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Teratogens, substances that may cause fetal abnormalities during development, are responsible for a
significant number of birth defects. Animal models used to predict teratogenicity often do not faithfully
correlate to human response. Here, we seek to develop a more predictive developmental toxicity model
based on an in vitro method that utilizes both human embryonic stem (hES) cells and metabolomics to
discover biomarkers of developmental toxicity. We developed a method where hES cells were dosed with
several drugs of known teratogenicity then LC–MS analysis was performed to measure changes in abundance
levels of small molecules in response to drug dosing. Statistical analysis was employed to select for specific
mass features that can provide a prediction of the developmental toxicity of a substance. These molecules
can serve as biomarkers of developmental toxicity, leading to better prediction of teratogenicity. In
particular, our work shows a correlation between teratogenicity and changes of greater than 10% in the ratio
of arginine to asymmetric dimethylarginine levels. In addition, this study resulted in the establishment of a
predictive model based on the most informative mass features. This model was subsequently tested for its
predictive accuracy in two blinded studies using eight drugs of known teratogenicity, where it correctly
predicted the teratogenicity for seven of the eight drugs. Thus, our initial data shows that this platform is a
robust alternative to animal and other in vitro models for the prediction of the developmental toxicity of
chemicals that may also provide invaluable information about the underlying biochemical pathways.
ll rights reserved.
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Introduction

Birth defects are a leading cause of postnatal deaths and pediatric
disorders. Approximately 3% to 5% of children in the United States
exhibit birth defects and of these, between 2% and 3% can be classified
as teratogen-induced malformations (Finnell, 1999). Teratogens
include a wide range of chemical substances for which currently
available animal models have a limited ability to correlate toxicity
outcomes to human response (Shanks et al., 2009). In addition, there
is a significant global push to reduce the use of animals in toxicity
testing. The response of animals to teratogens differs significantly
from those of humans; the most striking illustration of this problem
occurred when thalidomide was released into the market in 1954
(Miller and Stromland, 1999) for, among others, the treatment of
morning sickness in pregnantwomen. Thalidomide had been tested in
rodents, and declared safe for pregnant women; however, an
alarming increase in limb defects among newborns was linked
exclusively to its use and by 1962, the drug had been removed from
the market (Toms, 1962; Brent and Holmes, 1988), but not before the
drug had caused more than 10,000 cases of birth defects worldwide.
Thus, there is an unmet need to develop more accurate methods for
human developmental toxicity screening.

HES cells were first derived from the inner cell mass of blastocysts
(Thomson et al., 1998). Given the human embryonic origin of these
cells, we propose that an in vitro teratogenicity test using hES cells
may produce more accurate human endpoints than animal tests,
while at the same time reducing cost and time and increasing
predictability. Neurodevelopment is recapitulated and faithfully
reproduced by the differentiation of hES cells (Zhang et al., 2001;
Keirstead, 2005), thus the detection of metabolites in hES cells should
provide insight into mechanisms of injury in early human develop-
ment. The use of non-human embryonic stem cells to predict
developmental toxicity of chemical substances has been previously
established. The European Centre for the Validation of Alternative
Methods (ECVAM) has approved the mouse embryonic stem cell test
(EST) as a teratogenicity screen. This test accurately predicted the
teratogenicity of 78% of 20 compounds in a test panel (Genschow
et al., 2002). However, the biological mechanisms of the EST are still
poorly understood, the test is not specific to human response and the
endpoint (number of beating heart cells differentiated from embryoid
bodies) is somewhat subjective (Adler et al., 2008).

Metabolomics assesses functional changes in biochemical path-
ways by detecting changes to the dynamic set of small molecules that
harmaceuticals using human embryonic stem cells
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Table 1
Chemical compounds in the training and test set (blinds) used for dosing, their
classification according to teratogenicity and prediction model incorporation.

Shading was provided as a visual aid for teratogenicity classification. The darker the
shading, the stronger the teratogenicity classification.
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comprise the metabolome and has identified physiologically relevant
biomarkers for Parkinson's disease, (Bogdanov et al., 2008), early
detection of cancer (Kind et al., 2007), resistance to therapy (Serkova
et al., 2007) and identified the potential role of sarcosine in
aggressiveness of prostate cancer (Sreekumar et al., 2009). These
studies have shown that metabolomics delivers sensitive and
quantitative biomarkers, while also elucidating biological mechan-
isms, a key aspect of the hES cell based developmental toxicity assay
described herein.

The feasibility of metabolomics in biomarker discovery has been
demonstrated by multiple studies (Tan et al., 1998; Sabatine et al.,
2005; Cezar et al., 2007). The novel preliminary study by Cezar was
the first to propose metabolomics and hES cells for developmental
toxicity testing. This platform was able to detect differences in the
metabolic profiles of hES cells in response to valproate, revealing
novel biochemical pathways of injury that were in agreement with
data from previous in vivo valproate studies (Vriend and Alexiuk,
1996). Our application of metabolomics to analyze metabolites
secreted by hES cells provides good preliminary data of an effective
in vitro human model to predict developmental toxicity. Extracellular
small molecules were analyzed because one of our future goals is to
examine biomarkers that we have found in vitro in biofluids in vivo.
Biofluids such as serum, urine and cerebrospinal fluid contain a
mixture of extracellular biomolecules and their analysis can be
performed using procedures that are less invasive than tissue
biopsies.

In the present study, WA09 hES cells were dosed with a training
set consisting of 18 drugs of known teratogenicity. The resulting
changes in abundance levels of small molecules in the spent media
from the dosed cells versus the undosed cells (control) were
determined by LC–MS, a standard analytical approach in metabolo-
mics (Goodacre et al., 2004) providing robust identification of small
molecules in complex mixtures.

