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Zebrafish are vertebrate organisms that are of growing interest for pre-
clinical drug discovery applications. Zebrafish embryos develop most of the
major organ systems present in mammals, including the cardiovascular, ner-
vous and digestive systems, in < 1 week. Additional characteristics that make
them advantageous for compound screening are their small size, transpar-
ency and ability to absorb compounds through the water. Furthermore, gene
function analysis with antisense technology is now routine procedure. Thus,
it is relatively simple to assess whether compounds or gene knockdowns
cause toxic effects in zebrafish. Assays are being developed to exploit the
unique characteristics of zebrafish for pharmacological toxicology. This
review discusses assays that may be used to assess in vivo toxicity and pro-
vides examples of compounds known to be toxic to humans that have been
demonstrated to function similarly in zebrafish.
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1. Introduction

Many drugs developed by the pharmaceutical industry fail in clinical trials because of
unanticipated toxic side effects. Toxicity may be caused by a compound interacting
with a molecular target that is distinct from the target selected for therapeutic benefit,
defined as an off-target effect. An example of this is the large number of compounds
that interfere with the cardiac potassium ion channel human ether a-go-go (hERG),
which can cause a fatal arrhythmia 1].

Alternatively, severe side effects may result from blockage of a molecular target
in a nontargeted tissue, defined as an on-target effect; for example, NSAIDS
derive therapeutic benefit from inhibiting COX-1 and/or -2. However, inhibition
of COX-1 in the gastrointestinal system has been shown to cause gastric ulcers
and more recently, specific inhibition of COX-2 has been potentially linked to
cardiovascular complications [2].

Drugs are usually tested for in vivo toxicity in mammalian models, such as mouse,
rat and dog. Toxicity testing is a time-consuming and expensive part of the modern
drug discovery process. In the last few years, many investigators have begun to
explore the use of zebrafish as an alternative model for toxicity testing of pharmaceu-
ticals in order to provide an in vivo assessment of compound effects at an earlier
stage in drug discovery. Because they are small, easy to care for, inexpensive to main-
tain, and produce large numbers of transparent embryos that develop outside of the
mother, zebrafish have been used to study almost every aspect of vertebrate biology,
including the development and function of the cardiovascular system, the CNS and
the digestive system. The ability to culture large numbers of zebrafish embryos and
larvae in small volumes of media [3] facilitates rapid testing of compounds for toxi-
city, while using a minimal amount of compound (nanograms or less per animal).
Compounds in the media are absorbed by the zebrafish through the skin and gills at
embryonic stages and through the digestive system during later larval stages. Embry-
onic, larval and adult zebrafish have all been used for many years for environmental
toxicity testing [41. Although this review focuses on assays that use the more
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experimentally tractable embryos and larvae, adult zebrafish
may also play a role in toxicity testing, complementing studies
in embryos and larvae.

Reliable antisense technology affords the opportunity to
rapidly assess the consequences of gene knockdown. The most
common method used to knock down genes in zebrafish uses
morpholinos — oligomers made up of nucleic acid bases
attached to a morpholine backbone that renders the molecules
resistant to endogenous nucleases. Morpholinos can be
designed to block either translation (5] or splicing [e]. Splice
site morpholinos provide the advantage of allowing knock-
down to be monitored by reverse transcriptase polymerase
chain reaction. Although small interference RNA has been
reported to be effective for knocking down some genes in
zebrafish [7,8], morpholino technology remains the gold stand-
ard for reproducible gene knockdown in zebrafish. Peptide
nucleic acids have also been shown to be effective for antisense
applications in zebrafish [9]. Thus, genes that are potential tar-
gets for drug development can be rapidly knocked down in
zebrafish to assess the effects of gene inactivation in both tar-
get and nontarget tissues. The zebrafish genome is being
sequenced by the Sanger Institute [101], which has greatly sim-
plified the process of identifying zebrafish orthologues of
human gene targets.

Although any organ or tissue can be monitored in response
to a compound or a gene knockdown, this review focuses on a
few zebrafish assays that have been most widely used for toxi-
city evaluation. Transgenic zebrafish with fluorescent tissues
and organs that can be useful for assay development are sum-
marised in Table 1. Because the effects of toxins are dependent
on metabolic enzymes produced by the zebrafish, the current
state of knowledge regarding zebrafish metabolic enzymes,
such as CYPs, is also reviewed.

