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Abstract

Due to the number of new substances coming into use every year and the
increasing amounts of chemicals, which are introduced into the
environment, there is a high demand for a rapid, reliable and cost-
effective method for detection of developmental toxicity. To meet this
challenge various in vitro techniques have been established additional to
in vivo animal testing. This review introduces the techniques in existence at
the moment. Requirements on an ideal in vitro teratogenicity test system
are stated, and the advantages and disadvantages of the present methods
are discussed.
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Introduction

The need for efficient methods to screen
new chemicals, drugs and environmental pol-
lutants for their toxicity is obvious. However,
from of the thousands of chemicals in com-
mercial use, only a small fraction has been
tested for their teratogenic activity so far .
Moreover, the underlying mechanisms behind
the developmental toxicity of compounds
known to have a teratogenic potential has
solely partially elucidated if any .

In context of pharmaceutically relevant
substances the evaluation of the embryo toxic
potential is of special importance. Very early
in the course of the development of drugs a
newly synthesized compound has to be tested
for its acute and chronic as well as for its
developmental toxicity.

This preclinical evaluation of the long-term
safety of a drug implies high throughput
screenings of possible cytotoxic, mutagenic,
embryo toxic and teratogenic effects.
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Due to the number of new substances
coming into use every year and the increasing
amounts of chemicals, which are introduced
into the environment, there is a high demand
for a rapid, reliable and cost-effective method
for detection of developmental toxicity.

This review introduces the techniques in
existence at the moment. In this, in vitro
systems are brought into the focus of atten-
tion. Requirements on an ideal in vitro terato-
genicity test system are stated, and the
advantages and disadvantages of the present
methods are discussed.

Animal Test Systems
The preclinical evaluation of drugs trad-
itionally involves large numbers of animals to
predict possible drug side-effects.
Various animal-based test systems estab-
lished for screening a potential teratogenic
activity are conducted on pregnant laboratory
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animals, usually mammals such as mice, rats,
rabbits and nonhuman primates. This way, the
test compound is administered daily during
the period of organogenesis of the fetus.
Near-term the fetus is examined for skeletal,
visceral and external anomalies *?.

Although this screening procedure has been
of value especially until the eighties in the last
century, however there are certain drawbacks
to consider. Generally, the in vivo assays are
very time consuming, laborious and expen-
sive, thus contravening with the current need
for rapid testing of potential drugs * 7.
Moreover, due to differences in maternal
metabolism, transport and maternal-fetal
membrane relationships animal studies often
indicate substantial differences of toxicity
between species. A compound that is demon-
strably teratogenic in animals may not be so
in man or vice versa *?.

To complicate the situation numerous
additional factors as the nutritional state of the
dam, the variability in the developmental age
of embryos from litter to litter or within the
same litter as well as placental functions must
to be taken into account at interpretation of
data ?. It can be stated, that pregnant animal
testing alone is not qualified to predict the
teratogenic potential of new compounds.
Furthermore, there is an increased political
and public demand to reduce the use of
laboratory animals due to objections to
experiments on living animals.

In vitro Techniques
Many of the variables of in vivo test
systems e.g. species differences can be

eliminated or at least controlled by in vitro
techniques. Besides, in vitro tests are simple
and cost-efficient. However, unlike other
toxicity testing systems, in vitro analysis for
teratogenicity presents certain special circum-
stances since the target in this case is a rapidly
growing embryo, whose tissues are simultan-
eously embarked on divergent differentiation
pathways. Thus, the test system has to be
designed in a way that the in vitro data can be
interpreted in terms of a possible in vivo
outcome.

Main characteristics of an ideal in vitro
teratogenicity screening system (Table 1)
include its relevance to mechanisms of terato-
genesis as well as the involvement of
developmental events in addition to desirable
features common to other test systems .

In the majority of cases the evaluation of
the developmental toxicity of a component
proceeds in at least two distinct phases: (i)
exploratory analysis of the fundamental bio-
logical properties of a substance by a series of
individual tests (test batteries) and (ii) de-
tailed analysis in more sophisticated versions
of the test . Several in vitro model systems
based on a vast range of cells and tissues have
been developed for detecting the embryo
toxic hazard of chemicals. This includes
whole embryo culture tests, organ culture
teratogen assays (e.g. micromass teratogen
test), as well as eukaryotic cell culture
systems (e.g. embryonic stem cell test and
Dictyostelium discoideum). In addition, im-
munological as well as molecular approaches
have been used to establish new and more
predictive toxicological endpoints.

