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Investigation of the Teratogenic Potential of
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BACKGROUND: Ochratoxin A (OTA) is a mycotoxin produced by certain Aspergillus and Penicillium species. It has been
observed to be teratogenic in a number of animal models including rat, mouse, hamster, and chick, with reduced birth
weight and craniofacial abnormalities being the most commonly observed malformations. Neither the potential of OTA
to cause malformations in humans nor its teratogenic mode of action is known. The FETAX system is an embryotoxicity
assay system, with a high correlation to animal models and epidemiological data. Analysis of OTA-mediated
teratogenesis using this system could provide a useful tool for the generation of high numbers of samples for mechanistic
studies. METHODS: Using the standard ASTM 96-hr exposure protocol, the effect of OTA and its structural analogue
OTB on the development of Xenopus laevis embryos in vitro was assessed. The accumulation of both substances in
Xenopus embryos was also examined using tritiated OTA and OTB. RESULTS: Both OTA and OTB caused craniofacial
malformations, while OTA also caused reduced embryo growth. As expected, OTA was far more potent in inducing these
effects than OTB. This could at least in part be due to greater levels of OTA being accumulated within the embryos.
CONCLUSIONS: The ability of FETAX to differentiate between close structural analogues indicates the assay has great
potential for the elucidation of the embryotoxic and teratogenic mechanisms of action. Hence, the model could provide a
suitable system for the investigation of other known teratogens or for the pre-screening of new agents for teratogenic
potential. Birth Defects Res B 74:417–423, 2005. r 2005 Wiley-Liss, Inc.
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INTRODUCTION

The mycotoxin ochratoxin A (OTA) is produced as a
secondary metabolite by certain Aspergillus and Penicil-
lium species (Scott et al., 1972). It is commonly found as a
contaminant in animal feeds and human foodstuffs
including cereals and cereal products, dried fruit, dried
fish, coffee (Krogh, 1987; Studer-Rohr et al., 2000), meat
and meat products, and in confectionary (DFG, 1990,
2000) with contamination levels ranging from 0.1–3.8 mg/
kg (Speijers and van Egmond, 1993; Studer-Rohr, 1995).
Considerable levels of OTA have also been found in red
wines at concentrations of up to 7 mg/l (Majerus and
Otteneder, 1996; Viglione, 1998). The average human
daily intake of OTA has been estimated at 1.2 ng/kg
leading to plasma levels of approximately 0.5 ng/ml,
though it should also be noted that these levels may be
considerably higher depending on individual and regio-
nal dietary habits (Studer-Rohr et al., 2000). Exposure to
OTA has been demonstrated to be teratogenic in a
number of species including rats (Brown et al., 1976),
mice (Arora et al., 1983), hamsters (Hood et al., 1976), and
chick (Wiger and Stormer, 1990). The most common
defects noted are overt craniofacial abnormalities such as
exencephaly, microphthalmia, facial clefts, and hypo-
plastic jaws, all of which appear to be dependent on both
the dose and the period of gestation during which the

toxin is administered (Wiger and Stormer, 1990). The
timing of these effects coincides with the period of
neurulation. Once the neuropores are closed, subsequent
exposure has not been observed to be teratogenic. This
may possibly be due to reduced placental transfer later in
development (Appelgren and Arora, 1983; Fukui et al.,
1987) or to a specific action of the toxin on the developing
nervous system (Fukui et al., 1992; Szczech and Hood,
1981; Wei and Sulik, 1996).

OTA is a specific and potent animal teratogen and
given the wide range of foodstuffs in which it is present
it is hardly surprising that it has been detected in all
human plasma samples to date (Kuiper-Goodman et al.,
1993). Surprising if not disquieting, however, is that
despite this and the fact that the half-life of OTA in
humans is approximately 6–13-fold longer than that
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reported in rats (DFG, 1990; Li et al., 1997; Studer-Rohr
et al., 2000) and that children and infants have been
suggested to be more at risk from the toxic effects of OTA
(Wolff et al., 2000), little or no research has been
undertaken to identify possible risks to human foetal
development. The molecular and cellular mechanism(s)
by which these anomalies occur also remains to be
elucidated. The overall effects of OTA exposure observed
in vivo in rodent and in vitro using embryo culture
models are similar to many malformations that have
been described for humans for which the aetiology is
unknown such as microcephaly, exencephaly, cleft
lip, and cleft palate (CDC, 1998; Hood et al., 1976). Thus,
this supports the requirement for a sequential analysis
of the embryological and cellular evolution of OTA-
mediated malformations in a variety of model systems
to provide more accurate information for human
teratogenic risk assessment. Several short-term model
systems such as the micromass test, whole embryo
culture, and embryonic stem cells, currently exist;
however, none of these has been validated for the
identification of all classes of developmental toxicants
(ECVAM, 2002; Piersma, 2004).

