in pnd 26 urine from pups born to dams that had a BBP exposure
(from gd14 to gd21) in comparison with pups born to dams that had exposure to vehicle
alone (Fig. 2). The finding of quantitative differences between the vehicle, low-dose, and
high-dose groups for the pups support the hypothesis that /n7 utero exposure to BBP has a
lasting impact on the biochemical makeup of the offspring, and demonstrated the utility of
NMR based metabolomics for such assessments.

Metabolomics of Maternal Urine: The concentrations of endogenous metabolites were
determined using library matching via Professional Suite 4.6 (Chenomx), and data was
transported to SAS to determine the standard difference of each metabolite (normalized to
creatinine) in each treatment group from the average control group value for that metabolite.
This data was then transported to a software package (Spotfire) for visualization of the
statistical data, and into Umetrics for multivariate analysis and visualization. As expected
based on visualization of the NMR spectra, analysis of dam urine collected on gd 18 (during
the time of exposure) showed significant differences (>2.5 standard differences) in the
concentrations of many endogenous metabolites for dams that received the high dose of BBP
compared with the vehicle group. In addition, the concentrations of endogenous metabolites
in gd 18 urine from the dams that received the low-dose of BBP were also significantly
different from controls. Even 3 weeks after the gestational exposure (on pnd 21; Fig. 3) had
ended, metabolic profiles could be used to differentiate dams that had experienced a
gestational low-dose exposure (green) from dams that had a gestational vehicle exposure
(red), or dams that had a gestational high-dose exposure (blue).

PCA or PLSDA was conducted using binned data normalized to the total intensity for each
dam urine spectrum. PCA analysis using all binned data for the gd 18 dams and for the pnd
21 dams showed a good separation of dose groups (note shown). PLSDA was employed and
loading and variable importance plots were subsequently used to determine the bins that best
define the dose groups. Subsequent PCA using only the bins selected from the loading and
variable importance plots did result in clear separation of dose groups for each study group.
An example is shown for urine analyzed for the gd18 dams (Fig. 4). The PCA analysis using
all bins (Fig. 4A) demonstrates differentiation of dose groups. PLS-DA analysis (Fig. 4B)
was used to seperate the dose groups and determine the bins most important for this
separation. Subsequent PCA analysis of only the bins selected from the PLS-DA loadings
and variable importance plots was then conducted to validate the use of the subset of bins in
defining the dose groups (Fig. 4).

Full library matching using the NMR Suite 4.6 Professional Software provided all
metabolites (and their respective concentrations) that demonstrated a match within each of
the dam urine spectra. Inspection of loading and variable importance plots from the PLSDA
analysis of all data matched within the library enabled the selection of a sub-set of analytes
to use in targeted profiling.

Targeted Profiling—Targeted lists were generated based on results from the statistical
analysis and visualization of Spotfire data, and from insepction of loadings plots and
variable importance plots that were generated using the bin data and library matched data.
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The targeted lists were then used for the conduct of PCA/PLS-DA analysis with inspection
of loadings and variable importance plots. PCA analysis using the targeted list of analytes
generated for gd18 dam urine and pnd21 dam urine are shown in Fig. 5. For gd 18 dams
(Fig. 5A) and for pnd 21 dams (Fig. 5B), the multivariate analysis could be used to
distinguish the study groups. Loading scatter plots (example shown in Fig. 5C) were used to
determine the metbolites that best defined study groups and the concentration of metabolites
scaled to creatinine (y-axis) was visualized for each pnd 21 dam (example shown for
nicotinate in Fig. 5D) to examine the directionality of change for dams within the study
groups.

Pup pnd 26 Urine: The standard differences from control for concentrations of endogenous
metabolites in pnd-26 urine of male pups (circle) born to dams that experienced a high-dose
(blue) or a low-dose (green) exposure to BBP compared with male pups born to dams that
had a vehicle exposure (red) are shown in Fig. 6. Metabolites were significantly different in
urine from the BBP dose groups compared with control. Likewise, significant differences
were present for metabolites measured in urine from female pups (triangle) born to dams
exposed to vehicle (red), high-(blue), or low-dose (green) BBP.