Table 1. Main characteristics of an ideal in vitro teratogenicity screening system adapted
from Wilson (1978) [4]

Features of an ideal in vitro teratogenicity test system

| Simple, easy to perform, yield of interpretable results
I Rapid, usage of large numbers of samples
111 Giving few false negative
v Having relevance to mechanisms of teratogenesis
\Y Involving some aspects of progressive development
A% Usable with various types of agents
viI Usage of intact organisms capable to absorbe, circulate and excrete chemicals
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Whole Embryo Culture Test

Culturing of whole embryos at an early
stage of organogenesis, and exposing of these
to a potential teratogen, allows for the valu-
ation of a relative index of teratogenicity of
the test substance ®. Both mammalian em-
bryos, namely from the rat or the mouse
(rodent embryo culture) ®?, and embryos of
the South African clawed frog Xenopus laevis
(frog embryo teratogenesis assay-Xenopus,
FETAX) 7 are in use in teratogen screening.

The tests are able to evaluate single
compounds or their joint action as well as
environmental mixtures. However, the
question as to what minimal change in a de-
velopmental parameter would display the
presence of a potential teratogen is still
challenging. There are numerous parameters
which may indicate a deviation from normal
(Table 2) ®. Regrettably, at present no general
agreement exists on the extent of correlation
between many of these events and terato-
genicity. So, the three endpoints generally
used are mortality, malformation and growth
inhibition ©.

Whole embryo culture fulfills most of the
requirements of Wilson's ideal teratogenicity
screen. The advantages and disadvantages of
the technique are listed in table 3 ©. However,
teratogen test systems employing embryo
culture are unlikely to be adopted as sole
predictors of teratogenic potential in humans.
The wvalidity of data derived remains un-
certain. In particular, variations due to techni-
cian biases in terms of judging malformation
and in selecting test concentrations narrow the
significance of gained results .

Despite these limitations, the potential of
whole embryo culture systems to mimic
human teratogen metabolism, coupled with
their assessment of developmentally relevant
endpoints may secure their place in a battery
of teratogen screens.

Micromass Teratogen Test

The micromass teratogen test is an in vitro
system that can detect the interference of
substances with some of the normal processes
of cell differentiation observed in the devel-
oping embryo. The test is based on chick,
mouse and accordingly rat embryo midbrain
or limb cells, which were exposed to test
compounds for varying times and concentra-
tions ®. In vitro culturing of embryo limb or
rather central neural cells in small volumes at
high density results in a differentiation of the
cells into chondrocytes or neurons starting
from numerous small aggregates or foci of
cells .

Hence, several aspects of cell behavior
critical for normal embryogenesis can be
observed in micromass cultures including cell
adhesion, movement, communication, div-
ision and differentiation involving the new
synthesis of tissue specific patterns of en-
zymes and structural proteins ©.

The technique is ideal for preparing large
numbers of homogeneously responding cul-
tures from small amounts of embryo tissue
(performance in 96-well microtiter plates '?).

Exposure of the cells to the test compound
can be either directly in culture or transpla-
centally prior to culture in ex vivo experi-
ments. By this way, the test system can

Table 2. Various parameters which may indicate teratogenic activity of a compound in
whole embryo culture test systems adapted from Kochar (1980) [2]

Parameters indicating teratogenicity of a substance in whole embryo culture tests

I Changes in macromolecule synthesis as DNA, RNA or proteins
I Mitotic inhibition, cell cycle chances
111 Cytotoxicity
1A% Changes in cell behavior as cell to cell aggregation, cell adhesion, locomotion
\% Block in cell differentiation
VI Altered organ morphology or cell shape
VII Malformed embryo
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Table 3. Advantages and disadvantages of whole embryo culture test systems adapted from Fantel

(1982) [3]
Advantages and disadvantages of whole embryo culture testing
Advantages
1 Rapidity (24-48h for rodent embryo culture; 96h for FETAX)
I Precise control over embryonic exposure
1III Use of small quantities of expensive materials
v Removal of potentially confounding maternal variables
\Y Elimination of resorption losses
Vi Possibility to definite the role of .mat‘ernal metabolism by adding a metabolic
activation system
Disadvantages
1 Laborious
II Routes of administration of teratogens are not representative to the in vivo situation
I Impossibility to derive adult and developmental toxicity relationships
v Relationship between embryonic defects seen following exposure in vitro and

anomalies of the fetus and newborn often remains unclear

include a phase of in vivo embryo exposure
that will act as a control for the effects of drug
metabolism and pharmacokinetics ",

Furthermore, via using cells from different
organs and species the micromass test is
applicable to reproduce the in vivo sensitivity
of particular embryonic tissues or species to
teratogenic agents ®.

