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Developmental osteotoxicity
Birth defects belong to the most serious side effects of pharmaceutical compounds or environmental
chemicals. In vivo, teratogens most often affect the normal development of bones, causing growth
retardation, limb defects or craniofacial malformations. The embryonic stem cell test (EST) is one of the most
promising models that allow the in vitro prediction of embryotoxicity, with one of its endpoints being bone
tissue development. The present study was designed to describe three novel inexpensive endpoints to assess
developmental osteotoxicity using the model compounds penicillin G (non-teratogenic), 5-fluorouracil
(strong teratogen) and all-trans retinoic acid (bone teratogen). These three endpoints were: quantification of
matrix incorporated calcium by (1) morphometric analysis and (2) measurement of calcium levels as well as
(3) activity of alkaline phosphatase, an enzyme involved in matrix calcification.
To evaluate our data, we have compared the concentration curves and resulting ID50s of the new endpoints
with mRNA expression for osteocalcin. Osteocalcin is an exclusive marker found only in mineralized tissues,
is regulated upon compound treatment and reliably predicts the potential of a chemical entity acting as a
bone teratogen. By comparing the new endpoints to quantitative expression of osteocalcin, which we
previously identified as suitable to detect developmental osteotoxicity, we were ultimately able to illustrate
IMAGE analysis and Ca2+ deposition assays as two reliable novel endpoints for the EST. This is of particular
importance for routine industrial assessment of novel compounds as these two new endpoints may
substitute previously used molecular read-out methods, which are often costly and time-consuming.
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Introduction

The teratogenic potential of a compound can non-reversibly
interfere with the normal development of an embryo, creating
malformations and other birth defects. For the last two to three decades
research and industry have been in urgent need for a practical in vitro
embryotoxicity model able to substitute animal testing, since complete
toxicological data sets are missing for most environmental toxicants,
chemicals and new pharmaceutical candidate compounds. Over a
decade ago, the currently most promising in vitro embryotoxicity test,
the embryonic stem cell test (EST) was introduced by Spielmann et al.
(1995, 1997). In contrast to other in vitro embryotoxicity tests, the EST
uses two permanent cell lines of mouse origin, embryonic stem cells
(ESCs) and differentiated 3T3 fibroblasts and thus does not mandate
the killing of pregnant animals. ESCs are the only cells currently known
that go through all developmental stages when differentiated in vitro,
from a pluripotent cell to a fully mature somatic cell/tissue. Thus, this
in vitro model comprises most stages of embryonic development.
Treating these cells during in vitro differentiationwith the compound of
interest may be very useful to predict unwanted negative effects on
embryonic development. Moreover, ESCs possess the ability to
differentiate under proper culture conditions into not only one cell
type, but into cell types of all three germ layers including those relevant
to study toxicological effects (Wobus et al., 1995; Kramer et al., 2000;
zur Nieden et al., 2003, 2005), thereby providing researchers with a
system to study differentiation into a variety of distinct lineages starting
with the same uncommitted cell.

The EST takes advantage of these properties by assessing the degree
of inhibition that a substance causes on differentiation processes. The
classic EST originally describedby Spielmannet al. (1995) assesses two
different endpoints, the inhibition of growth (cytotoxicity) for both
cell lines, whereby ESCs represent embryo-like effects, and adult 3T3
fibroblasts mimic effects on maternal tissues and organs (Scholz et al.,
1999a,b; Peters et al., 2008). The second endpoint thatwas evaluated is
the differentiation of ESCs into contracting cardiomyocytes. In the
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classic EST, this is done by counting the proportion of differentiating
embryoid bodies containing contracting cardiomyocytes in the
presence of a test substance. Previously, we demonstrated that the
EST could be enhanced through inclusion of a more reliably
quantifiable molecular endpoint (zur Nieden et al., 2001). Instead of
contraction counting, the expression levels of the cardiac marker gene
myosin heavy chain (MHC) were measured by quantitative real-time
RT-PCR under influence of a test compound.