Significant differences, in terms of magnitude change from control, were found for the low-
dose group, many times greater than differences observed in the high-dose group,
particularly for males. These data may indicate the initiation of increased responses for the
offspring at low doses that may enable them to better adapt to the BBP exposure. It is also
possible that these differences reflect a low-dose adverse effect that could serve as an early
indicator of the onset of the development of adverse developmental outcome. Additional
studies with more time-points and dose groups are needed to determine the relevance of this
low-dose response.

As expected, the multivariate analysis of the male and female pup urine clearly distinguished
pups by sex. In addition, the analysis could distinguish both male and female pups by the
dose the dam received during gestation (Fig. 7A, male pups). Multivariate analysis of male
pup urine showed that pups in the low-dose group that did not have reproductive effects at
any time during the study (green square) were in closer proximity to the pups born to vehicle
exposed dams (red square), compared with pups in the low-dose group that had reproductive
findings on pnd 21 (green triangle) that resolved by pnd 26. The pups from the low-dose
group that had reproductive findings prior to pnd 26 (green triangle) were in closer
proximity to the pups from the high-dose group with reproductive findings (blue triangle).
While the sample numbers are low, there is compelling evidence that metabolomics could be
used to develop non-invasive markers of adverse reproductive findings. The associated
loading scatter plot indicated the metabolites that are increased or decreased for the
respective study groups (Fig. 7B) and the concentration of metabolites (example shown for
xanthine, Fig 7C) scaled to creatinine (y-axis) were visualized for each pup (pup identifier x-
axis) to evaluate the directionality of change.
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Relevant Metabolites and Pathways

Multivariate analysis, loadings plots, and variable importance plots were used to derive a
sub-set of analytes most important for classification of each study group. In addition, the
standard differences of metabolite concentrations from control values (in parenthesis) were
used to determine the metabolites that most significantly differed for each study group.

Dams gd 18—1In general, metabolites that best classified the gd 18 low-dose dams
included metabolites derived from Krebs Cycle metabolism (isocitrate, 2; and 2-
oxoglutarate, 3) phenylalanine metabolism (hippurate, 5), valine, leucine and isoleucine
degradation (acetoacetate, —4). Gd-18 high-dose dams were best classified by metabolites
associated with amino acid, purine, pyrimidine, glycerolipid metabolism and tryptophan
metabolism with the following metabolites significantly different between the dg-18 high-
dose dams and the respective control group: indole-3-acetate (3.5), quinolinate (4.0), and
tryptophan (2.5), dihydroxyacetone (14), alanine (8), aminobutyrate (27), creatine (11),
hippurate (30), leucine (65), alloisoleucine (65), choline (2), methylmalonate (6),
phenylalanine (2.5), and pyruvate (13).

Dams pnd 21—Pnd-21 low-dose dams were best classified by metabolites derived from
Krebs cycle metabolism (oxaloacetate, 3) and alanine metabolism (asparagine, 7), as well as
xanthine (2). An increase in quinolate (4) (related to tryptophan metabolism) was observed
for pnd 21 low-dose dams relative to control dams. Metabolites derived from Krebs cycle
(acetate, 6) were statistically different between the pnd-21 high-dose dams and the control
groups, and were also important to the classification of the pnd-21 high-dose group.
Compounds associated with tryptophan and niacinamide metabolism (e.g., quinolate, 4;
trigonelline, —6; indole-3-acetate, —3; and nicotinate, —6) were decreased in the pnd 21 high-
dose group relative to the control group. The high-dose pnd 21 dam urine was lower (-=3) in
o-phosphoethanolamine (glycerophospholipid metabolism and glycine serine, threonine
metabolism), and was lower (=3) in protocatechuate (phenylalanine and tyrosine, tryptophan
metabolism) relative to the control group.

Female pups (pnd 26) born to dams receiving the low or the high dose of BBP during
gestation were best classified based on metabolites derived from Krebs Cycle metabolism
(citrate, 3; and 2-oxoglutarate, 2) and metabolites involved in glycine, serine and threonine
metabolism (glycerate, —16): consistent with metabolites that had the most significant
difference between the control and dose groups. Sarcosine (9) was one of the most
significantly elevated metabolites for female pups born to dams that received high dose of
BBP.