A random forest statistical model was tested in two blinded studies
consisting of 8 compounds and correctly predicted the teratogenicity
for 7 out of the 8 drugs. Thus, we hereby report on our results for what
appears to be the establishment of a highly predictive in vitro system
for predicting chemical toxicity during early human development. We
anticipate that biomarkers of teratogenicity discovered with this
method will eventually enable us to develop a more high-throughput,
targeted developmental toxicity screen that offers quantitative
human endpoints.

Methods

hES cell culture

Maintenance and passaging. WA09 hES cells, obtained from WiCell
Research Institute (NIH National Stem Cell Bank, Madison, WI) were
cultured in 6-well plates onMatrigel (BD Biosciences, San Jose, CA), in
mTeSR1 media (Stem Cell Technologies, Vancouver, BC) incubated at
37 °C under 5% CO2 in a Thermo Electron Forma Series II Water Jacket
CO2 Incubator. HES cells were passaged every 3 or 4 days at a 1:3 or
1:6 seeding density for routine culture conditions. For dosing
experiments, hES cells were plated, allowed to attach and grow for
3 days, then dosed for 4 days, a precedent established in a previous
study (Cezar et al., 2007). In order to ensure that hES cells would not
require passaging during these 7 days, hES cells were passaged at a
low density of 1:10 or 1:12. To passage hES cells, the StemPro®
EZPassage™ disposable stem cell passaging tool (Invitrogen, Carlsbad,
CA) was used to detach the cells from the wells. Detached cells were
removed with a pipette and distributed to new Matrigel plates.

hES cell dosing. A training set of established teratogens and non-
teratogens (Table 1) was used to dose hES cells. All tested chemicals
were purchased from Sigma-Aldrich (St. Louis, MO). Cells were dosed
Please cite this article as: West, P.R., et al., Predicting human developme
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with drugs at a concentration equivalent to their published serum
circulating therapeutic dosages, typically at the maximum concen-
tration (see Table 2). Dosing was performed on hES cells in 6-well
plates in triplicate (“dosed cells”), i.e. three wells per plate. The plates
were dosed in triplicate, so there were a total of nine dosed wells. In
parallel, there were nine wells in which hES cells were cultured with
mTeSR1 containing no drug (“control cells”), and three wells
containing Matrigel with mTeSR1 media without hES cells that served
as media controls. Lastly, three wells of dosed media controls were
prepared, containing Matrigel, mTeSR1 and drug, but no hES cells.
These dosed media and media controls provided only background
mass spectral data andwere not used for fold change calculations other
than to determine if a feature was secreted. On the first day of dosage,
the determined concentration of drug was dissolved in mTeSR1, and
then 2.5 mL of this solution was added to each dosed well of hES cells.
Each day, for 4 days, the media was removed and new dosed media
containing the drug of interestwas added. On the fourth day, themedia
was removed and added to acetonitrile to make a 40% acetonitrile
solution, as outlined in the Sample preparation section below.

hES cell viability assays. Cell viability was assessed in response to
exposure to a subset of the test compounds using the MultiTox-Fluor
Assay (Promega, Madison, WI), which simultaneously measures cell
viability and cytotoxicity. WA09 hES cells were seeded at a density of
250,000 cells/well in a 96-well plate, comparable to the cell density in
the 6-well plates used in the metabolomics experiments. Cells were
fed with dosed media daily, for 4 days. On the fourth day, spent media
was removed, 100 μL of fresh media was added along with 100 μL of
ntal toxicity of pharmaceuticals using human embryonic stem cells
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Table 2
Chemical compound dosages and references.

Stemina
Classification

Compound Dosage
(μg/mL)

Reference

Non-teratogens Ascorbic acid 7.92 (Levine et al., 1996)
Isoniazid 2.6 (Seth et al., 1994)
Penicillin G 17 (Drug package insert)
Folic acid 0.0003 (Kalmback et al., 2008)
Levothyroxine 2.5 (Escobar et al., 2005)
Retinol (Blind 1) 0.286 (Gazala et al., 2002)
Doxylamine (Blind 2) 0.103 (Friedman et al., 1989)
Thiamine (Blind 8) 0.023 (Thornalley et al., 2007)
Aspirin 1.805 (Blacklock et al., 2001)
Caffeine 4.4 (Benowitz, 1990)
Diphenhydramine 0.0353 (Brocks, 1999)

Teratogens Dexamethasone 5.0 (Toth et al., 1999)
Diphenylhydantoin 13.8 (Schmidt and Kupferberg,

1975)
Methotrexate 0.0909 (Shoda et al., 2007)
5-Fluorouracil 27.3 (Muller et al., 1997)
Busulfan 49.6 (Zwavling et al., 2005)
Cytosine arabinoside 0.219 (Weinstein et al., 1982)
Hydroxyurea 10.26 (Gwilt and Tracewell,

1998)
(trans) Retinoic acid 0.347 (Muindi et al., 1992)
Thalidomide 0.062 (Torano et al., 1999)
Valproic acid 166.4 (Bowden, 2007)
Amiodarone (Blind 3 ) 0. 9 (Drug package insert)
Rifampicin (Blind 4) 8.0 (Bowman, 1974)
Carbamazepine (Blind 5) 7.09 (Burstein et al., 2000)
Accutane (Blind 6) 0.412 (Khoo et al., 1982)
Cyclophosphamide
(Blind 7)

154 (Chen et al., 1997)
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the MultiTox-Fluor reagent. The plate was incubated at 37 °C, 5% CO2

for 30 min and measured at an excitation wavelength of 490 nm to
measure viability and at an excitation wavelength of 485 nm to
measure cytotoxicity. The ratios of live to dead cells were normalized
to the control cells (no treatment) in order to report relative cell
viability.