Despite its validation in an EU-wide study (Genschow et al., 2004),
the original EST was limited in its ability to identify developmental
inhibition. Specifically, the analysis of cardiomyocyte differentiation
alone as an endpoint does not suffice for the determination of
embryotoxic effects. Recently, we and others further improved the
EST to include molecular endpoints for bone, cartilage, as well as
tissues of neuronal and endodermal origin (zur Nieden et al., 2004;
Festag et al., 2007). Further investigations are on the way to replace
subjective assessment by objective measurements. As such, genetic
modifications and molecular markers such as the ones detected by
FACS and quantitative gene expression analyses offer significant
advantages in developing a new test approach (Bremer et al., 1999;
Kolossov et al., 1998; Seiler et al., 2004; reviewed inHuuskonen, 2005).

Here, we propose to utilize IMAGE analysis to quantify osteogenic
impairment caused by compound treatment. In this technique, cultures
are photographed and the percentage of black pixels is calculated
(Purpura et al., 2003). This is only possible because osteocalcin-
expressing mineralized osteoblasts appear black in phase contrast
microscopy (zur Nieden et al., 2003). We analyzed osteoblast yield by
measuring: (1) the degree of calcification in the cultures using mor-
phometric IMAGE analysis, (2) the amount of mineralized calcium
incorporated into the matrix, and (3) alkaline phosphatase (ALP)
enzyme activity. In order to confirm the utility of these three
macromolecular markers as endpoints for osteotoxicity, the osteotoxic
potential of three test compounds penicillin G (non-teratogenic), 5-
fluorouracil, and all-trans retinoic acid (strong teratogens)were studied.

Materials and methods

Cell culture and differentiation of ESCs into osteoblasts. NIH 3T3 cells
were expanded in DMEM (Invitrogen) with 10% FCS (Invitrogen),
2 mM glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin and
passaged when reaching 80% confluency. Cells of the mouse ESC line,
D3, were cultured with the addition of LIF (1000 U/ml) as described
(zur Nieden et al., 2001). Differentiation of ESCs into osteoblasts was
induced in hanging drops (zur Nieden et al., 2003, 2004). Briefly, a
single cell suspension of 3.75×104 cells per ml was generated by
trypsinization. ESCs were forced to aggregate into embryoid bodies
(EBs) in drops of 20 µl volume for three days followed by transfer of
EBs into suspension culture for an additional two days. EBs were then
plated onto tissue-culture adhesive substrate and supplemented with
10 mM β-glycerophosphate, 50 µg/ml ascorbic acid and 5×10−8 M
dihydroxy vitamin D3 from day 5 onwards (zur Nieden et al., 2003).
The medium was changed every two days after day 5.

Test compounds. The test chemicals were chosen from a list that
was published for the validation of in vitro embryotoxicity tests by the
American Society for Teratology (Smith et al., 1983). Penicillin G and
5-fluorouracil were used in the original validation study of the classic
EST and the molecular multiple endpoint EST (Scholz et al., 1998;
Spielmann et al., 2001; zur Nieden et al., 2004) with penicillin G
(PenG) being included as a negative control since it is not known to
have adverse effects on reproduction (Boucher and Delost, 1964;
Heinonen et al., 1977). All-trans retinoic acid (RA) was chosen from
the validation of the molecular multiple endpoint EST as being a
prototypic teratogenic substance with specific concentration-depen-
dent effects on osteoblast differentiation (zur Nieden et al., 2004).
Penicillin was dissolved in phosphate buffered saline, while 5-
fluorouracil and RA were dissolved in DMSO. For all endpoint assays
control cultures containing vehicle were included. Final concentra-
tions of DMSO in the culture were kept below 0.01%, which is a decade
below the 0.1% that has been specified as the highest non-toxic DMSO
concentration allowable (Adler et al., 2006). Since sensitivity of ESCs
to toxic agents is related to their differentiation state (Laschinski et al.,
1991), compound treatment was performed throughout the entire
culture time. To avoid photodegradation of the light sensitive
compounds RA and PenG, cultures were microscopically monitored
before media changes were performed.