Metabolites that best classified male pups born to dams with a low-dose gestational exposure
and that had no measurable reproductive endpoint at any study time-points mapped to the
glycine, serine, and threonine pathway (-0-phosphocholine,11) or to B-alanine metabolism
(dihydrouracil, —4). Metabolites from these two pathways also had the most significant
changes from control. Male pups born to dams that had a high-dose gestational exposure
were best classified by compounds involved in the Krebs cycle (2-oxoglutarate, 12), alanine,
glycine, serine, threonine, pyrimidine and purine metabolism. The standard difference from
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control for male pups (regardless of effect or dose) showed decreases in tryptophan (-6),
nicotinate (=3) and trigonelline (-4) (tryptophan and nicotinate metabolism), phenol (-6),
protocatchuate (-5), and hydroxymandelate (—6) (tyrosine metabolism), and dimethylurate
(=7) (purine). All pups that had measureable reproductive endpoints at any study time-point
also had elevated 2-oxoglutarate (7) relative to the time-matched control. This metabolite
was lower (-2.5) in urine from male pups that did not have measureable reproductive
endpoints at any time-point.

DISCUSSION

This study was conducted to determine the utility of metabolomics in providing biomarkers
in non-invasive biological fluids for the study of reproductive and developmental toxicology,
and providing insights regarding mechanisms involved in generation of adverse effects.
While interpretations of this study are limited due to the small study size, this study has
clearly demonstrated the ability of metabolomics to differentiate urine samples from dams
(during and following pregnancy) and from pups (following weaning) based on the
gestational exposure of the dam to vehicle, low, or high doses of BBP. The study has
demonstrated the use of this approach for the development of a method to assess prior
exposure, and for developing non-invasive markers of reproductive and developmental
outcomes.

The findings of male pup, but not female pup, reproductive and developmental toxicity
following the dams’ daily gestational (gd 14 to gd 21) exposure to the high dose of BBP was
an anticipated study outcome; consistent with previous research with BBP (Tyl et al., 2004).
The findings of male reproductive effects in some males from all litters from the low-dose
group on pnd 11 (nipple retention) and pnd 21 (reduced AGD) had not been previously
demonstrated. However, the resolution of effects by pnd 26 was consistent with previous
studies (Tyl et al. 2004).

Hormone measurements for the dam on pnd 21 showed a decrease in E for the high-dose
group relative to the control group, consistent with the directionality of the most significant
changes in profiles of endogenous metabolites for the pnd 21 dams. E levels in pnd-26
female pups showed an increase for the high-dose group relative to the control group, also
consistent with the directionality of the most significant change in endogenous metabolites.
Analysis of T or LH in male pups did not show significant differences between the dose
groups or a relationship to the phenotypic effect. While previous studies have demonstrated
reduced testicular and circulating T in gd 19 rat fetuses following /n utero exposure to
phthalates (Wilson et al., 2004), there are no data on circulating T levels in postnatal/
postwean exposed rat offspring. It is known that reduced T results in increased hypothalamic
synthesis and release of Gonadotrophin-releasing hormones (GnRH). GNRH stimulates
pituitary production and release of follicle stimulating hormone (FSH) and luteinizing
hormone (LH), which stimulate the testicular interstitial Leydig cells to increase their size
and number to increase T synthesis. When T returns to normal levels, FSH and LH levels
return to normal, consistent with our observations for T and LH measurements for male pups
on pnd 26. All of the phthalate-induced postnatal male pup changes are initiated by reduced
T in utero during initial male reproductive development. Because of the wide variation in
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hormone responses within each study and dose group, conclusions linking metabolite profile
changes with hormonal variations could not be drawn. However, it was demonstrated that
metabolomics of urine from pups could be used to differentiate those pups born to dams that
had gestational exposure to vehicle or BBP, while the measurement of hormones was
insufficient for making this differentiation.