2. Teratogenesis

Because zebrafish embryos develop outside of the mother
and are transparent, they are ideal for analysis of drugs that
are potential teratogens. In addition, the developmental
biology of zebrafish has been well studied and > 1000 muta-
tions in developmental pathways have been described [10,11].
Known teratogens have also been studied in zebrafish; for
example, the effects of ethanol, a well-known teratogen,
have been extensively studied in zebrafish embryos. Ethanol
has been shown to cause cyclopia when embryos are exposed
during gastrulation [12], a phenotype also observed in human
babies that were exposed to high levels of alcohol during ges-
tation. When zebrafish embryos are exposed to nonlethal
levels of ethanol during development they exhibit cranio-
facial abnormalities as well as deficits in learning and
memory later in life [13], phenotypes known to be associated
with fetal alcohol syndrome in humans. Zebrafish larvae
exposed to alcohol exhibit defects in visual function [14], a
phenotype also associated with exposure to alcohol during
human development.

To examine whether zebrafish could be used for standard
testing of potential environmental toxicants, several chemicals
used in the rubber industry were screened for teratogenicity in
three species: zebrafish, rainbow trout and chick [15. Compar-
ison of the median effective concentration (ECy;) (for fish
experiments) with the median effective dose (EDs) (for chick
experiments) revealed a close correlation in the dose required
to cause toxic effects. ECy, calculations were based on the
concentration of compound in the media, whereas EDg, cal-
culations were based on the amount of compound injected
into chick embryos.

Valproic acid (VPA), an epilepsy drug that causes birth
defects when taken by women during pregnancy, induces
multiple developmental defects in zebrafish embryos bathed
in the compound [16]; for example, VPA causes a shortened
body axis, cardiac oedema and reduced pigmentation. VPA is
a strong inhibitor of histone deacetylase (HDAC). Other
HDAC inhibitors, such as sodium butyrate and trichostatin A
(TSA), were shown to cause similar defects, suggesting that
the VPA-mediated defect is likely to be due to HDAC inhibi-
tion 16]. Cardiac and neural defects caused by HDAC inhibi-
tors have been phenocopied in zebrafish carrying mutations in
the HDAC-1 gene or by knocking down HDAC-1 with
antisense morpholinos [17,18], thus confirming HDAC-1 as
the likely target for VPA. Antisense knockdown may also be
an effective way of assessing whether modulation of a genetic
target by a potential drug will have unanticipated on-target
side effects.

3. Cardiotoxicity

The molecular mechanisms underlying the development and
function of the cardiovascular system have been well con-
served in vertebrate evolution. The zebrafish has a two-cham-
bered heart and a vascular network that develops in the first
few days after fertilisation. Cardiomyocytes isolated from the
zebrafish embryonic heart have been shown to have voltage-
gated sodium currents, L-type calcium currents, T-type cal-
cium and potassium currents, similar to other vertebrate
hearts [19].

Several zebrafish mutations have been described that cause
phenotypes similar to human diseases [20); for example,
molecular analysis has revealed that mutations in the zebrafish
orthologues of genes such as cardiac troponin T and titin
cause syndromes similar to those caused by mutations in the
human orthologues [21,22]. Antisense morpholinos directed
against the zebrafish orthologue of EYA4 cause cardiac dys-
function in zebrafish, similar to humans that carry mutations
in EYA4 [23].

Measurement of the heart rate in zebrafish has been used as
an indicator of cardiac toxicity for many years; for example,
the environmental toxin tetrachlorodibenzo-para-dioxin
(TCDD) was shown to reduce the heart rate in zebrafish
embryos and larvae [24]. Compounds known to increase heart
rate, such as adrenaline, have been shown to increase the heart
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Table 1. Transgenic zebrafish for toxicity assays.

Rubinstein

Tissue or organ labelled Promoter Transgene Reference
Heart Cardiac myosin light chain 2 GFP [31,32]
Heart Cardiac myosin light chain 2 GRCFP Figure 1
Cranial motor neurons Islet-1 GFP [45]
Neurons (brain and spinal cord) Gata-2 neuronal enhancer GFP [43]
Neurons (brain and spinal cord) Elav/HUC GFP [44]
Notochord, pineal gland, spinal cord motor neurons  Floating head GFP [46]
Pancreas Insulin GFP [60]
Pancreas PDX-1 GFP [60]
Intestine, liver, pancreas, hepatic duct, Unknown GFP [61]

pancreatic duct, oesophagus, swim bladder

GFP: Green fluorescent protein; GRCFP: Green reef coral fluorescent protein; PDX: Pancreas duodenum homeobox.

rate of zebrafish embryos [251. Compound-induced changes in
heart rate in zebrafish embryos could also be a result of
developmental defects.