Sample preparation

For each type of sample — dosed cells, control cells, media and
dosed media, 2.5 mL of spent media from each well was added to
1.67 mL acetonitrile (ACN) to make a 40% acetonitrile solution. The
acetonitrile acts to “quench” the spent media sample, slowing or
halting many metabolic processes and aiding in precipitation of
cellular proteins. Samples were either stored at −80 °C for later
analysis, or for immediate analysis, 250 μL of the quenched solution
was mixed with 250 μL of water, to a final concentration of 20% ACN,
then added to a 3 kDa molecular weight cut-off filter spin column
(Microcon YM-3 Centrifugal Filter, Millipore, Billerica, MA). Each
sample was then centrifuged in an IEC CL31R Multispeed Centrifuge
(Thermo Scientific, Waltham, MA) at 13,000×g at 4 °C for 200 min.
Following centrifugation, the flow-through was saved then dried for
several hours in a Savant High Capacity Speedvac Plus Concentrator.
The concentrated sample was then dissolved in 50 μL of 0.1% formic
acid prior to LC–MS analysis.

Mass spectrometry

Mass spectrometry was performed using an LC-MS system consist-
ing of a 1200SL HPLC system interfaced with a G6520AA QTOF high-
resolution mass spectrometer (Agilent Technologies — Wilmington,
DE) capable of exact mass MS and MS-MS data acquisition. In order to
facilitate separation of small molecules with a wide range of polarity
and to allow increased retention of hydrophilic species, Hydrophilic
Interaction Liquid Chromatography (HILIC) (Alpert, 1990) was
Please cite this article as: West, P.R., et al., Predicting human developme
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employed. A Luna HILIC column (Phenomenex, Torrance, CA) with
dimensions 3×100 mm and 3 μm particle size was used and main-
tained at 30 °C. 5 μL of each sample was injected. The running order of
the samples was randomized. Data acquisition time for each sample
was 30 min at a flow rate of 0.5 mL/min, with 0.1% formic acid in water
(Solvent A) and 0.1% formic acid in acetonitrile (Solvent B). A sample
solvent blank (0.1% formic acid) was run after every 10 samples.
Electrospray ionization was employed using a dual ESI source. Spectra
were internally mass calibrated in real time using a reference
mass solution containing two known reference compounds (HP-921
(Hexakis(1H, 1H, 3H-tetrafluoropropoxy)phosphazine) and 7H-purine),
bracketing the mass range of interest at m/z 922.00980 and 121.0509
respectively in positive-ion electrospray. Negative-ion spectra were
internally calibrated using the TFA (trifluoroacetic acid) anion at m/z
112.9856 and the TFA adduct of HP-921 at m/z 1033.9881. This
calibration mixture was continuously delivered by an Agilent isocratic
pump into the electrospray ion source at approximately 0.01 mL/min.
For MS experiments, the mass range of the instrument was set to 100–
1700 Da. Data acquisition was performed with MassHunter Acquisition
software using high-resolution exact mass conditions and each set of
sampleswas run first under ESI positive polarity then under ESI negative
polarity conditions. The mass resolution of the instrument (m/z
dependent on TOF systems) was approximately 3000–12,000. MS–MS
experiments were performed as the metabolite validation primary
procedure. Targeted MS–MS data acquisition was performed where the
m/z value of the molecular precursor ion of interest was input into the
acquisition software along with a value for CID collision energy and
expected retention time range, then the samples were run under
identical LC conditions.

Mass spectral data statistical preprocessing. Following LC–MS data
acquisition, chromatograms were inspected for reproducibility where
the Total Ion Chromatograms (TICs) for each acquisition were
graphically overlaid in the Qualitative Analysis software (Agilent
Technologies), then datafiles that exhibited TICs that showed
significant deviation (N+/−20 s for media peaks) or were missing
data or showed extraneous peaks were removed from further
processing and analysis. The LC–MS data were then used to create
mass features that correspond to molecules detected across the
different LC–MS runs. Mass features were extracted from the LC–MS
data using the MassHunter Qualitative Analysis software. The
following criteria were used as general guidelines, however some
flexibility and optimization was needed. The m/z values within the
range of 75–1500, with a charge of +1 or −1, and a centroid height
greater than 1000were used to generatemass features. Them/z peaks
that pass these criteria were used to fit isotope and adduct (Na+, K+,
and NH4

+) patterns corresponding to individual molecules, and to
establish the abundance of each mass feature. The abundance was
calculated by MassHunter software as the sum of the isotopic and
adduct peaks that correspond to a single molecular feature. After data
deconvolution, mass features showing at least two ions (e.g. (M+H)+

and (M+H)++1 or (M+H)+ and (M+Na)+) and an abundance
value greater than 50,000 for positive-ion mode data and 10,000 in
negative-ionmode data were included in the data set used for binning
of the mass features.

Following feature creation by MassHunter, the data was further
preprocessed by MassProfiler (Agilent Technologies) software which
aligns mass features across multiple LC–MS data files. Mass features
were generated for data from all samples for each drug treatment
experiment (dosed cells, control cells, media and dosed media
samples) using the default alignment settings in MassProfiler with
the requirement that a feature be present in at least 80% of the
samples in one treatment. The mass feature datasets for each drug
treatment experiment were further processed in a global manner
using custom analysis scripts executed in the R statistical software
environment.
ntal toxicity of pharmaceuticals using human embryonic stem cells
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Files for each drug experiment were binned using an algorithm
based on both exact mass and retention time in order to consider a
mass feature the same across different LC-MS runs. The binning
criteria is based on both a sliding mass difference scale that allows for
larger mass differences at lower molecular weights and a constant
retention time window based on the reproducibility of the chroma-
tography. Masses were ordered and considered to be the same feature
if a mass under 175 Da differs by less than 18 ppm from the previous
mass, while masses 176–300 Da were binned by 12 ppm and 10 ppm
when over 300 Da. These mass bins were ordered by retention time
and if a difference in retention of the previous feature was less than
12 s it was considered to be the same feature across LC–MS runs. The
binning process is used to create unique compound identities (cpdID)
that are assumed to represent a single small molecule. If multiple
mass features appeared to fall into the same bin their abundances
were averaged.