A further model system, which may fulfil many of the
criteria for such mechanistic studies, is the frog embryo
teratogenicity assay Xenopus (FETAX), which is currently
being assessed by the Interagency Coordinating Com-
mittee on the Validation of Alternative Methods (ICC-
VAM). This assay provides a useful tool both for the
analysis of such risks as well as for improved under-
standing of teratogenicity via mechanistic studies. The
system incorporates all major stages and periods of
sensitivity found in mammalian embryonic development
(Bantle et al., 1988, 1991; Schoenwolf and Smith, 1990)
without the involvement of exposure of the adult animals
to the toxin. The FETAX assay has proven to be sensi-
tive to the effects of other known human teratogens
including thalidomide and retinoic acid (ASTM, 1991;
Bantle et al., 1994; Dawson, 1991; Dumpert, 1986a,b)
and has enabled the further elucidation of the mechan-
ism of action of these agents. Using a range of substances,
Sabourin and co-workers determined the system to
have an overall predictive accuracy of 83% and a
sensitivity of 85% with 15% false negatives (Sabourin
and Faulk, 1987). A subsequent study carried out by the
International Coordinating Committee on the Validation
of Alternative Methods (Department of Health and
Human Services), reported a predictive accuracy of
79%, a sensitivity of 71%, and a specificity of 92% (Panel,
2000). However, the system has not yet been validated as
an alternative testing method and is subject to a
considerable degree of inter-laboratory variation in
both the reported results and in the endpoints recorded.
A meeting of the Expert Panel on the frog embryo
teratogenesis assay Xenopus made several recommen-
dations for the further optimisation and validation of the
assay including increasing the number of endpoints
evaluated and the development of a reliable and accurate
database for the identification of chemicals for which
reliable FETAX data on mortality, malformation, and
growth inhibition are available (Panel, 2000). In order
to achieve this aim, a wider range of substances
with demonstrated teratogenic potential (at least in
rodent studies) must be evaluated using the FETAX
assay. The use of closely related structural analogues

with varying teratogenic potencies would also be
invaluable in this respect.

Thus, the aim of this study was to characterise the
teratogenic effects of OTA and its less potent structural
analogue OTB, using the FETAX system. OTB differs
from OTA only by the substitution of a chlorine molecule
for a hydrogen molecule on the isocumarin moiety
(Fig. 1). Comparison of the effects of these two structural
analogues could provide valuable data for comparison
with rodent studies and, moreover, a basis for future
mechanistic studies.

MATERIALS AND METHODS

Chemicals

L-cysteine, HCG, and PMSG were purchased from
Sigma Chemical Co. (Gillingham, UK). BTS-450 tissue
solubiliser was obtained from Beckman Instruments
(Fullerton, CA) and 3H-OTA (1 mCi/ml in ethanol,
purityZ97%, specific activity 6.66� 1011 Bq/mMol) was
supplied by Moravek Biochemicals Inc. (Brea, CA).
3H-OTB (1 mCi/ml in ethanol, purity 5 99%, specific
activity 6.66� 1011 Bq/mMol) was custom-synthesised
by tritium exchange with subsequent purification by
TLC and HPLC by American Radiolabelled Chemicals
Inc., St. Louis, MO. All other chemicals were of the
highest grade commercially available. Highly purified
OTA and OTB (purityZ98%, benzene free) were kindly
provided by Dr. M. Stack, FDA, Washington, DC.

Animals

Adult South African clawed frog (Xenopus laevis) pairs
were obtained from the animal research facility of the
University of Konstanz and maintained in dechlorinated
water at 24711C, with a 14 hr/10 hr light/dark cycle.