Recent work has shown that TCDD causes several defects
in heart development, including a decrease in the overall size
of the heart as well as a defect in the positioning of the atrium
relative to the ventricle [26]. Pericardial oedema is another
indicator of cardiac toxicity that is frequently observed in
response to both compounds and gene mutations in zebrafish.

A compound and a gene mutation may cause similar
defects in the development of the heart, suggesting that the
compound affects a particular molecular pathway. For exam-
ple, the compound concentramide causes the atrium to form
within the ventricle, a phenotype that is replicated by a
mutation in protein kinase C-A [27].

3.1 QT prolongation
Analysis of the QT interval on electrocardiograms is now a
requirement for drugs in clinical trials because of the associ-
ation of QT prolongation with Torsade de Pointes (TdP), a
serious heart arrhythmia that often leads to death [17. Thus,
it is vital to determine the likelihood that new drugs will
cause QT prolongation and/or TdP at an early point in pre-
clinical drug development. Drug-induced QT prolongation
is usually the result of drugs binding to the hERG potassium
channel. At present, new compounds are screened in assays
that measure hERG potassium channel activity in cell
culture or in mammalian models (reviewed in [28.29]).
However, each of these assays has its limitations; for exam-
ple, electrophysiological measurement of hERG channel
activity in single cells may not be an accurate representation
of hERG activity in whole organisms. Mammalian models
are expensive and require large amounts of drugs for
sufficient evaluation.

Two studies have shown a correlation between drugs that
cause QT prolongation in humans and those that cause
changes in heart rate in zebrafish [2530]. Furthermore, both

studies showed that antisense knockdown of zebrafish
orthologues of hERG caused similar changes in heart rate.

In one study, the heart rate of zebrafish embryos was
recorded after several hours of exposure through the embryo
media to each compound in a set of 100 compounds [25]. Of
these, 36 compounds caused a statistically significant decrease
in the heart rate, and 3 compounds increased the heart rate.
Out of 24 compounds that were known to cause QT prolon-
gation in humans, 18 were shown to cause bradycardia in
zebrafish. Of the six that did not, subsequent microinjection
of five demonstrated that they also caused bradycardia, sug-
gesting that they were poorly absorbed through the skin. This
experiment exposed one limitation of testing compounds in
zebrafish. The authors found that compounds with an octa-
nol:water partition coefficient (logP) of < 1 were frequently
poorly absorbed by zebrafish embryos [25).

One compound in this study, erythromycin, did not affect
heart rate when administered to embryos by itself, but did
cause bradycardia when combined with cisapride, thus reca-
pitulating a well-known drug—drug interaction that occurs in
humans. Thus, this study also demonstrated the potential for
using zebrafish to rapidly analyse drug—drug interactions.

Many compounds (18 in this study) that reduce the
zebrafish heart rate do not induce QT prolongation in
humans, suggesting that blockade of the hERG channel is not
the only mechanism that can result in bradycardia in
zebrafish, just as is the case in mammals. It is also possible that
developmental defects induced by the compounds could
affect the heart rate.

In another study, 12 drugs known to cause QT prolon-
gation, including the antihistamine terfenadine, were shown
to cause a 2:1 atrioventricular block, in which the ventricle
beats half as often as the atrium [30]. Application of another
antihistamine, epinastine, which does not block hERG, did
not result in a 2:1 atrioventricular block. Bradycardia was
observed at lower concentrations of the QT prolonging drugs,
in agreement with the first study. Very high concentrations of
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Figure 1. Zebrafish embryo at 3 days postfertilisation. Light microscope image (top panel) and fluorescent image (bottom panel) of
a transgenic fish that expresses green reef coral fluorescent protein (GRCFP, Clontech) under the control of the cardiac myosin light chain

2 promoter.

the drugs caused severe bradycardia and arrhythmia, and in
some cases, complete cardiac arrest.