Studies comparing chemicals drawn from a
variety of classes suggest that the percentage
of teratogens detected may vary between 60
and 90%, and the percentage of non-terato-
gens detected may vary between 89 and 100%
depending on the test configuration selected,
the choice of compounds and the length of
exposure to test agent 1>~'¥,

Interlaboratory variability has been report-
ed to be small. Thus, the micromass teratogen
test is a robust in vitro system for studies of
potential teratogens. However, even if an in
vitro test is considered to be well validated,
limited in vivo data should be generated to
establish a correlation between in vitro and
in vivo.

Embryonic Stem Cell Test
Permanent lines of pluripotent stem cells,
which are characterized by a nearly unlimited
self-renewal capacity, have been shown to

develop into differentiated cells of all three
primary germ layers in vitro . In this, em-
bryonic stem cells recapitulate cellular devel-
opmental processes and gene expression pat-
terns of early embryogenesis "'®. Based on the
resemblance between early embryonic stages
and the differentiation of embryonic stem
cells in vitro the cell lines are used to identify
cytotoxic, mutagenic, embryo toxic and
teratogenic effects of chemical compounds.

Embryonic stem cells were isolated from
blastomeres of the early mouse embryo from
the 8-cell up to the blastocyst stage "> ',
During in vitro cultivation the stem cells
differentiate spontaneously at this forming
cell aggregates, the so called embryoid bodies
19 Since spatially controlled signals are
lacking, morphogenetic development does not
occur within the embryoid bodies "'?.

However, genes coding for tissue-specific
proteins have been shown to be expressed in a
developmentally regulated and time-depend-
ent manner closely resembling the patterns
observed during in vivo embryogenesis "%,
Thus, the embryonic stem cell test is suitable
to analyze developmental processes on a
cellular level.

The evaluation of cell differentiation is
performed both morphological and via mo-
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lecular techniques (analysis of tissue-specific
genes via reporter gene expression; automated
high-through put screening for changes in
gene and protein expression patterns using
microchip arrays for transcriptome and prote-
ome analysis) 9. However, the identification
of predictive marker genes for the major
target tissues during organogenesis is crucial
to get precise information on the teratogenic
action of a test compound.

Dictyostelium discoideum

A simple biological test system for the
rapid screening for potential developmental
toxicity of compounds is based on the cellular
slime mold Dictyostelium discoideum (D.
discoideum) "7~ '?. The single-cell, eukaryotic
microorganism requires relatively simple
culture conditions and can be produced in
large cell numbers. One outstanding property
of D. discoideum is that it is competent to
undergo both vegetative growth and develop-
ment (fruiting body formation). The syn-
chronous differentiation of a single-cell
population into multicellular organisms can
be induced by removing the food source 7"
' The mechanism of this relatively simple
cell differentiation program leading to the
formation of stalk and spore cells has been
shown to be similar, to some extent, to the
development of mammals ©°~*?,

So far, four transgenic D. discoideum
strains have been constructed 7', Each of
these strains expresses the reporter gene [-
galactosidase under the control of a distinct
developmentally regulated D. discoideum
promoter. The promoters in use are (i) cprB:
active in both stalk and spore, but not in
undifferentiated vegetatively growing D.
discoideum cells, (i1) pspA: active in spore
cells, (iii) ecmA: active in prestalk cells and
(iv) ecmB: active in stalk cells "', Hence,
the reporter genes serve as highly specific
indicators for the developmental fate of a
certain cell at a given time point.

Compared to mammalian cell cultures or
animal teratogenicity models D. discoideum
cell culture is easier to handle and less

expensive. Furthermore, the system is suitable
for automated screening. Thus, the Dictyo-
stelium-based assay may be qualified for
rapid large-scale screenings of chemicals,
even though the test system may not securely
predict the teratogenic potential of these
compounds in humans.

Most Recent Techniques on Teratogen
Study and Assay

Actually, focus is set on changes in gene
expression of cells cultured in vitro with
known or potential teratogens * ~**. The
correlation of the transcriptome with trad-
itional toxicological endpoints may reveal so
far unknown molecular targets and biomark-
ers of developmental toxicity. Beyond that,
assessment of dose-response relationships
between environmental exposures and the
disruption of specific processes essential
during early embryonic development is ex-
pected to provide information beneficial for
determining the mechanisms that underlie
teratogenicity.