FETAX Assay

The FETAX assay was carried out essentially in
accordance with the ASTM standard method (ASTM,
1991) except that ovulation and mating were induced by
injection of 150 (males) or 250 (female) units PMSG into
the dorsal lymph sac followed by 600 (male) and 700
units (female) HCG 48 hr later. Embryos were de-jellied
in 2% w/v L-cysteine, pH 8.1, for 2 min. Normally
developing embryos between stages 8 and 11 were
selected for exposure (Nieuwkoop and Faber, 1975) and
maintained in groups of 25 individuals in 10 ml FETAX
medium (ASTM, 1991) to which the test substances were
added to give the nominal concentrations indicated.
Stock solutions of OTA and OTB were made up in 7%
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Fig. 1. Molecular structures of OTA and OTB. Note that the only
difference between the two compounds is the substitution of
hydrogen for chlorine on the isocumarin moiety.
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sodium bicarbonate. Bicarbonate concentration never
exceeded 0.1%, which served as control in all experi-
ments. Embryos were incubated at 24711C, with a 14 hr/
10 hr light/dark cycle. Only assays meeting the criteria of
the ATSM standard (mortalityr10%, malformationr7%,
positive LC50 and EC50 controls, data not shown) were
included in the evaluation.

3H-OTA and 3H-OTB Uptake Experiments

Embryos were collected and selected as outlined
above. 3H-OTA or 3H-OTB (2 mCi), were added to each
exposure group. This concentration was selected as a
concentration at which no teratogenic or developmental
retardation effects had been observed in preliminary
range-finding experiments (data not shown). Every 24 hr,
dead embryos were removed and recorded and groups
of embryos were initially rinsed in a 1,000-fold excess of
cold OTA or OTB, followed by five washes in normal
FETAX solution to completely remove surface-bound
radioactivity. The embryos were solubilised in tissue
solubiliser and submitted for liquid scintillation count-
ing. Uptake was expressed as DPM per embryo7SD.

Concentration-Response Effects

For concentration-response experiments, nine concen-
trations of OTA and ten of OTB plus vehicle controls
were used to generate reliable response curves for Probit
analysis. Medium and test substances were renewed
every 24 hr. Dead embryos were removed and recorded
every 24 hr and embryos remaining after 96 hr were fixed
in 70% ethanol and, in accordance with the recommen-
dations of the expert panel meeting on the frog embryo
teratogenesis assay Xenopus, individually assessed mi-
croscopically for developmental stage and malformations
using standard criteria (Bantle et al., 1991; Nieuwkoop
and Faber, 1975) within 48 hr of fixation to avoid
introduction of dehydration artefacts. Growth inhibition
as measured by head-to-tail length was assessed using a
CCD camera coupled to a custom-designed computer
program (Visiometrics, Neser and Bubek GbR, Konstanz,
Germany) and was expressed as percent control.

Test Acceptability and Statistical Analysis

All experiments were carried out three times in
duplicate (n 5 3). Only tests with a control mortality
r10% and malformation r7% were deemed acceptable
for analysis.

Mortality and malformation data were analysed by
Probit analysis and the resulting values subjected to
ANOVA and Dunnett’s post test. Results are expressed
as the mean7SD and those significantly different from
the control are indicated (�po0.05, ��po0.01). Uptake
experiments were analysed using Bonferroni’s multiple
comparisons test. Results are expressed as the mean7SD
and those significantly different from the control are
indicated (�po0.05, ��po0.01).

RESULTS
3H-OTA and 3H-OTB Uptake

Xenopus embryos appeared to maintain the level of
3H-OTA accumulated during the first 24 hr up until the
72-hr timepoint. As the amount of 3H-OTA incorporated

following 24-hr exposure was not significantly different
to that at 72 hr, this suggests that uptake is not mediated
by transdermal passive diffusion. However, 3H-OTA
uptake increased considerably between 72 and 96 hr
(Fig. 2), which corresponds to the onset of mouth
opening and the feeding reflex (Nieuwkoop and Faber,
1975). Thus, the oral uptake route appeared to supple-
ment the initial route for OTA absorption. Uptake of
3H-OTB per embryo was consistently 3–7 times lower
than that observed for 3H-OTA throughout the duration
of the exposure and, similarly to OTA, a marked increase
was observed in uptake following onset of the feeding
reflex between 72 and 96 hr.