Definition and determination of “secreted” metabolites. The stem cell
growth media (mTeSR) represents a major factor in the experimental
system, in that it contributes many peaks to mass spectra. Therefore,
in addition to the primary metabolomic analysis focus of detecting
fold changes in metabolites by comparison of the spent media from
dosed cells and control cells, some metabolites were also defined as
being “secreted” by determining mass feature bins which were
present at significant levels above the media alone. Mass feature bins
present solely in the presence of cells (not detected in media) or with
average abundance levels at least 30% different than uncultured
media were defined to be “secreted” metabolites.

Validation of small molecule metabolites. Validation experiments
were conducted to validate mass features that had been annotated as
putative metabolites by acquiring LC–MS–MS data for reference
compounds then comparing the spectra to the LC–MS–MS data of the
putative metabolites. Reference compounds were purchased and
dissolved in mTeSR media and prepared in exactly the same manner
(described above) as the samples of spent media from the cells,
including the addition of acetonitrile, Centricon centrifugal filtration,
drying then dissolution in formic acid prior to LC–MS–MS analysis.
The same preparation procedure was followed to ensure chromato-
graphic reproducibility, partially because some reference standards
that had been dissolved in a solvent other than mTeSR (such as 0.1%
formic acid) showed significant retention time variation. In order to
validate the identity of the metabolite, several comparative criteria
were required to be met: 1) the retention time of the metabolite
detected in the cell media must be within + or−20 s of the reference
standard. 2) The measured molecular exact mass of the metabolite
must be within 10 ppm of the known mass of the reference
compound. 3) The MS–MS fragmentation spectra of the metabolite
was required to be a reasonable match with that of the reference
standard where the exact m/z values of the fragment (product) ions
must be within 20 ppm of those of the reference standard and the
relative abundances of the product ions must be similar. In addition, if
published MS–MS spectra were available, these spectra must also be a
reasonable match using the same criteria.

Feature set used for random forest modeling. The dataset utilized
for random forest modeling was a subset of high quality reproducible
mass features. Mass features were selected if they had values present
in at least 75% of all drug treatment experiments (blind and known
drugs). This list of mass features was then filtered against a list of
known contaminant molecules such as HEPES and PEG related
compounds and their numerous adducts to facilitate removal of
mass features of non-biological interest. To ensure that only bins with
the highest accuracy were used in data analysis, mass features with
poor binning or grouping characteristics were removed by filtering
the mass feature bins based on mass error distribution and retention
Please cite this article as: West, P.R., et al., Predicting human developme
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time criteria. Bins were first filtered according to their error dis-
tributions where mass feature bins are removed from analysis that
show greater than 30 ppm difference between the minimum and
maximum mass when compared to the mean mass of the bin. Bins
that have retention time differences greater than 1 min and 30 s
between the minimum and maximum retention time were also
removed from analysis because they represent poor quality feature
bins due to (for example) isobaric species with overlapping elution,
ions present in the solvent, or other contaminant ions. Bins were first
filtered according to their error distributions where mass feature bins
are removed from analysis that show greater than 25 ppm difference
between the minimum and maximum mass when compared to the
mean mass of the bin. Because some mass feature bins may contain
only a small number of measurements due to errors associated with
integration of background peaks and/or missing isotopes or adducts,
these bins that are not highly reproducible were removed. A bin must
also contain no more than 33% missing values for given experimental
factors or it was removed from analysis. Bins were also removed if
they contained more than 50% of the expected number of peaks based
on sample count because these bins may represent co-eluting isobaric
species. After mass feature bins were selected, the data was
normalized to column medians and row median.

The abundance values were then log-base-two transformed and
the median value of each treatment (dosed cells and control cells)
within each experiment (different drugs)was used. The datawas then
normalized by control for each drug treatment experiment. The
resulting median log fold change values were used as the input data
values for the random forest modeling. Missing median log fold
change data was replaced with a zero. The remaining positive and
negative ESI mode mass features were combined, creating a dataset
with 144 mass features used for modeling.

Random forest modeling. Random forest (Brieman, 2001) was used
to create a classification model in order to predict teratogenicity and
non-teratogenicity using the median fold change for each specific
mass feature in dosed stem cells versus the associated intra-
experimental control (undosed) stem cells. The random forest models
consisted of 1000 decision trees with the square root of the number
variables (features) sampled at each split with replacement based on
bagging 1/3 of the samples. Final prediction from the RF classifier on
the blinded drugs (i.e. drug treatment experiments whose true
identifications were coded and unknown to the statistician) was
based on the majority vote of the ensemble of trees. Feature selection
by variable importance was performed by selecting mass features
with a mean decrease in accuracy greater than 0.5. Random forest
based analysis was executed using the R randomForest library. Model
metrics were calculated based on the resulting random forest
confusion matrix or the predictions of blinded drugs using the
methods outlined in (Genschow et al., 2000).

Results

Stem cell dosing

A training set of established teratogens and non-teratogens
(Table 1) was used to dose hES cells. This training set consisted of a
collection of chemical standards that includes compounds that had
been previously used in multicenter efforts aimed at developing and
validating novel alternatives to predict developmental toxicity, such
as the EST, proposed by the ECVAM agency. Since it is our goal to
develop amore predictive in vitro assay than those currently available,
and to further identity biomarkers that are specific to humans, rather
than to rodents or other non-human biological systems, we replicated
the ECVAM test set in this study. Additional drugs were included in
the training set to increase the number of the non-teratogen
chemicals, as well as to supplement the strong teratogens.
ntal toxicity of pharmaceuticals using human embryonic stem cells
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Compounds were dosed at concentrations corresponding to their
circulating dose rather than IC50 or EC50 dose levels (Table 2). Dosing
was done at the circulating maternal dose as published in the
literature in an effort to recapitulate the exposure level to the
developing human embryo in vivo and the toxic effect on human
development rather than creating a model which measures toxic
effect on hES cells in culture. It is noteworthy to mention that the
substances employed in this screen (the ECVAM test set) exert their
developmental toxicity in a manner that is independent of maternal
metabolism.