In summary, the zebrafish heart rate assay may be a useful
addition to in vivo preclinical toxicity testing. Assay automation
can be facilitated through the use of a transgenic zebrafish with
a fluorescent heart (Figure 1, Table 1) [31,32]. Furthermore, sec-
ondary assays in the zebrafish are currently being developed
that will improve the ability to identify drugs that cause TdP
(C MacRae, pers. commun.).

4. Neurotoxicity

The zebrafish brain and CNS have been extensively studied
and shown to exhibit many similarities to the mammalian
nervous system (reviewed in [33-35]). In recent years, several
studies have described assays that may be useful for assessing
the neurotoxicological properties of compounds.

4.1 Dopaminergic neurotoxicity

The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrid-
ine (MPTP) is known to cause a Parkinsonian syndrome in
humans by selectively destroying dopaminergic neurons in the
substantia nigra [3s]. MPTP neurotoxicity varies by species:
many rodents, including the rat and some strains of mice, are
relatively insensitive to MPTP, whereas primates are highly
sensitive [37]. Several studies have shown that MPTP specifi-
cally damages dopaminergic neurons in zebrafish embryos
and larvae [38-40]. Dopaminergic neurons have been identified
in the diencephalon, the olfactory bulb, the retina and the
hindbrain of zebrafish embryos and larvae [41,42]. Other tox-
ins, such as rotenone and paraquat, failed to induce a specific
neuronal phenotype in zebrafish [3s].

Analysis of dopaminergic neurons in zebrafish was per-
formed by whole mount in situ hybridisation using probes to
either the tyrosine hydroxylase or the dopamine transporter
genes. Quantification of MPTP-induced neuronal loss was

accomplished by either counting the number of neurons [3s]
or measuring the total area occupied by dopaminergic neu-
rons [40] in control and drug-treated embryos. These studies
show that specific groups of neurons can be analysed for their
response to neurotoxic compounds. Transgenic fish with
fluorescent neurons (Table 1) [43-46] could help facilitate
analysis of neurons in response to toxin-induced damage.

4.2 Behavioural assays

Zebrafish embryos and larvae exhibit stereotypical behaviours
early in their lifecycle, including spontaneous contractions,
movement in response to touch, and swimming [47). Assays
have been developed to exploit the behaviours observed in
zebrafish as a measure of neurotoxicity. For example, potential
toxicity to dopaminergic neurons was assessed by analysis of
locomotor activity, which was reduced in MPTP-treated
larvae [38-40]. In another study, larval motility was shown to be
reduced in acetylcholinesterase mutants as well as embryos
exposed to acetylcholinesterase inhibitors [4s].

Domoic acid, a neurotoxin produced by the diatom genus
Pseudo-nitzschia, induced several behavioural phenotypes,
including rapid and constant movement of the pectoral fins,
defective response to touch and reduced swimming behaviour
in zebrafish larvae [49]. In addition, many mutations have also
been identified that affect zebrafish locomotion [so;. In all of
the studies described above, it should be noted that changes in
swimming behaviour could be caused by either damage to
neurons or to musculature.

Domoic acid also caused tonic—clonic convulsions, consisting
of a whole body contraction and shuddering motion when
zebrafish embryos were treated with the toxin [49]. Similar
behaviours were observed when zebrafish larvae were treated
with the seizure-inducing drug pentylenetetrazole (PTZ) [s1).
PTZ caused larvae to swim rapidly in circles prior to exhibiting
clonus-like convulsions. PTZ-induced behavioural changes were
accompanied by changes in electrical activity measured by
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inserting a glass electrode directly into the optic tectum of the
zebrafish brain. This data suggests that seizure-like activity can
be monitored as a sign of neurotoxicity. However, it would be
useful to perform a blind study with a large number of
compounds to determine whether seizure-like behaviour is a
common occurrence in zebrafish larvae and whether observation
of this effect can reliably predict a similar effect in humans.

4.3 Toxicity of Alzheimer’s disease drugs

Since the discovery that the amyloid precursor protein associ-
ated with Alzheimer’s disease is processed by - and y-secre-
tases, many groups have tried to develop y-secretase inhibitors
that could be used to halt the progression of Alzheimer’s dis-
ease. However, the important signalling protein Notch is also
processed by y-secretase and it quickly became apparent that
many y-secretase inhibitors blocked the Notch pathway as
well, leading to unacceptable toxicity for these compounds.
For example, y-secretase inhibitors have been shown to cause
gastrointestinal toxicity in rats, manifesting as an increase in
intestinal goblet cells [52,531. In mice, chronic treatment with a
potent vy-secretase inhibitor also caused an increase in the
number of intestinal goblet cells as well as defects in the thy-
mus and spleen. Treated mice lost weight and 40% died after
15 days of treatment at the highest dose [54].