The current technologies in use for
detecting relative mRNA expression levels
are (i) microarray analysis and (ii) quantita-
tive real-time reverse transcription PCR “¥,
Both techniques enable the detection of genes
susceptible to deregulation by teratogens. So
far, gene expression responses identified to be
related to in vivo effects of teratogenic
substances include histone deacetylase inhib-
ition, G1 phase cell cycle arrest and induction
of apoptosis ®°. Thus, studying toxico-
genomic responses to short-time (<6 hr)
exposures of a teratogenic compound in vitro
could be a useful component in mechanistic
studies and screening tests for developmental
toxicity.

Additional computer-based techniques have
been developed for the prediction of the
teratogenic potential of a given compound
covering the computer simulation of normal
and abnormal development of cells and
tissues *” as well as the analysis of structure-
activity relationships and hydrogen-bond for-
mation of chemicals ®¥.
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Additional Remarks

To reduce the number of experimental
animals, various in vitro alternatives have
been developed. However, all in vitro tests
share the possibility of generating false
negative or positive data. Teratogenicity of a
specific compound may be based on the
biochemical modification of the substance in
vivo which is not realized by the in vitro test
system.

A further critical factor is the pharmaco-
kinetic. The embryo in vivo may not be
exposed to concentrations of a chemical that
adversely affects the development of cells
in vitro. Even small differences in the
molecular structure can affect the pharmaco-
kinetic of the substance, independently of the
absolute sensitivity of the embryo in vivo or
of the cultured cells in vitro. Thus, pharmaco-
kinetic data must be taken into account for
valuation the risk of developmental toxicity of
a compound.

Generally, the in vitro test system used has
to be selected with a view to obtain optimal
and relevant information. At present, we
know relatively little about the mechanisms of
developmental toxicity. However, the sensi-
tivity of a certain in vitro test to a teratogenic
agent may depend on the underlying mech-
anism of action of the compound. Often
several types of test systems are required to
securely identify different classes of terato-
genic agents (test batteries).

To sum up, it seems to be unlikely that
in vitro testing will replace animal testing
entirely. However, it has the potential to
reduce the number of animals used in
screening chemicals, drugs and environmental
pollutants for their developmental toxicity.

Conflict of Interest
The author declares no conflict of interest.

References
1. Walmod PS, Gravemann U, Nau H, Berezin V,
Bock E. Discriminative power of an assay for
automated in vitro screening of teratogens. Toxicol
In Vitro 2004;18(4):511-525.

10.

11

12.

13.

14.

15.

Kochhar DM. In vitro testing of teratogenic agents
using mammalian embryos. Teratog Carcinog
Mutagen 1981;1(1):63-74.

Fantel AG. Culture of whole rodent embryos in
teratogen screening. Teratog Carcinog Mutagen
1982;2(3-4):231-242.

Wilson JG. Review of in vitro systems with
potential for use in teratogenicity screening. J
Environ Pathol Toxicol 1978;2(1):149-167.

Pearson RM. In-vitro techniques: can they replace
animal testing? Hum Reprod 1986;1(8):559-560.

Bernardini G, Vismara C, Boracchi P, Camatini M.
Lethality, teratogenicity and growth inhibition of
heptanol in Xenopus assayed by a modified frog
embryo teratogenesis assay-Xenopus (FETAX)
procedure. Sci Total Environ 1994;151(1):1-8.

Bantle JA, Finch RA, Burton DT, Fort DJ, Dawson
DA, Linder G, et al. FETAX interlaboratory valid-
ation study: phase III-Part 1 testing. J Appl Toxicol
1996;16(6):517-528.

Flint OP. In vitro tests for teratogens: desirable
endpoints, test batteries and current status of the
micromass teratogen test. Reprod Toxicol 1993;7
(Suppl 1):103-111.

Umansky R. The effect of cell population density
on the developmental fate of reaggregating mouse
limb bud mesenchyme. Dev Biol 1966;13(1):31-56.

Paulsen DF, Solursh M. Microtiter micromass
cultures of limb-bud mesenchymal cells. In Vitro
Cell Dev Biol 1988;24(2):138-147.