Teratogen classification for the random forest model

The classification of teratogenicity in previously published animal
and cell culture models of developmental toxicity were trained using
three different classes, non-teratogens, weak/moderate teratogens,
and strong teratogens, based largely on embryotoxicity outcomes and
developmental abnormalities observed in animal models (Chapin
et al., 2008; Marx-Stoelting et al., 2009). We decided to take a
modified approach to compound classification since there are many
species-specific differences in developmental toxicity. We based our
compound teratogenicity classification strictly on the observed
human risk associated with each chemical. These criteria of observed
human teratogenicity risk led to a model with two categories of
toxicity — teratogen or non-teratogen, which accurately reflects the
ultimate intended outcome of the predictive model. This also reduces
the technical challenges associated with attempting to determine the
potency of teratogens based on distantly related species. We believe a
focused classification schema (teratogens versus non-teratogens)
leads to a more robust and predictive metabolic model of human
developmental toxicity given the limited availability of reliable,
quantitative data of human risk associated with exposure to weak
or moderate teratogens.

Cell viability assays

In addition to determining teratogenicity by molecular endpoints
using metabolomics, cell viability was tested for a subset of the drugs
in order to determine if a correlation exists between cell death and
compound teratogenicity. In particular, we were concerned that the
metabolic endpoints may be strongly correlated with cell death rather
than, or in addition to, developmental toxicity. This was particularly
true when dosing with the antineoplastic drugs cytosine arabinoside
and 5-fluorouracil often resulted in the most profound changes in
many metabolites. Cell viability data (Fig. 1) showed no discernable
Fig. 1. Cell viability data that has been normalized

Please cite this article as: West, P.R., et al., Predicting human developme
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correlation between teratogenicity and cell death relative to control
cells.

Thus, therapeutic concentrations of teratogens are not correlated
with cell death in a significant manner, despite the evidence of
statistically significant metabolomic changes. This finding suggests
that metabolomics has a lower threshold, or increased sensitivity to
detect molecular changes associated with developmental toxicity and
specific biomarkers in comparison to standard cell death assays,
which should provide a more predictive and sensitive screen for
developmental toxicity.
Random forest model results

The machine learning method of random forests creates a com-
mittee of decision trees by random variable selection from a boot-
strapped training set to generate a predictivemodel based onmajority
vote of the ensemble of trees. We chose random forest modeling
because it is applicable to noisy and high dimensional data that exists
inmetabolomics datasets, does not require pre-selection of features, is
resistant to over fitting, and feature selection produces a small cohort
of features with high predictive accuracy (Diaz and Alvarez, 2006). A
random forest model was trained using a filtered dataset consisting of
reproducibly measured mass features from both ESI polarities. Fold
changes (i.e. changes in abundance for a specificmass feature in dosed
cells versus its associated intra-experimental control cells), were used
as the variables to predict the teratogenicity of drugs.

The initial training set (TS1) contained 144 mass features resulting
from exposure of hES cells to 7 teratogens and 5 non-teratogens (see
Table 1); these mass features served as the basis for the model that
was applied to predict the teratogenicity of chemical compounds in
the blind studies. This model was able to correctly predict the
teratogenicity of 7 of 8 blinded drug treatments, with a specificity of
100%, sensitivity of 80% and overall accuracy of 88% (Table 3). The
random forest model was further refined by integrating the outcomes
from the blinded drugs into the model as known classifiers, thereby
increasing the number of non-teratogens and teratogens in themodel,
resulting in a larger training set consisting of 26 drug treatment
experiments (TS2, see Table 1). Feature selection based on the
variable importance measure mean decrease in accuracy resulted in
18 mass features (Table 4) that were evaluated as a future predictive
model. As a result, the overall accuracy of the model was ultimately
increased to 92%, i.e. the model was able to correctly predict 24 of the
26 drugs used in the training set. The model was clearly able to
differentiate teratogens from non-teratogens into distinct clusters
when evaluated by multidimensional scaling (Fig. 2) which reflects
to control, undosed cells. *pb0.05. **pb0.01.
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Table 3
Results of the blinded study where the teratogenicity was correctly predicted for 7 of
8 drugs using a random forest statistical model.

Blind # Drug Actual Predicted

B1 Retinol Non Non
B2 Doxylamine Non Non
B3 Amiodarone Ter Ter
B4 Rifampicin Ter Ter
B5 Carbamazepine Ter Ter
B6 Accutane Ter Non
B7 Cyclophosphamide Ter Ter
B8 Vitamin B1 Non Non

Bold indicates the incorrect teratogenicity prediction.

Fig. 2. Multidimensional scaling plot set in two dimensions of the distances based on
the proximity matrix from the 18 feature random forest model showing a clear
separation of drugs (abbreviations in Table 1) based on teratogenicity. Rifampicin and
accutane were misclassified as non-teratogens by the random forest model.
Gray=non-teratogen, black=teratogen.
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clear differences in metabolomics endpoints between treatment
classes.

Thus, this model shows great potential for increased accuracy in
the prediction of human developmental toxicity in comparison to
currently available assays, and that the use of iterative modeling as
more experiments are performed is a powerful benefit to the adoption
of meaningful metabolic endpoints in a screen. The predictive ability
of this model is subject to continuous monitoring in response to
additional blinded drug treatments.

Succinic acid was one of the 18 mass features that contributed to
the random forest prediction model (PM) and its molecular identity
was validated by MS–MS. This metabolite shows significant down
regulation in its abundance in response to several teratogens such as
carbamazepine, cyclophosphamide, cytosine arabinoside, 5-fluoro-
uracil, methotrexate, and valproic acid.