Cytotoxicity assay. The cytotoxic effects of test substances in both
cell models were determined using an MTT assay as described (zur
Nieden et al., 2001). Cells were seeded at a density of 3125 cells/cm2

and cultivated in the presence of a dilution series of test chemicals
over the course of 10 days with media changes on day 3 and day 5.
Both the test substance and control (solvent only) were tested in six
independent experiments. At day 10, cells were incubated with MTT
solution (Sigma) for 2 h at 37 °C. The change in absorbance reflecting
the decrease in mitochondrial dehydrogenase activity was read in a
Benchmark Plus spectrophotometer (Biorad) at 570/630 nm. The
cytotoxicity of the test substance was determined from a dose–
response curve at that concentration, which reduced the growth of
the cells in comparison to the solvent control by 50% (IC50).

IMAGE analysis. We have previously established that mineralized
osteocalcin-expressing osteoblasts show a black coloration in phase
contrast optics (zur Nieden et al., 2003). This feature may be applied
to quantify the degree of mineralization of the cultures using
morphometric IMAGE analysis (zur Nieden et al., 2007a). Grey-scale
photographs of EBs were taken on day 30 of the differentiation with
the SPOT Advanced Imaging system (Diagnostic Instruments)
mounted to an Olympus IX70 inverted microscope (n=6 ea, 3
independent experiments) and a 2× objective with a consistent
gamma adjustment of 1.8 and consistent exposure times. The pixel bit
depth was set to a monochromatic value of 8 bpp. An intensity value
in the range between 0 (white) and 255 (black) was assigned to each
pixel with the IMAGE J 1.33u software available from the website of
the National Institutes of Health (http://www.rsb.info.nih.gov/ij/).
The mean black value was calculated for each compound concentra-
tion and expressed as n-fold up-regulation above the vehicle control,
which was set as 100%. Values for the half-maximal inhibition of
differentiation (ID50) were determined from dose–response curves by
linear interpolation.

Quantitative PCR. RNA was isolated from 20 EBs per treatment
group (n=3) on day 30 of in vitro culture, a time point at which cells
were previously shown to exhibit a peak expression for osteocalcin
(zur Nieden et al., 2003). RNA concentrations of samples were
measured using RiboGreen (Invitrogen) and cDNA synthesized as
described (zur Nieden et al., 2001). Quantitative real-time PCR was
performed in a Biorad iCycler using a SYBR green PCR master mix
(Biorad) as described (Cormier et al., 2006) with a specific primer set
for osteocalcin (zur Nieden et al., 2004). Specificity of reaction product
was checked with post-run melting curves. Target gene CT values
were normalized to the respective CT values obtained for GAPDH. Raw
data obtained for experimental groups were compared to time
matched vehicle controls, which were set as 100%. Values for the
half-maximal inhibition of differentiation (ID50) were determined
from dose–response curves by linear interpolation.

Ca2+ determination. Matrix incorporated calcium of the cultures
was quantified on day 30 of differentiation using the purple substrate
Arsenazo III (DCL, Toronto, Canada) as described previously (zur
Nieden et al., 2005). Prior to lysis in RIPA buffer (150 mMNaCl, 10 mM
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Tris, pH 7.2, 0.1% SDS, 1% Triton X-100, 1% Deoxycholate, 5 mM EDTA
containing 1 mM phenylmethylsulfonyl fluoride, 10 mM benzami-
dine, 2 µg/ml leupeptin, 100 µM sodium orthovanadate and 10 mMp-
nitrophenylphosphate), cultures were washed with PBS to remove
remaining traces of medium. Values were calculated from a CaCl2
standard, which was measured along with the samples at 650 nm in a
Benchmark Plus microplate spectrophotometer (Biorad). Calcium
content was normalized to the total protein content of the samples,
measured with DC protein assay reagent (Biorad) as described (zur
Nieden et al., 2007b). Values obtained for compound treated cultures (5
wells ea concentration, three independent experiments) were normal-
ized to solvent control cultures, which were set as 100%.

ALP assay. Alkaline phosphatase activity was determined from the
same protein lysates using p-nitrophenyl phosphate (Sigma) as a
substrate. The productionof yellowp-nitrophenolwas stoppedwith3 N
NaOH after a 20 min incubation at 37 °C. Absorbance was read at t=0
and t=20min at 405 nm. Enzyme activity was calculated as described
before (zur Nieden et al., 2003).