Two groups have demonstrated that y-secretase inhibitors can
induce a phenotype in zebrafish embryos that resembles muta-
tions in the Notch pathway [55,56]. For example, the y-secretase
inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylgly-
cine t-butyl ester causes defects in somitogenesis that are also
found in zebrafish Notch pathway mutants [s5). Defects in somi-
togenesis are easily visualised in the transparent zebrafish embryo
by either morphological observation or by in situ hybridisation
with a probe to the myoD gene. Another study compared several
y-secretase inhibitors by their ability to interfere with expression
of the gene encoding the Notch ligand Delta C in zebrafish
embryos [s6]. These studies suggest that zebrafish can be used to
rapidly assess whether y-secretase inhibitors developed to treat
Alzheimer’s disease will also interfere with the Notch pathway
and thus cause Notch-associated toxicity.

4.4 Ototoxicity

Drug-induced hearing loss is a common side effect of many
drugs, including antineoplastic agents such as cisplatin. The
zebrafish counterpart of inner ear hair cells are known as neuro-
masts and are used to detect changes in the motion of the water
(reviewed in [577). A recent study has shown that zebrafish hair
cells are sensitive to several drugs, including cisplatin, gentimicin
and quinine [s8]. Zebrafish hair cells are easily visualised by stain-
ing with a fluorescent vital dye, allowing the investigators to
quantify the loss of hair cells in response to toxic compounds.

5. Digestive system

By 5 days postfertilisation, zebrafish larvae have developed a
fully functioning digestive system, including liver, intestine,
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pancreas and oesophagus [59]. Morphological analysis of diges-
tive system organs can be performed to assess organ-specific
toxicity. Although some organs, such as the liver and the
intestine, can be observed with a light microscope, other
organs, such as the pancreas are less easily visualised. Trans-
genic fish with a fluorescent pancreas have been developed
that enable morphological evaluation of the pancreas in
zebrafish embryos and larvae (Table 1) [60]. Another transgenic
fish with several fluorescent organs, including the liver, pan-
creas and intestine, has also facilitated observations of gut
morphology (Table 1) [61.

Functional analysis of the digestive system may also be
performed in zebrafish. For example, zebrafish larvae have
been shown to swallow, absorb and process fluorescent lipids
added to the water, resulting in distinctive illumination of
the intestine and gall bladder [s2). Drugs such as atorvastatin
disrupt this process, which is likely due to a reduction in
cholesterol-derived biliary emulsifiers in their intestinal
tracts. However, it is possible that compounds with adverse
effects on the digestive system could also be detected using
this assay.

Histological examination of the liver in zebrafish larvae has
been used to analyse the toxic effects of the fungicide triphe-
nyltin acetate (TPTA) [63]. In addition to other toxic effects,
TPTA caused numerous changes in the subcellular structure
of hepatocytes, including increases in the number of nucleoli,
changes in mitochondrial structures, and depletion of large
glycogen fields within liver cells.

6. Genotoxicity

Genotoxic properties of compounds must be assessed during
drug development because of the potential for mutagenic
drugs to cause cancer. At present, both in vitro tests such as
the Ames test, as well as in vivo tests in rodents are used to
assess genotoxicity. A zebrafish assay has been developed that
uses a transgenic fish carrying the Escherichia coli gene rpsL as
a mutational target [64]. The known mutagen ethylnitrosourea
(ENU) was shown to increase the number of mutations in the
rpsL gene, as expected.

In a more recent study, adult rpsL transgenic zebrafish
exposed to N-methyl-N’-nitro-N-nitrosoguanidine (MNNG)
exhibited an increase in mutation frequency, particularly in
the gills and hepatopancreas [65]. Embryos exposed to MNNG
also exhibited an increase in mutational frequency at the rpsL
locus. Although this transgenic fish has mainly been used to
analyse environmental toxicants, it is possible that it could
also be useful for analysis of the mutagenicity of pharmaceuti-
cals in development. Both ENU and MNNG have been
shown to cause tumours in adult zebrafish that were exposed
to the toxins as embryos or larvae [66,67]. However, a wider
range of mutagenic drugs, particularly those that are not
detected by the Ames test, must be tested in this model to
assess whether it will provide any advantages over the standard
battery of tests already available.
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7. Microarrays

There has been increasing interest in using gene expression
profiles as a way of predicting drug toxicity. Because it is
relatively easy and inexpensive to expose thousands of
embryos to drugs, the microarray approach in zebrafish may
provide useful data in a time- and cost-effective way.