Results for specific metabolites

Statistically significant differences in the abundance of other
specific metabolites were detected in drug-treated and control
samples. One such metabolite, asymmetric dimethylarginine
(ADMA), exhibited a significant fold decrease in its abundance in
response to valproic acid treatment and showed similar changes for
the strong teratogens cytosine arabinoside, 5-fluorouracil, hydroxy-
urea, amiodarone and cyclophosphamide. ADMA was determined to
be a secreted compound as defined earlier. ADMA is an inhibitor of
nitric oxide synthase (NOS), an enzyme that converts L-arginine to L-
citrulline which is necessary for neural tube closure. Valproate is
known to cause neural tube defects (DiLiberti et al., 2005) while
nitric oxide synthase activity is essential for neural tube closure
(Nachmany et al., 2006) and nitric oxide has been shown to induce
Table 4
Features present in the 18 feature random forest model.

Feature ID Mode RT (sec) Mass

pos48 pos 55 103.2278
pos102 pos 80 113.0843
pos563 pos 503 174.2275
pos687 pos 46 189.1261
pos744 pos 70 198.1728
pos1698 pos 42 315.2042
pos1734 pos 597 320.0177
pos1791 pos 506 328.0611
pos2109 pos 498 374.0676
pos2814 pos 655 478.1241
pos3308 pos 82 564.2780
pos3832 pos 92 662.8337
pos4617 pos 83 844.4077
neg71 neg 81 118.0265
neg133 neg 75 132.0779
neg360 neg 438 187.0445
neg414 neg 496 200.0279
neg1121 neg 55 331.0842

Please cite this article as: West, P.R., et al., Predicting human developme
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neural tube defects (NTD) in rat embryos. The novel alterations in
the secretion of ADMA, detected here, suggest that it may be an
appropriate candidate biomarker for neural tube defects. Arginine
levels were also monitored in our data and usually showed opposite
fold changes to those of ADMA in response to several strong
teratogens. To quantify the perturbation of arginine and ADMA in
the hES cells as a result of dosing, EICs (Extracted Ion Chromato-
grams) for these compounds were constructed and their areas were
integrated, then the ratio of the resulting areas for controls vs. dosed
were compared. These results indicate that the amount of pertur-
bation may be directly related to the teratogenicity of the dosing
compound. There are no false negatives resulting from thesemetrics,
and only ascorbic acid and caffeine are false positives for teratoge-
nicity (Table 5).

Other small molecules, including those present in the mTeSR
media — gamma aminobutyric acid (GABA), isoleucine, aspartic acid,
glutamic acid, histidine and arginine, and those secreted molecules
not present in the mTeSR media — succinic acid and malic acid,
showed measureable fold changes. Detected levels of these small
molecules in many cases were altered according to the teratogenicity
of the test compound and can be correlated to each other on the basis
of the biochemical pathways where they serve as intermediates. This
is illustrated in Fig. 3.

Discussion

Potential advantages of a hES cell developmental toxicity prediction
model

The hES cell assay reported herein has several potential advan-
tages over other standard approaches, namely: 1) alterations to the
metabolites in response to a toxicant is a sensitive and quantitative
measurement, which enablesmore objective data-driven decisions. 2)
Multiple biochemical pathways can be assessed simultaneously,
which reinforces the robustness of the model when applied to drugs
with a variety of mechanisms of toxicity. 3) Metabolic endpoints are a
measure of functional biochemical pathways that may be rapidly
integrated with protein, DNA, and RNA targets for further pathway-
based investigation. 4) Since the prediction is based on multiple
independent variables, it is possible to detect teratogens exhibiting
complex changes inmetabolic patterns. 5) The assay is independent of
cell death outcomes and was trained on circulating doses known to
cause human developmental toxicity, which increases the probability
ntal toxicity of pharmaceuticals using human embryonic stem cells
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Table 5
Selected fold change ratios for arginine and asymmetric dimethylarginine (ADMA). EICs
for these compounds were integrated, then the fold change of the resulting areas for
controls vs. dosed were compared. Smaller fold change ratios (between 0.9 and 1.1)
show a good correlation with non-teratogens, while greater changes (b0.9 and N1.1)
correlate with teratogens. There are no false negatives for teratogenicity resulting from
these metrics and only ascorbic acid and caffeine are false positives.

Stemina
classification

Compound Arg fold change/ADMA
fold change

Arg/ADMA
prediction

Non-teratogens Ascorbic acid 1.28 Ter
Aspirin 1.07 Non
Caffeine 1.33 Ter
Doxylamine (Blind 2) 0.97 Non
Isoniazid 0.94 Non
Levothyroxine 1.03 Non
Penicillin G 0.96 Non
Folic acid 1.08 Non
Retinol (Blind 1) 1.03 Non
Thiamine (Blind 8) 1.00 Non

Teratogens 5-Fluorouracil 43.93 Ter
Methotrexate 2.54 Ter
Accutane (Blind 6) 0.55 Ter
Amiodarone (Blind 3) 1.64 Ter
Busulfan 1.12 Ter
Carbamazepine (Blind 5) 1.12 Ter
Cyclophosphamide
(Blind 7)

1.56 Ter

Cytosine arabinoside 67.01 Ter
Hydroxyurea 2.52 Ter
Retinoic acid 0.48 Ter
Rifampicin (Blind 4) 0.81 Ter
Thalidomide 0.85 Ter
Valproic acid 2.11 Ter
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of finding developmental toxicants that are not just toxic to dividing
cells. 6) With additional development, testing and analysis can be
made higher throughput, less labor intensive and more automated.

Faithful recapitulation of whole organs has not been demonstrated
by differentiation of hES cells. Thus, despite producing functional
human cell types, their ability to whollymimic human development is
incomplete. For example, the disruption of pathways that are specific
to gastrulation through organogenesis cannot be measured in vitro.
We acknowledge that the hES cell model will provide, at best, an
incomplete portrait of toxicant response. However, no single model
has such potential. Factors such as maternal or hepatic metabolism
and bioavailability will not come into play. For ethical reasons,
toxicants cannot be tested in humans and especially in human
embryos. Thus recognizing the principal limitation of hES cells, i.e. the
absence of organogenesis in vitro, the pluripotency of hES cells still
Fig. 3. Illustration of the metabolic pathway relationsh
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offers a useful surrogate assay to evaluate toxicant risk; as a result of
pluripotency, hES cells undergo key events of morphogenesis such as
embryoid body formation, cardiogenesis, and neurogenesis. In fact,
the duration of neuronal and glial differentiation from hES-derived
neural precursors is similar to lineage allocation in vivo (Zhang,
2006). It is plausible to speculate that this system will enable the
discovery of tissue-specific biomarkers of developmental toxicity,
following exposure of hES-differentiated cells (neural, cardiac and
osteogenic precursors, for example) to known chemical disruptors of
human development.