Classification of teratogenicity. In order to classify the three test
compounds into their in vivo teratogenicity classes, three different
modelswere employed, a biostatistical predictionmodel based on linear
discriminant functions, which was developed by the ZEBET (Center for
Documentation and Evaluation of Alternative Methods to Animal
Experiments) (Spielmann, 1997; Genschow et al., 2000, 2002), a linear
regressionmodel (zur Nieden et al., 2001) and a logarithmic calculation
previously described by Bremer et al. (2001). The prediction model
distinguishes three classes of teratogenicity: strong, weak and non-
embryotoxic, taking into account the IC50 of a compound (measured on
ESCs and 3T3) and the ID50 of the same compound. Linear regression
analysis contrasts the IC50 found for ESCs and the ID50 only. In the
logarithmic classification, a compound falls into the strong embryotoxic
category, if logID50≤1 and in the non-strong category, if logID50N1.

Statistical analysis. All data are presented as average±standard
deviation. Significance of differences in IC50 or ID50 values was
determined with a student's t-test using the web-based GraphPad
QuickCalcs data analysis and biostatistics software available at http://
graphpad.com/quickcalcs/.

Results

Control substances for the embryonic stem cell test

Penicillin G and 5-fluorouracil are the classical negative and positive
substances routinely used to characterize new endpoints for the EST.
As expected for a non-teratogenic substance (Boucher and Delost,
Fig. 1. Endpoints of toxicity assessed for penicillin G (Pen G). (A) Concentration–response curv
osteogenic cultures under different concentrations of test chemical compared to non-compoun
(IMAGE J), calcium assay (Ca2+), alkaline phosphatase activity (ALP) and osteocalcin gene exp
(seeMaterials andmethods)±SD.Quantitative PCR data forOCNwere normalized toGAPDHan
which were set as 100%.
1964; Heinonen et al., 1977), penicillin G displayed no cytotoxicity in
a concentration range up to 210 µg/ml (Fig. 1A). The no-effect
level (reduction to 80%, NoEL) is reached at a concentration of around
500 µg/ml with an IC50 value of 800±10.3 µg/ml. The reduction in
osteogenic differentiation yield is phenotypically noticeable only in
the highest concentration tested (Fig. 1B). The inhibition of osteogenic
differentiation by this compound can be attributed to its general
cytotoxicity, as the shape of the concentration–response curves for
the osteogenic endpoints IMAGE analysis and OCN expression closely
resemble that of the MTT-curve (Fig. 1C). For the other two osteogenic
endpoints, the concentration–response curve did not reach the
50% levels even at a concentration of 1000 µg/ml, which is the cut-off
concentration for the EST. However, penicillin G displayed its cytotoxi-
city towards ESCs at concentrations that are beyond its therapeutic
range.

Being a strong teratogen in vivo, 5-fluorouracil (5-FU) showed an
intense general cytotoxicity leading to IC50 and ID50 values at very low
concentrations in this and previous studies (Table 1). Undifferentiated
cells were susceptible to the toxic effects of 5-FU at very low dosage
with an IC50 of 0.022±0.0049 µg/ml (Fig. 2A, Table 1). Judging from
the presence of black mineralized cells, a concentration-dependent
decrease in the osteogenic yield is expected for all endpoints (Fig. 2B).
The cells were more sensitive in all differentiation endpoints than in
the MTT assay suggesting an osteotoxic effect of 5-FU, which exceeds
its cytotoxicity.

Furthermore, we noted that all three new differentiation endpoints
were as sensitive if not more sensitive as the gene expression analysis
(Fig. 2C). The only endpoint for which the concentration–response
curve did not show an exponential decrease, but rather showed a wavy
pattern, is ALP activity. At the NoEL for OCN expression and IMAGE
analysis, ALP activity was still at 112%. Although the curve for the
calcium endpoint was also at over 110% at the NoEL of the gene
expression and IMAGE analysis curve, the shape of the curve followed
the exponential trend expected for a classical concentration–response
curve. Although these specific differences were noted in the endpoints,
when comparing the resulting ID50 values, FU seemed to affect all
endpoints similarly as the values were in the same concentration range
(Table 1).