Concentration/Response Curves

Mortality. OTA was observed to cause a concentra-
tion-dependent increase in the rate of embryo mortality
(Fig. 3a) with Probit analysis yielding an LC50 value of
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Fig. 2. Uptake of OTA and OTB into 24, 48, 72 and 96 h Xenopus
laevis embryos. Embryos were incubated with 2mCi OTA or OTB
over 24–96 h. Results are expressed as DPM/embryo
(mean7SD). A significant increase in the uptake of both
substances was noted at the 96 h time-point (��pr0.01,
Bonferroni’s multiple comparison test).
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Fig. 3. Effect of OTA (a) and OTB (b) on embryo mortality
following 96 h exposure. Results are expressed as percent
mortality (mean7SD) and those significantly different from
control are indicated (�po0.05, ANOVA and Dunnett’s post
test). Note that OTA-mediated effects occur at concentrations
approximately one order of magnitude lower than those of OTB.
Values represent the mean7SD.
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approximately 400734.4 nM. Concentrations less than
200 nM did not appear to have any consistent effect on
survival. However, at values greater than 300 nM, the
concentration-mortality curve was steep, with 88.7719%
mortality being achieved at 500 nM. In contrast to the
results obtained for OTA, OTB concentrations greater
than 400 nM were necessary to induce mortality rates
significantly different from control. OTB did however
cause a concentration-dependent increase in embryo
mortality rates (Fig. 3b) albeit at far greater concentra-
tions than OTA, but also with a relatively steep
concentration-response curve. Probit analysis revealed
an LC50 value of 700736.1 nM.

Malformation. OTA caused an increased incidence
of a single specific and highly consistent malformation in
Xenopus embryos (Fig. 4a). A distinct narrowing of the
facial region and differences in overall facial shape were
apparent. Probit analysis revealed an EC50 value of
approximately 60710.3 nM for this malformation. At
lower concentrations, the observed craniofacial abnorm-
ality was extremely subtle but increased dose-depen-
dently in both incidence (Fig. 4a) and severity (Fig. 5a).
This facial narrowing was not associated with an increase
in the occurrence of any other malformations, e.g.,
retardation of gut coiling, and was, therefore, deemed
to be a specific effect associated with OTA exposure
rather than a generalised retardation of development
(Bantle et al., 1991). Similarly to OTA, a concentration-
dependent increase in the number of malformed
embryos was recorded following OTB exposure
(Fig. 4b). These embryos also displayed craniofacial
narrowing similar to that observed following exposure

to OTA (Fig. 5b); however, far higher concentrations
(EC50 5 200726.2 nM) were required to produce these
effects. In contrast to the situation with OTA, this
craniofacial narrowing was also associated with a trend
toward retarded gut coiling, which, however, only
became statistically significant at the extremely high
concentration of 600734.04 nM (data not shown).

Growth Inhibition. Embryos exposed to higher
concentrations (4200 nM) of OTA were observed to be
significantly growth inhibited. On average, embryos
exposed to 400 nM were 10% shorter than controls
(Fig. 6a) with some individual animals being up to 20%
shorter. This effect did not appear to be a generalised
retardation of development as gut coiling, an early
marker of such effects, was complete at 96 hr even in
embryos exposed to 400 nM OTA (data not shown).
Although OTB-exposed embryos displayed a slight
tendency toward growth inhibition as assessed by length
measurement, this effect was not statistically significant
even at the highest concentration (1 mM) tested (Fig. 6b).

DISCUSSION

The nephrotoxic effects of ochratoxins have received
greater attention than their potential teratogenic effects
(O’Brien and Dietrich, 2005a,b), possibly due to the
inherent difficulties associated with in vivo teratogeni-
city studies (species specificity, sensitivity window, cost
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Fig. 4. Concentration-dependent induction of malformations in
Xenopus laevis embryos following 96 h exposure to OTA (a) and
OTB (b). Malformation was assessed according to standard
ASTM criteria and are expressed as percentage malformed
embryos (mean7SD) and those significantly different from
control are indicated (�po0.05, ANOVA and Dunnett’s post
test). Note that OTA-mediated effects occur at concentrations
approximately one order of magnitude lower than those of OTB.

Fig. 5. Craniofacial narrowing caused by exposure to OTA (a)
and OTB (b). Control embryos displayed the normal, slightly
rounded shape, whereas ochratoxin exposure resulted in the
development of a more V-shaped form.