. Flint OP, Orton TC, Ferguson RA. Differentiation

of rat embryo cells in culture: response following
acute maternal exposure to teratogens and non-
teratogens. J Appl Toxicol 1984;4(2):109-116.

Flint OP, Orton TC. An in vitro assay for
teratogens with cultures of rat embryo midbrain and
limb bud cells. Toxicol Appl Pharmacol 1984;76
(2):383-395.

Wise LD, Clark RL, Rundell JO, Robertson RT.
Examination of a rodent limb bud micromass assay
as a prescreen for developmental toxicity. Terato-
logy 1990;41(3):341-351.

Renault JY, Melcion C, Cordier A. Limb bud cell
culture for in vitro teratogen screening: validation
of an improved assessment method using 51
compounds. Teratog Carcinog Mutagen 1989;9(2):
83-96.

Doetschman TC, Eistetter H, Katz M, Schmidt W,
Kemler R. The in vitro development of blastocyst-
derived embryonic stem cell lines: formation of

Avicenna Journal of Medical Biotechnology, Vol. 2, No. 3, July- September 2010

Bio quife:mmmy//:dny woly papeojumog


http://www.ajmb.org

16.

17.

18.

19.

20.

21.

Schumann )

visceral yolk sac, blood islands and myocardium. J
Embryol Exp Morphol 1985;87:27-45.

Rohwedel J, Guan K, Hegert C, Wobus AM.
Embryonic stem cells as an in vitro model for
mutagenicity, cytotoxicity and embryo toxicity
studies: present state and future prospects. Toxicol
In Vitro 2001;15(6):741-753.

Tillner J, Winckler T, Dingermann T. Develop-
mentally regulated promoters from Dictyostelium
discoideum as molecular markers for testing poten-
tial teratogens. Pharmazie 1996;51(11):902-906.

Tillner J, Nau H, Winckler T, Dingermann T.
Evaluation of the teratogenic potential of valproic
acid analogues in transgenic Dictyostelium discoi-
deum strains. Toxicol In Vitro 1998;12(4):463-469.

Dannat K, Tillner J, Winckler T, Weiss M, Eger K,
Dingermann T. Effects of medicinal compounds on
the differentiation of the eukaryotic microorganism
dictyostelium discoideum: can this model be used
as a screening test for reproductive toxicity in
humans? Pharmazie 2003;58(3):204-210.

Cotter DA, Sands TW, Virdy KJ, North MJ, Klein
G, Satre M. Patterning of development in Dictyo-
stelium discoideum: factors regulating growth,
differentiation, spore dormancy, and germination.
Biochem Cell Biol 1992;70(10-11):892-919.

Loomis WF. Lateral inhibition and pattern forma-
tion in Dictyostelium. Curr Top Dev Biol 1993;28:
1-46.

22,

23.

24,

25.

26.

27.

28.

Schaap P, Tang YH, Othmer HG. A model for
pattern formation in Dictyostelium discoideum.
Differentiation 1996;60(1):1-16.

Stigson M, Kultima K, Jergil M, Scholz B, Alm H,
Gustafson AL, et al. Molecular targets and early
response biomarkers for the prediction of develop-
mental toxicity in vitro. Altern Lab Anim 2007;35
(3):335-342.

Jergil M, Kultima K, Gustafson AL, Dencker L,
Stigson M. Valproic acid-induced deregulation in
vitro of genes associated in vivo with neural tube
defects. Toxicol Sci 2009;108:132-148.

Robinson JF, Guerrette Z, Yu X, Hong S, Faustman
EM. A systems-based approach to investigate dose-
and time-dependent methyl mercury-induced gene
expression response in C57BL/6 mouse embryos
undergoing neurulation. Birth Defects Res B Dev
Reprod Toxicol 2010;89(3):188-200.

Sha K, Winn LM. Characterization of valproic
acid-initiated homologous recombination. Birth
Defects Res B Dev Reprod Toxicol 2010;89(2):
124-132.

Fisher JC, Bodenstein L. Computer simulation
analysis of normal and abnormal development of
the mammalian diaphragm. Theor Biol Med Model
2006;3(1):9.

Rajnikant, Dinesh, Chand B. Biological activity
predictions, crystallographic comparison and
hydrogen bonding analysis of cholane derivatives.
Indian J Biochem Biophys 2007;44(6):458-469.

Avicenna Journal of Medical Biotechnology, Vol. 2, No. 3, July- September 2010

Bio quife:mmmy//:dny woly papeojumog

121


http://www.ajmb.org