New endpoints evaluated for retinoic acid

Consistent with being a strong teratogen in vivo, cytotoxicity of all-
trans retinoic acid (RA) was seen at a half-maximal inhibition
concentration of 9×10−5±6.6×10−6 µg/ml (Fig. 3A). In the specific
concentration range thatwas chosen for this study, RA is known to induce
osteogenesis (zurNiedenet al., 2004).Congruentwith this, amild increase
in the number of calcified cells was noticeable in the lowest RA
concentration tested (Fig. 3A). Although the classical embryotoxic
e for cytotoxicity measured with theMTT assay, n=6±SD. (B) Phenotypic appearance of
d treated vehicle controls. (C) Concentration–response curves for morphometric analysis
ression (OCN). Data were averaged from three independent runs with varying replicates
d valueswere standardized to values obtained for non-compound treated vehicle controls,
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Table 1
ID50 values for test compounds as indicated taken from all assays conducted. Grey shaded cells indicate significantly lower ID50 compared to the IC50. PenG = penicillin G, 5-FU = 5-
fluorouracil, RA = all-trans retinoic acid. ⁎Pb0.1, ⁎⁎Pb0.001, ⁎⁎⁎Pb0.0001, student's t-test.
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potential of a compound is usually represented by it causing a decrease in
differentiation, any disturbance of normal embryonic development may
cause maldevelopment in vivo. Therefore, all differentiation endpoints
givehigher ID50 values than the IC50 for this substance (Table 1). The three
novel endpoint protocols yielded almost identical half-maximal inhibition
concentrations and similar dose–response curves, consistent with a
correlation between the three endpoints (Fig. 3C): the expression of the
bone-specificmarker geneosteocalcin and thedepositionof amineralized
extracellular matrix that underlies the calcium measurement as well as
the morphological examination by IMAGE analysis.

Classification of teratogenicity

In a next step, a linear correlation chartwas then generated for all four
endpoints to analyze the relationship between cytotoxicity and embry-
otoxicity (Fig. 4), as applied by Bigot et al. (1999) and our lab (zur Nieden
et al., 2001) for cardiac toxicity. Compounds were classified as
embryotoxic if a significant alteration in differentiation was seen without
cytotoxic effects at the same concentration or if the cytotoxic effect was
clearly less pronounced than the differentiation effect. Based on these
criteria, none of the four tested endpoints showed a correct classification
of the three compounds tested. Retinoic acidwas always classified as non-
embryotoxic as its IC50 value inESCswas significantlyhigher thanall of the
ID50s. However, when embryotoxicity is evaluated based on the
concentration–response curves only, it is noticeable that the osteotoxic
effect of RA seen in vivo may be based on increased bone target gene
expression andalso an increase inmineralization, aswehave suggested in
an earlier study (zur Nieden et al., 2004).

The classical EST employs a biostatistical prediction model based on
linear discriminant functions, whichwas developed by the ZEBET (Center
for Documentation and Evaluation of Alternative Methods to Animal
Experiments) in order to classify the embryotoxic potential of chemicals
into the three classes: non-, weakly/moderate or strongly embryotoxic
(Spielmann, 1997; Genschow et al., 2000, 2002). The IC50 and the ID50

values generated from the concentration–response curves of OCN
expression and the three novel differentiation endpoints were then
applied to this predictionmodel (Table 2).With this predictionmodel, all
Fig. 2. Endpoints of toxicity assessed for 5-fluorouracil (5-FU). (A) Concentration–respo
(B) Phenotypic appearance of osteogenic cultures under different concentrations of test che
highest concentration of 5-FU tested. (C) Concentration–response curves for morphometr
osteocalcin gene expression (OCN). Data were averaged from three independent runs with
data for OCN were normalized to GAPDH and values were standardized to values obtained
three test compounds were classified correctly in all four endpoints. In
order to graphically represent these categorization results, we then
applied a logarithmic calculation for the specified ID50 values to graph the
compounds into the appropriate embryotoxicity categories (Fig. 5), a
method that was used in a similar manner for cardiac embryotoxicity
(Bremer et al., 2001).With this method, two categorizations are possible:
non-strong and strong embryotoxic. A compound falls into the strong
embryotoxic category, if logID50≤1 and in the non-strong category, if
logID50N1. With the logarithmic chart, all three compounds were
classified correctly according to their known in vivo potential to cause
developmental osteotoxicity. Therefore, the logarithmic evaluation of ID50

values seems to be a useful tool in predictive toxicology.