Gene expression data compiled from a number of studies have been used to determine the
pathways affected by administration of dibutylphthalate during pregnancy and evaluation of
the effects on fetal testis gene expression (Euling et al., 2006). In terms of overall pathway
activity, the pathways most affected were valing, leucing, isoleucine, alkaloid and steroid
biosynthesis, and butanoate, beta-alanine, glycine, serine, threonine metabolism, arginine
and proline metabolism, histidine and fatty acid metabolism. These results are consistent
with the metabolites and pathways used to classify our exposure groups and are metabolites
that are shown to be statistically different between the exposure and control groups. The
effects of BBP exposure on gene expression have been evaluated in the rat mammary gland
at pnd 21, 35, 50, and 100, after neonatal/pubertal exposure on pnd 2 — 20 (5 days per week,
500 mg/kg per day) (Moral et al., 2007). A substantial number of genes (515) were
upregulated at pnd 21, immediately after exposure, compared with one gene downregulated.
The genes affected changed with time after exposure. At 35 days, four genes were
upregulated, and two downregulated. At 50 days, 25 genes were upregulated, and 14 were
downregulated, and by 100 days, three genes were upregulated and none downregulated.
Glutamate decarboxylase was downregulated at all timepoints. Fukuwatari and co-workers
(Fukuwatari et al., 2004) found that administration of diethylhexylphthalate inhibits a key
enzyme in the conversion of tryptophan to nicotinamide, and enhances quinolinate
production and excretion in urine. This is consistent with the increases in quinolinate in the
gd 18 dam urine and other metabolites identified that are involved in the tryptophan
pathway.

In summary, this study has demonstrated the use of urinary metabolites in a classification
approach of prior exposure (to include prior /n utero exposure) past the time of the presence
of the parent compound and metabolites derived from the parent compound. This approach
may find important application in the assessment of prior exposure to classifications of
environmental toxicants or drugs, and through mapping to metabolic pathways can provide
important mechanistic insights.
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Figure 1.
1H NMR spectra of 624 hour pnd-21 urine from a female rat three weeks following an

eight-day gestational exposure (gd 14 to gd 21) to 750 mg/kg/day BBP (bottom trace) or
vehicle (top trace). Quantitative differences in the levels of endogenous metabolites are
indicated by differences in the relative ratios of signals. Signals for metabolites were
matched with the quantitative library of metabolites. Higher concentration metabolite signals
are labeled.
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Figure 2.
1H NMR spectra of pnd 26-urine collected from male rat pups that had prior in utero

exposure to BBP (bottom trace) or vehicle (corn-oil vehicle top trace) via the dams exposure
during gestation. Quantitative differences in the levels of endogenous metabolites are
indicated by differences in the relative ratios of signals. Signals for metabolites were
matched with the quantitative library of metabolites.
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Figure 3.
Maternal pnd 21 Urine: Standard difference (Y-axis) of specific [metabolite] in pnd 21 urine

(6-24 hr) of dams receiving BBP only during pregnancy from mean [metabolite] in pnd 21
urine from vehicle controls. Differences are significant at 2.5 standard deviations from
control. Control (red, circle), low dose (green, square), and high dose (blue, triangle).

J Appl Toxicol. Author manuscript; available in PMC 2016 August 20.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sumner et al. Page 19

Figure 4.
The PCA analysis of gd 18 dam urine using the full set of bin data (4a), with PLS (4b), and

using only bin data selected from examination of loadings and variable importance plots
(4c). Control (red), low dose (green), and high dose (blue) groups are indicated by the
circled regions.

J Appl Toxicol. Author manuscript; available in PMC 2016 August 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Sumner et al.

Low Dose to High Dose

Leucine,
galactonate,
xanthine,
oxypurinol,
uracil,
hippurate, and
phenyllactate
were
increased.

2-oxoglutarate,
citrate,
asparagine,
dimethylamine,
and pyridoxate

Vehicle to Low Dose

Pyridoxate, methylxanthine, dimethylamine,
citrate, succinate, and cis-aconitate were
increased.

Mannitol, lactose, 2-hydroxyglutarate, serine, 15
phenyllactate, and formate were decreased.

Page 20

Vehicle to Low Dose
Asparagine, oxalacetate, malate, xanthine,
oxipurinol, cystine, threonate, N-
carbamyolaspartate, 2-phosphoglycerate,
hippurate, glucose, and serine were
increased

S-adenosylhomocysteine, formate, 2-
hydroxyglutarate, 2-aminoadipate, proline,
and phenylacetate were decreased.

were
decreased.
1] -5
t[2] Low Dose to High Dose
Carnosine was increased.