420 O’BRIEN ET AL.

Birth Defects Research (Part B) 74:417–423, 2005



of pure toxin). Thus, the mechanism(s) of OTA-induced
teratogenesis remain unclear. The FETAX assay is a
relatively simple and rapid method for generating large
amounts of analytical data. This assay system allows for
very specific interventions during embryogenesis and
could, therefore, prove useful for mechanistic studies.
Therefore, the aims of this study were to investigate if the
previously reported teratogenic effects observed in
rodent models could be reproduced using Xenopus laevis
embryos and to determine if the observed effects are
specific in nature or as a result of general embryo toxicity.
Furthermore, the investigation aimed to provide initial
information on the previously observed differences in
the teratogenic potentials of OTA and its structural
analogue, OTB. This was achieved by assessing several
standard FETAX parameters including mortality, mal-
formation, and embryo growth.

The comparison of the concentration-mortality curves
for the two analogues reveals differences in the toxic
effects with higher concentrations of OTB being neces-
sary to cause a significant increase in embryo mortality.
OTA displays the classic characteristics of a teratogen in
that a high degree of malformation is apparent before
significant effects on mortality can be detected. In
contrast, for OTB the effects of mortality, craniofacial
narrowing, and retarded gut coiling appear to coincide
with each other, thus suggesting OTB to be embryotoxic
rather than teratogenic. It should, however, be reiterated
that these effects only occurred at extremely high
concentrations. In this study, both ochratoxin A and
ochratoxin B were observed to specifically cause cranio-
facial narrowing in Xenopus laevis embryos in a concen-
tration-dependent manner. The previously reported
relative toxicity differences between OTA and OTB were
also apparent with approximately four-fold higher
concentrations of OTB being required to achieve a similar
malformation rate and grade (Wiger and Stormer, 1990).
The predominant effects in rodents following in utero
exposure to OTA in these models were also most evident

in the craniofacial regions. In mice, alongside an
increased incidence of resorption, the most commonly
noted defects are exencephaly, neurocranial defects,
neural tube and thoracic malformations, narrowing of
the craniofacial skeleton, and a decrease in foetal size
(Arora and Frolen, 1981; Wei and Sulik, 1993). Dosing of
pregnant rats p.o. with 0.75–1 mg/kg OTA resulted in an
increased incidence of embryo resorption, but also in
decreased foetal size and increased skeletal defects,
primarily in the craniofacial region (Mayura et al., 1982,
1984).

In rats, these effects have been attributed to a specific
action of ochratoxin itself and not as a result of maternal
toxicity or maternal production of OTA metabolites, as
OTA has been found at relatively high concentrations
(64.2 ng/g) in rat foetal tissue following single maternal
dosing with 2.5 mg/kg s.c., without detection of meta-
bolic congeners (Ballinger et al., 1986). In contrast, pigs
are insensitive to the teratogenic effects of OTA, probably
due to the lack of placental transfer (Mortensen et al.,
1983; Shreeve et al., 1977).

The concentrations of OTA necessary to induce
malformations in FETAX embryos were far lower than
those employed in earlier rodent studies. This is most
likely due to the faster rate of amphibian embryonic
development leading to an inherent higher susceptibility
to toxic insult, particularly with respect to substances,
which mediate their toxic effects by disruption of the cell
cycle. In support of this hypothesis, preliminary data
from our laboratory indicate OTA to arrest primary
human and primary porcine renal epithelial cells as well
as the NRK-52E (rat) and LLC-PK1 (pig) continual cell
lines in the G2 phase of the cell cycle (Dreger et al., 2000;
Wolf et al., 2002).

The OTA-mediated decrease in average embryo length
noted in this study, appears to correspond to the decrease
in embryo size and birth weight noted by other authors
(Arora and Frolen, 1981; Mayura et al., 1984; Mayura
et al., 1982; Wei and Sulik, 1993). OTB, in contrast had no
significant effect on embryo growth. This corresponds to
its lesser toxic potential.