Discussion

Due to new legislation, up to 30,000 chemicals that are currently
on the market will have to be re-evaluated over the next ten years
within the European Union with an estimated use of 10 million
animals for in vivo teratogenicity testing. Therefore, there is a need for
more rapid and especially economical in vitro tests that are suitable for
high-throughput screenings. The embryonic stem cell test (EST) is one
of three in vitro embryotoxicity tests, which has recently been
evaluated in an ECVAM (European Centre for the Validation of
Alternative Methods) validation study of the European Union (Scholz
et al., 1999a,b). Developmental toxicity is currently assessed in animal
experiments performed according to OECD guideline no. 643.
Evaluating developmental osteotoxicity with the EST in vitro has
previously been shown to detect tissue-specific embryotoxic effects
(zur Nieden et al., 2004) and therefore has the potential to substitute
animal experiments in this specific endpoint. A small set of six
chemicals with known in vivo teratogenic potential was tested in a
pilot study in order to evaluate the feasibility of using quantifiable
gene expression data to determine the embryotoxic potential of
compounds in the molecular multiple endpoint EST (mme-EST) (zur
Nieden et al., 2004). Although quantitative real-time PCR has proven
useful to predict developmental osteotoxicity, these types of molec-
ular analyses require the use of expensive assay reagents. Sample
nse curve for the cytotoxicity endpoint measured with the MTT assay, n=6±SD.
mical compared to non-treated solvent controls. Excessive cell death was noted in the
ic analysis (IMAGE J), calcium assay (Ca2+), alkaline phosphatase activity (ALP) and
varying replicates (see Materials and methods) and graphed with SD. Quantitative PCR
for non-treated solvent controls, which were set as 100%.
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Fig. 3. Endpoints of toxicity assessed for all-trans retinoic acid (RA). (A) Concentration–response curve for cytotoxicity measured with the MTT assay after an assay duration of
10 days, n=6±SD. (B) Phenotypic appearance of osteogenic cultures under different RA concentrations. (C) Concentration–response curves for morphometric analysis (IMAGE J),
calcium assay (Ca2+), alkaline phosphatase activity (ALP) and osteocalcin gene expression (OCN). Data are expressed asmean±SD (3 independent runs with varying replicates (see
Materials and methods)). Quantitative PCR data for OCN were normalized to GAPDH and values were standardized to values obtained for non-RA treated osteogenic cultures, which
were set as 100%.
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preparation includes RNA isolation, quantification, quality assessment
of resulting RNA, cDNA synthesis and lastly reagents to conduct
quantitative PCR. The analysis takes about two days, which introduces
a time component, in addition to the significant cost of the endpoint
assay. The goal of this study was therefore to identify assays that
would be more affordable in high-throughput, yet be as effective as
molecular read-outs for predictability and reliability.