Comparison of hES cell developmental toxicity prediction model to other
models

Despite the evidence for the application of hES cells and
metabolomics to predict developmental toxicity reported herein, it is
noteworthy tomention that in vitro systems cannot fully recapitulate or
account for key events that may significantly contribute to disruption of
normal human development by exogenous chemicals. Absorption,
distribution, metabolism and excretion (ADME) cannot be properly
modeled in an in vitro system, which may make it difficult to predict
how a substance of unknown toxicity will behave in vivo. In addition,
the hES cell model cannot fully emulate teratogenicity in utero, which
ultimately results also from systemic effects, in particular fetal–
maternal interactions and the complex process of organogenesis.
Nonetheless, given the physiological relevance of hES cells to human
development, developmental toxicity testing in cells derived from
human embryos may generate more reliable in vitro prediction
endpoints than those currently available through the use of animal
models or other in vitro non-human assays such as zebra fish models,
the EST, and whole embryo culture (WEC).

The hES cell model has important biological features in compar-
ison to zebrafish assay systems. First, it is a human system, providing
species specificity to predict human outcomes. Zebrafish develop-
mental and biochemical pathways can be quite distinct from those
that are critical to human development, for example the absence of
placentation and pulmonary differentiation and development, as well
as different mechanisms for cardiogenesis. Moreover, the screening
throughput of zebrafish assays is somewhat limited due to the high
degree of developmental defects associated with small well size
(Selderslaghs et al., 2009). The fish are also sensitive to very low
concentrations of DMSO, where levels greater than 0.25% cause
increased deformities. The observation of a specific defect by visual
inspection of changes in morphology can also be highly subjective,
while perturbation to the abundance of small molecule metabolites in
ips between the metabolites found in this study.
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the hES assay is a quantitative endpoint measured by a highly
sensitive and specific analytical technique (LC–ESI–QTOF–MS).

The European Centre for the Validation of Alternative Methods
(ECVAM) has approved the mouse embryonic stem cell test (EST) as a
teratogenicity screen. This test accurately predicted the teratogenicity
of 78% of 20 compounds in a test panel (Genschow et al., 2002).
However, the biological mechanisms of the EST are still poorly
understood, the test is not specific to human response and the
endpoint (number of beating heart cells differentiated from embryoid
bodies) is somewhat subjective (Adler et al., 2008).

The EST predictive model is strongly correlated with cytotoxicity,
given that two EST variables result from the IC50 concentrations
observed in fibroblasts compared to mES cells. These variables make
the assumption that developmental toxicants cause cell death at
lower concentrations in embryonic cells compared to the “adult”
fibroblast cells, which may not be valid for many mechanisms of
toxicity (for example — Thalidomide). The dose required to reach an
IC50 may also be much higher than the typical circulating dose or that
which may be encountered by the fetus in utero leading to large
numbers of false positives. It is also likely that changes in cell viability
may be observed in vitro which will not occur in vivo. Therefore, in
comparison to teratogenicity determinations reported for the EST,
which measures cytotoxicity and the ability of chemicals to disrupt
proper differentiation of mES cells into cardiomyocytes, the overall
potential accuracy of the hES cell assay reported here may exceed the
ability of the EST to deliver objective measures of human develop-
mental toxicity.

The initial results indicate that the overall accuracy of the current
hES cell metabolomics based developmental toxicity assay is 88%,
compared to 83% for the modified version of the EST (Paquette et al.,
2008), and 78% for the original EST method and the hES cell based
assay correctly classifies thalidomide as a teratogen while the EST
does not (Nieden et al., 2001). So far, the hES cell model appears to be
considerably more predictive than either WEC or micro mass (MM)
(Table 6). Further, the molecular endpoints measured in the hES cell
and metabolomics-based model offer an opportunity to understand
the mechanisms of developmental toxicity in an all-human system.

Mechanistic pathways of developmental toxicity

Altogether, when comparing dosed to undosed cells, metabolo-
mics of hES cells detected statistically significant changes to levels of
multiple small molecule metabolites which play a key role in cellular
physiology and human development. Several of the small molecules
that showed significant and reproducible fold changes between dosed
and undosed cells, are contained in the mTeSR cell media. These fold
changes indicate that cell metabolism of these compounds has been
directly altered by the drug dose and that the metabolic equilibrium
or flux balance has been disturbed, therefore these small molecules
may also serve as biomarkers for teratogenicity. Several of these
candidate biomarkers were further validated by MS–MS in order to
confirm their chemical identity. Significantly, despite the unsuper-
vised nature of the analysis, many of these significant and validated
Table 6
Accuracy of developmental toxicity models.

Model # Drugs Accuracy

Zebra fish (McGrath 2008) 12 91
devTOX (hES cells) 8 88
EST (Paquette 2008) 63 83
WEC (Genschow 2002) 14 80
EST (Genschow 2002) 20 78
Zebra fish embryos (Chapin 2008) 18 72
MM (Genschow 2002) 20 70
WEC (Genschow 2002) 14 68

Bold indicates the toxicity model described in this paper.