The observed differences in the toxicities of OTA and
OTB remain to be explained. One possibility is differ-
ences in the amount of OTA gaining access to the
embryos. In this study, we measured OTA and OTB
uptake into FETAX embryos throughout the 96 h dura-
tion of the test. OTA uptake was consistently 3–7-times
higher than that of OTB. The measurements made here
are unlikely to be due to degradation of the tritiated
compounds to yield tritiated water. Studer-Rohr and
co-authors, using the same source and specific activity of
3H-OTA have previously determined the degradation
rate of 3H-OTA generated by tritium exchange, to be less
than 2% over 21 days at 371C (Studer-Rohr et al., 2000).
Thus, it is unlikely that significant degeneration occurred
over 96 hours at 241C. Furthermore, if these observations
were due to the presence of significant amounts of
tritiated water, then the values obtained for OTA and
OTB uptake should not display the large differences
observed.

The uptake patterns for ochratoxins observed in this
study do not indicate transdermal incorporation via a
passive diffusion mechanism, as uptake was observed to
be independent of both embryo size and surface area.
Indeed recent investigations into the transport of
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Fig. 6. Effects of OTA (a) and OTB (b) on embryo growth.
Results are expressed as percentage control (mean7SD) and
those significantly different from control are indicated (�po0.05,
ANOVA and Dunnett’s post test).
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ochratoxins have indicated them to be subject to
transport via specific organic anion transporters (Babu
et al., 2002; Jung et al., 2001; Tsuda et al., 1999). It is
possible that these transporters, which are known to
transport organic anions both in and outwards may be
able to maintain a balance during the initial phases of
embryonic development and that this mechanism is
overloaded following the onset of the feeding reflex,
resulting in an increase in uptake. Further investigations
using transporter expression systems should shed light
on the kinetics and dymanics of OTA uptake.

The difference in OTB and OTA incorporation levels
and/or transport kinetics could at least in part account
for the differences in the toxic potentials of the two
substances. Such differences in incorporation could also
arise due to variations in their ability to bind to
embryonic proteins. Initial results obtained in our
laboratory using rodent, porcine and human renal
homogenates do indeed indicate differences in the
binding characteristics of the two toxins (Heussner
et al., 2002), however no information is currently
available on ochratoxin-protein binding in amphibians.

In summary, the effects of ochratoxin exposure in the
FETAX system are similar to those observed in previous
in vivo models, however, the assay offers several
advantages over standard testing methods: firstly, it
does not involve exposure of the mother animal, results
can be obtained more rapidly and finally, large numbers
of samples can be generated for biochemical, histological
and molecular biological investigations. Recent studies
aimed at assessing the use of Xenopus tropicalis in a
similar testing system have yielded promising results
(Fort et al., 2004; Song et al., 2003). X. tropicalis responded
to known teratogens and substances previously tested
positive in the standard FETAX system in a similar
manner to X. laevis, with some differences in the
teratogenic index (TI), however, use of the TI is only
recommended if the slopes of the mortality and
malformation concentration-response curves are parallel
(Panel, 2000). These differences are probably due to the
differing optimum temperatures between the two spe-
cies. This member of the Xenopus family presents distinct
advantages over the current X. laevis system, including a
shorter generation time, allowing testing of effects over
several generations and a diploid rather than tetraploid
genome, making the system more amenable to the
generation of knock-out strains and analysis using gene
chip expression analysis (Panel, 2000). Concerns about
the susceptibility of these animals to disease remain
however and extensive testing of further substances
must also be carried out to accurately assess the potential
of this species for teratogenicity testing. Thus, despite
certain justified reservations with respect to the use of an
amphibian test system for the assessment of embryotoxi-
city, the results of the current study indicate the potential
of the FETAX system for the investigation of the
mechanism of OTA-induced teratogenicity.
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Zürich. 100 p.

Studer-Rohr J, Schlatter J, Schlatter C, Dietrich DR. 2000. Intraindividual
variation in plasma levels and kinetic parameters of ochratoxin A in
humans. Arch Toxicol 74:499–510.

Szczech GM, Hood RD. 1981. Brain necrosis in mous fetuses transplacen-
tally exposed to the mycotoxin ochratoxin A. Toxicol Appl
Pharmacol 57:127–137.

Tsuda M, Sekine T, Takeda M, Cha SH, Kanai Y, Kimura M, Endou H.
1999. Transport of ochratoxin A by renal multispecific organic anion
transporter 1. J Pharmacol Exp Therapeut 289:1301–1305.

Viglione P. 1998 5.12.1998. Contamination of red wine with ochratoxin A
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