Wehave testedhere threenovel endpoints thatmaybeused insteadof
tissue-specific gene expression profiling on a set of chemicals that are
classically used as positive and negative controls for the EST (zur Nieden
et al., 2001). Out of these three endpoints, two correctly evaluated the
degree of osteogenic differentiation under compound influence, therefore
allowing prenatal bone toxicity to be detected in vitro. Penicillin G is
typically categorized as a non-teratogenic substance and thus shows no
developmental toxicity in the endpoint bone with none of the four
endpoint assays tested. In addition, 5-FU, a strong in vivo teratogen, is
classified correctly according to its in vivo teratogenicity with the novel
osteotoxicity endpoints. Indeed, reduced ossification has been described
in the skeleton of rat embryos after maternal exposure to 5-FU (Shuey
et al., 1994). Numerous malformations, such as cleft palate and
deformation of hind limbs, are induced by 5-FU in developing embryos
from a variety of species (Dagg, 1960; Stephens et al., 1980; Shuey et al.,
1994).
Fig. 4. Linear regression chart for all endpoints. Half-maximal inhibition of cell growth
(cytotoxicity, IC50) is graphed versus the half-maximal inhibition of differentiation
(ID50) for each test compound in the four potential endpoints for developmental
osteotoxicity. PenG = penicillin G, 5-FU = 5-fluorouracil, RA = all-trans retinoic acid,
OCN = osteocalcin, ALP = alkaline phosphatase activity.
All-trans retinoic acid (RA) was chosen as a substance with specific
inhibitory or supportive effects on bone development depending on the
concentration range tested (zur Nieden et al., 2004). In vivo, RA triggers
multiple effects via distinct molecular mechanisms inducing ectodermal,
mesodermal and endodermal differentiation in a time and concentration-
dependent manner thus being a strong in vivo teratogen. The in vitro
effects seen specifically on osteogenesis represent the capacity of RA to
induce abnormal developmental and growth of cartilage and skeletal
elements in vivo as well as in vitro (Eichele, 1989; Raouf and Seth, 2000).
RA has been described as a potent inducer of bone formation (zur Nieden
et al., 2004), which is potentially based on its enhancing influence on ALP
activity and the expression of theVitaminD3 receptor, aswas described in
clonal osteoblastic cell lines (Grigoriadis et al., 1986). RAcanalso stimulate
the secretion of osteopontin (Denhardt and Noda, 1998), a protein that
binds to calcified matrices and links organic phases with inorganic
molecules, another potential cause for its osteogenic effect. RA treatment
at a concentration of 10−7 M has been shown to delay expression of T-
brachyury, a mesodermal gene normally expressed at around day 4 of
embryoid body development (Pellizzer et al., 2004). Since osteoblasts
arise from the mesodermal lineage, this delay in T-brachyury expression
may very well account for the inhibitory effects of RA on osteoblast
differentiation in certain concentration ranges. In turn, our group has
shown that RA treatment at the same concentration, but applied at the
time of osteoprogenitor commitment, has resulted in a higher number of
osteoblasts through down-regulation of nuclear activity of beta-catenin, a
gene that plays a critical role in stem cell differentiation (zur Nieden et al.,
2007a). Together, these studies suggest that an inhibition of differenti-
ation as well as an enhancement of differentiation seen in the ESC in vitro
model may mirror the teratogenic in vivo effects of test compounds.

One of the endpoint assays chosen in this study, the IMAGE analysis,
had been previously applied for the quantitative measurement of
embryonic toxins in a slightly different context, but has been qualified
as a valid endpoint read-out. Utilizing a geneticallymodified ESC line that
expresses the green fluorescent protein under the control of the
endodermal alpha-fetoproteinpromotor Paparella et al. (2002)quantified
the number of green pixels in images taken from cultures incubated with
test compounds. We show here that we can apply a similar procedure to
accurately measure the effect of embryotoxic agents on bone develop-
ment by evaluating the number of black pixels corresponding to the
presence of mineralized osteoblasts. Likewise, measuring the levels of
calcium that the cells incorporate into their matrix during differentiation,
Table 2
Classification of compounds according to the prediction model of the classic EST (as per
Genschow et al. (2000)).

IMAGE Ca2+ ALP OCN

PenG I I I I
5-FU III III III III
RA III III III III

image of Fig.�3
image of Fig.�4


Fig. 5. Logarithmic evaluation for all endpoint assays conducted. (A) Descriptive statistics for ID50s (as per Bremer et al. (2001)). (B) Classification chart based on logarithmic values
of ID50s. PenG = penicillin G, 5-FU = 5-fluorouracil, RA = all-trans retinoic acid, OCN = osteocalcin, ALP = alkaline phosphatase activity.
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all three test substanceswere classified correctly according to their known
in vivo teratogenicity class. These absorbance based assays do not require
the use of expensive reagents, but are promising in reliably predicting the
osteotoxic potential of a compound thereby substituting for molecular
endpoints. The test assay that we could not recommend for its use in the
prediction of osteotoxicity was alkaline phosphatase activity as this
endpoint measurement did not give reproducible enough data points.

Conclusion

Undoubtedly, there is an urgent need for more rapid and
economical in vitro tests that reliably evaluate developmental
osteotoxicity. By using the new endpoints described here, the
assessment of osteotoxicity becomes more affordable as compared
to the previously identified molecular endpoint evaluation.
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