Microarrays are beginning to be used to analyse gene expres-
sion changes caused by drug treatment; for example, microarray
analysis of zebrafish embryos exposed to the acetylcholine este-
rase inhibitor chlorpyrifos showed that 45 genes were upregu-
lated at a high concentration and 15 genes at a lower
concentration, using a microarray containing > 16,000 oligo-
nucleotides [e8). A microarray containing > 15,000 zebrafish
genes was used to analyse differences in expression patterns
between zebrafish embryos exposed to the structurally distinct
HDAC inhibitors VPA and TSA [16]. Similar changes in gene
expression were observed when embryos were treated with
either VPA or TSA, thus suggesting that microarray patterns
could be used to screen for HDAC inhibitor-induced toxicity.
It is possible that microarray studies could help to identify toxi-
city associated biomarkers. However, it should be noted that the
use of microarrays for predictive toxicology is in its infancy, and
their predictive potential is at present unclear.

Smaller microarrays containing specific sets of genes are
also being constructed; for example, a microarray containing
zebrafish genes encoding proteins involved in apoptosis was
designed to study gene expression changes in embryos treated
with apoptosis inhibitors [e9]. In another study, a cDNA
microarray containing 682 brain-specific gene fragments was
used to analyse the effects of chlorpromazine, an anti-
depressant that acts through dopaminergic pathways [7o].
More than 50 genes were found to be differentially regulated
in drug-treated and control adult zebrafish. Further analysis of
the genes identified will be necessary to determine the
significance of this differential regulation.

8. Zebrafish metabolic enzymes

Enzymes of the CYP family are responsible for the meta-
bolism of most drugs in mammals. CYP3A is the most impor-
tant of these enzymes, itself metabolising ~ 50% of all drugs
in humans. Zebrafish orthologues of CYP3A have been iden-
tified and characterised in two recent studies [71,72]. In one
study, a CYP3A orthologue designated CYP3A65 was shown
to be expressed in the liver and intestine of both larval and
adult zebrafish [717. CYP3A65 expression was upregulated by
treatment with both rifampicin and dexamethasone, similar
to the response of CYP3A4 in humans. However, at very high
doses, dexamethasone actually repressed expression of
CYP3A65. The environmental toxin TCDD also upregulated
CYP3A65.

Another study examined the regulation of three genes,
zebrafish orthologues of CYP3A, the pregnane X receptor
(believed to regulate CYP3As in many species), and

multi-drug resistance protein 1 (known to be regulated by
CYP3A) [721. In this study, drugs known to affect CYP3A in
humans were studied in zebrafish. The synthetic steroid
pregnelone 16a-carbonitrile upregulated all three genes,
whereas nifedipine did not, which is similar to studies in
humans. Injection of zebrafish with the antibiotic clotrima-
zole, an inducer of CYP3A in humans, resulted in an
increase in the expression of all three genes, but the
increases were not statistically significant. Thus, it is possi-
ble that some differences exist between the regulation of
CYP3A in humans and zebrafish.

The observation that zebrafish CYP3A was upregulated by
rifampicin (711 is intriguing, as it is known that rifampicin
upregulates human CYP3A, but not rat CYP3A. This finding
suggests that the zebrafish, in some cases, may be a better
model for human toxicity than some commonly used mam-
malian models. However, a much wider range of compounds
must be tested to determine how similar the regulation of the
fish CYP3A is to regulation of the human enzyme.

Inhibition of CYP3A is a common cause of toxic drug—
drug interactions in humans. Compounds that are
metabolised by CYP3A have been shown to shift the EDg,
of terfenadine in the zebrafish bradycardia assay discussed
above [25]. This result suggests that the zebrafish bradycardia
assay may be useful for detecting drugs that modulate the
activity of CYP3A and thus help predict which drugs may
contribute to toxic drug—drug interactions. Studies on a
wider range of known human CYP3A inhibitors and
non-CYP3A inhibitors will be necessary to further validate
this assay.