A 10 2-phosphoglycerate, serine, N-
carbamoylaspartate, malate, asparagine,
cystine, lactose, oxalacetate, threonate,

B glucose, 2-aminoadipate, proline, and 2-
hydroxyglutarate were decreased.
A0-Phosphoethanolamine
AGlycerate
0.30 .
aASerine
0.20 1, 2Hiol
Al,
a2-Oxoglutarate ASarcosine A
Me thyTT
0.10 aMet#fl e
AAspartate ARR ssiliae
1,3-Dihyd e
AT Dihydrapyeane”
-0.00 AQuinolipdtlioispreucine
Dams PND 21 Low Dose aCholine  aBytyrate
u
0.10 ATryptophan
AAsparagine AOxalacetate ACitrate AAcetate
-0.20 ACis-Aconitate
AO—fﬁ%%%pgtceholme
-0.30 Dams PND 21 High Dose
-0.40
aXanthine
-0.50
-060 -0.55 -0.50 -0.45 -040 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

J Appl Toxicol. Author manuscript; available in PMC 2016 August 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sumner et al.

Page 21

1.10

Dams pnd 21 Vehicle Control Dams pnd 21 Low Dose Dams pnd 21 High Dose

1.0

1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0 75 8.0 8.5

Figure 5.
Example visualizations shown for the PCA analysis of the targeted list of analytes for gd-18

dam urine (5a) and pnd-21 dam urine (5b). Vehicle (red), low dose (green), and high dose
(blue) groups are indicated by the circled regions. 5¢) An example loading scatter plot is
shown for pnd-21 dam urine, indicating metabolites that are increased or decreased for the
respective study groups. 5d) The concentration of metabolites scaled to creatinine (y-axis)
were visualized for each pnd-21 dam (dam identifier x-axis) to determine metabolites
important in defining the study groups. Example shown for nicotinate.
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Metabolites Identified via Chenomx NMR Suite

Figure 6.
Pup Urine: Standard difference (Y-axis) of specific [metabolite] in pnd 26 urine of pups born

to dams that received a low dose or effect level dose of BBP during pregnancy from mean
[metabolite] in urine of pups born to dams receiving vehicle only. Each point represents a
metabolite (X-axis) in pnd 26 urine collected from pups: control (red), low (green), or high
(blue) dose groups: triangle, female; circle, male.
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Figure 7.

a) Multivariate analysis of male pup urine (pnd 26) showed that pups from the low dose
group with no reproductive findings (green square) had profiles more similar to the controls
(red square) than the pups in low dose group that had reproductive findings prior to pnd 26
(green triangle). Control (red), low (green), or high (blue) dose groups are indicated by
circled regions: triangle, reproductive findings at some time during study; square, no-effect
male. b) The associated loading scatter plot indicated the metabolites that are increased or
decreased for the respective study groups. c) The concentration of metabolites scaled to
creatinine (y-axis) were visualized for each pup (pup identifier x-axis) to determine
metabolites important in defining the study groups. Example shown for xanthine.
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Table 1

Summary of the reproductive findings for male and female pups born to dams exposed to BBP by gavage from
gd 14-gd 21.

Control Group. 17 males: 13 females High Dose (750 mg/kg/day) 6 males
. No findings . 6 males had retained areolae
Low dose (25 mg/kg/day) 16 males . 3 males had retained nipples
. A total of 9 male pups in the three litters had . 6 males had decreased AGD
reproductive findings . - .
. 6 males were missing part/all of epididymis
. 2 males had decreased AGD on pnd 21 L i i
. 6 males were missing seminal vesicles
. 7 males had retained areolae .
. 2 males had missing or abnormal prostate
. At pnd 26, all AGD values for the pups . L
exposed to BBP were similar to control values . 4 males exhibited missing or abnormal testes
Low dose (25 mg/kg/day) 15 females . 1 male had a cleft phallus
. No significant findings . 3 males were missing all/part of vas deferens
High Dose (750 mg/kg/day) 9 females
. No significant findings
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