Please cite this article as: West, P.R., et al., Predicting human developme
and metabolomics, Toxicol. Appl. Pharmacol. (2010), doi:10.1016/j.taap
small molecule metabolites participate in pathways that had been
previously suggested to underlie developmental toxicity albeit not in
cells derived from human embryos. As reported in the Results section,
ADMA, an inhibitor of Nitric oxide (NO) metabolism, exhibited
significant increases in fold changes in response to exposure of hES
cells to strong teratogens. NO has been identified as a candidate
mechanism for neural tube disorders, and NO is essential for normal
axial development (Alexander et al., 2007). It has been previously
shown that both an excess as well as a deficiency of NO can be
embryotoxic (Lee and Juchau, 2005). The present study is the first
time that two human intermediates in this pathway, arginine and
ADMA (Table 5) were measured and exhibited statistically significant
changes in response to several known disruptors of human
development.

As shown in Fig. 3, metabolites showing statistically significant
fold changes include aspartic acid, ADMA, and arginine, which are all
components of the urea cycle. This cycle facilitates the removal of
dangerous ammonia through conversion of it to urea, which is
excreted from the body. Succinic acid, isoleucine, and malate are part
of the citric acid cycle, which produces energy for cellular function.
Both pathways are linked by glutamate and GABA, which in turn has a
critical role in neuronal physiology.

Certain reactions in the urea cycle take place in the mitochondria,
while the Kreb's cycle is active in the mitochondria in its entirety.
Perturbations to the urea cycle can result in excess ammonia, which,
among a vast array of pathological effects, has been correlated to
newborn deaths (Summar, 2001). Interruption of citric acid cycle
reactions compromises cellular energy metabolism with direct
detrimental effects to cellular viability.

In our studies, increased concentrations of GABA were detected in
the secretome of hES cells dosed with busulfan, among other
teratogens. Dysfunctions in GABA, underlie well established neuro-
logical disorders such as epilepsy, language delay, and neurodevelop-
mental impairment, among others (Pearl and Bigson, 2004). The
neurodevelopmental toxicity of busulfan has been previously
reported in humans; specifically in utero exposure to busulfan led to
a spinal birth defect due to insufficient neural fold development,
although the mechanism was not defined (Abramovici et al., 2005).
Themetabolomics results presented here suggest that busulfan affects
GABA levels in the developing embryo, which in turn may underlie
neural developmental disruption. These examples illustrate how
metabolomics can unravel mechanistic pathways of developmental
toxicity through direct analysis of secreted metabolites from hES cells
dosedwith known teratogens. In doing so, it is quite possible to model
the potential for developmental toxicity of new drugs screened in
preclinical development with a high degree of predictability while
providing information about the mechanisms of toxicity. Further
studies may allow classification of compounds into subgroups of
developmental toxicity such as neural developmental disruptors or
those likely to cause structural malformations.

Other key small molecules that showed fold changes, as reported
in the results section, share the same chemical pathway, namely GABA
and glutamic acid. GABA is the principal inhibitory neurotransmitter
in the brain. Glutamate dysregulation has the potential to severely
compromise neurogenesis, possibly contributing to cell death in
specific regions of the brain (reviewed in Bauman, 1998). Specifically,
glutamate is vital for programmed cell death from development until
3 years of age. Not only does the metabolite glutamate regulate
neuronal survival or death, but it also plays a critical role in cognition,
learning and memory (Tashiro et al., 2006). Glutamate and GABA are
also known modulators of neuronal migration during development
(Lujan et al., 2005); hence concomitant dysregulation of glutamate
and GABA metabolism may provide an important mechanism for
human developmental toxicity. Surprisingly, other small molecules
reported herein, such as succinic acid, are likely to play synergistic
roles with glutamic acid and GABA in the mechanism of teratogen-
ntal toxicity of pharmaceuticals using human embryonic stem cells
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induced toxicity, given that simultaneous changes to rate-limiting
enzymes in both pathways (GABA-transaminase and succinic semi-
aldehyde dehydrogenase) are present in certain neuropsychiatric
disorders, such as succinic semialdehyde dehydrogenase deficiency or
GABA aciduria (reviewed in Pearl et al., 2007). Although this
syndrome is inherited, in contrast to the environmental nature of
developmental toxicity, it becomes even more striking that valproate
has been shown to aggravate symptoms in these patients, through
further detriment to GABA and succinic acid metabolism (Shinka
et al., 2003), which is a direct indication of the potential of this hES cell
based developmental toxicity screen to elucidate biologically mean-
ingful mechanisms of compound toxicity.

Future directions

In addition to the metabolites described herein, a virtual library
containing all the biomarkers discovered in this study was estab-
lished. This library provides a repository of human biomarkers useful
in assessing developmental toxicity, not only of pharmaceutical
agents, but also of other chemicals, the latter subject to increased
attention from regulatory directives, particularly REACH, (Registra-
tion, Evaluation, Authorisation and Restriction of CHemical sub-
stances). REACH is a new European Community Regulation on
chemicals and their safe use (EC 1907/2006). Future studies will
integrate a larger number of pharmaceutical compounds in addition
to other chemicals that are known to disrupt human development
(such as chlorpyrifos, organophosphates and methylmercury) to
further expand the biomarker library and the robustness of metabo-
lomics biomarkers across very diverse collections of chemicals.We are
also developing a high-throughput developmental toxicity assay
based on metabolomics of hES cells in a 96-well format. This will
enable high-throughput screening of chemical collections such as
those available at the Molecular Libraries Program (NIH) or NTP
(National Toxicology Program, NIEHS). In addition, we are directing
our approach toward a more a targeted metabolomics technique
employing the use of triple quadrupole MS using MRM (Multi
Reaction Monitoring) mass spectral analysis for increased speed,
sensitivity and specificity for quantitation of metabolites.

While future efforts to improve upon this model will be made,
the current study illustrates the ability to utilize hES cells and
metabolomics to provide a highly predictive, quantitative, all-
human in vitro screening method for predicting developmental
toxicity of compounds with the additional benefit of providing
additional data supporting mechanisms of compound toxicity. Thus,
this method has the potential to aid in the prevention of birth defects
induced by chemical compounds and to significantly reduce animal
testing.
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