Several other CYPs have been cloned and characterised in
zebrafish, including CYP1A, -2K, -26 and -19. CYP1A has
been shown to be required for metabolism of the develop-
mental toxin TCDD [73]. Antisense knockdown of CYP1A
prevented TCDD-induced developmental abnormalities,
including pericardial oedema and blood flow. CYP2K1 was
shown to metabolise aflatoxin B1 in zebrafish [74]. CYP19 was
shown to be expressed in neurons and upregulated by estro-
gen, similar to its human counterpart [75]. Genes encoding
CYP26 enzymes, which metabolise retinoic acid, have also
been described in the zebrafish (7).

Upregulation of CYPs is another cause of toxic drug—drug
interactions. Transgenic fish that express fluorescent proteins
under the control of relevant CYP promoters may be useful
for developing quantitative assays for CYP upregulation in
response to drugs. A similar assay, involving transgenic fish
that expresses luciferase under the control of environmental
pollutant response elements, is being developed to detect
aquatic environmental toxins [77).

Zebrafish orthologues of other metabolic enzymes have also
been identified; for example, a monoamine oxidase (MAQO)
with similarities to both MAO-A and -B in humans has been
characterised [78]. Zebrafish MAO activity in brain and liver
extracts was shown to be inhibited by both clorgiline (an
MAO-A inhibitor) and deprenyl (an MAO-B inhibitor).
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9. Conclusion

Fish have been used for years to assess the toxicology of
environmental agents. This work has recently been extended
to testing pharmaceuticals for toxicity. In support of this
application, zebrafish biology has been shown to be highly
similar to that of mammals. The body of work reviewed here
suggests that certain known pathways leading to drug toxicity
in mammals are conserved in zebrafish. Assays have been
developed to analyse the cardiovascular, nervous and digestive
systems. Furthermore, zebrafish orthologues of mammalian
genes encoding enzymes required for drug metabolism have
been identified. This work has been a necessary first step
toward developing zebrafish as a model to predict toxicity of
compounds in humans.

10. Expert opinion

Because so many drugs in development fail in clinical trials
due to unacceptable toxicity, predictive assays for toxicity are a
crucial part of drug development. Due to the cost and labour-
intensive nature of testing compounds in mammals, toxicity
testing is usually performed relatively late in the development
process, after selection of a limited number of compounds.
Thus, a need exists for assays that retain the high value of
in vivo toxicity testing, but can be rapidly performed on a
large number of compounds. Zebrafish embryos and larvae
are small vertebrates that live for days in a low volume of
water, thus making them an excellent choice for compound
screening when only limited amounts of each compound are
available. Only nanogram quantities of compound are
required for each animal tested and most assays can be
performed in < 1 week.

Most of the proof-of-concept studies performed so far have
shown that known drug-induced toxicity in humans can be
recapitulated in the zebrafish. It remains to be proved, how-
ever, whether drugs with unknown toxicity characteristics will
cause effects in zebrafish that will allow toxicologists to
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predict with reasonable assurance that such effects are likely in
humans. It will be difficult to assess the predictability of
zebrafish assays until a wider range of compounds has been
tested and zebrafish assays begin to be integrated into drug
toxicity screening programmes. Furthermore, because com-
pounds are not all absorbed equally well by zebrafish embryos,
it may be difficult to correlate the concentration of compound
in the media required to cause toxic effects in zebrafish to the
plasma concentration of compound that would cause the
same effect in humans. Determination of the amount of
compound actually absorbed by zebrafish as well as a better
understanding of compound metabolism in zebrafish
will be necessary to make useful correlations. Potential differ-
ences in the physiology of embryos, larvae and adults should
also be considered.

Because zebrafish assays are less costly than similar studies
in mammals, it may be possible to begin adding zebrafish
assays to standard late-stage preclinical toxicity screens. As
data accumulates to validate the predictivity of the assays fur-
ther , they can then be incorporated earlier in the drug dis-
covery process, where the real power of using zebrafish will be
realised. Because hundreds of embryos and larvae can be
obtained for every pair of adult zebrafish, compounds can be
tested on a much larger number of individual organisms than
is possible with mammalian models. Selecting compounds
for development that have the least likely probability of caus-
ing toxicity in humans at an early stage in drug discovery
would have a significant impact on attrition rates of drugs in
clinical trials and should ultimately lead to the development
of safer drugs.
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