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Comments: Caenorhabditis elegans is a small nematode that can be maintained at low cost and handled using
standard in vitro techniques. Unlike toxicity testing using cell cultures, C. elegans toxicity assays provide data from
a whole animal with intact and metabolically active digestive, reproductive, endocrine, sensory, and neuromuscular
systems. Toxicity ranking screens in C. elegans have repeatedly been shown to be as predictive of rat LD50
ranking as mouse LD50 ranking [1]. Additionally, many instances of conservation of mode of toxic action have
been noted between C. elegans and mammals. These consistent correlations make the case for inclusion of C.
elegans assays in early safety testing and as one component in tiered or integrated toxicity testing strategies.

In a recent study of hundreds of compounds from the ToxCastTM libraries, C. elegans larval growth identified rat or
rabbit developmental toxins with a balanced accuracy of 52-53%, while the concordance for developmental toxicity
between rat and rabbit was 58% [2]. These levels of predictivity are consistent with an earlier meta-study which
found that a single-species rodent study alone predicted human toxicity less than 50% of the time [3]. Unlike a
study in mammals however, a C. elegans larval growth assay that evaluates multiple compounds or mixtures at
multiple concentrations can be conducted by a single technician in less than a week.

Interestingly, the sensitivity of the aforementioned larval growth assay for the detection mammalian developmental
toxins was high, but the balanced accuracy was brought down by low specificity [2]. In contrast, in a recent study
evaluating C. elegans egg viability using 72 compounds of known developmental activity in mammals, the
specificity of the egg viability test was high while the sensitivity was low [4]. Thus, it is possible that the C.
elegans larval growth and egg viability assays could be used together to improve the detection of mammalian
developmental toxins. Additionally, both of these assays used E. coli as a feeder organism, and neither publication
discusses efforts at Good C. elegans Culture Practice (GCeCP) which can substantially alter test results [1]. While
early C. elegans axenic media formulations slowed growth, newer media produce identical growth rates to cultures
fed the feeder organism, without the complication of xenobiotic metabolism [5]. It may be that the use of a
combination of axenic media and GCeCP could improve the predictivity of both the C. elegans larval growth and
egg viability assays, making them a useful addition to developmental toxicant testing strategies.
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The C. elegans model in toxicity testing
Piper Reid Hunt*

ABSTRACT: Caenorhabditis elegans is a small nematode that can be maintained at low cost and handled using standard in vitro tech-
niques. Unlike toxicity testing using cell cultures, C. elegans toxicity assays provide data from a whole animal with intact and met-
abolically active digestive, reproductive, endocrine, sensory and neuromuscular systems. Toxicity ranking screens in C. elegans have
repeatedly been shown to be as predictive of rat LD5, ranking as mouse LDs, ranking. Additionally, many instances of conservation
of mode of toxic action have been noted between C. elegans and mammals. These consistent correlations make the case for inclu-
sion of C. elegans assays in early safety testing and as one component in tiered or integrated toxicity testing strategies, but do not
indicate that nematodes alone can replace data from mammals for hazard evaluation. As with cell cultures, good C. elegans culture
practice (GCeCP) is essential for reliable results. This article reviews C. elegans use in various toxicity assays, the C. elegans model’s
strengths and limitations for use in predictive toxicology, and GCeCP. Published 2016. This article is a U.S. Government work and is

in the public domain in the USA. Journal of Applied Toxicology published by John Wiley & Sons Ltd.
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Introduction

Much of our knowledge within the field of biology is based on
scientific experimentation using in vivo and in vitro models. Toxic-
ity testing is done with the expectation that information acquired
in a particular model will apply to other biological systems, with
each model presenting strengths and limitations depending on
the information required. Mammalian laboratory animals share
similar developmental pathways and most organs with humans,
making toxicity testing in mammals the current ‘gold standard’ in
toxicology. However, no model is perfect, and even human trials
do not always predict outcomes in the population at large.

Toxicity studies using mammalian models are expensive and
time-consuming (Nass and Hamza, 2007; Tralau et al, 2012), and
meta-analyses indicate that rodent models predict specific toxic ef-
fects in humans only about 50% of the time (Hartung, 2009; Knight
et al, 2009; Olson et al,, 2000). Using more than one mammalian
species can increase predictivity (Olson et al,, 2000) but will also in-
crease cost and decrease throughput. Predictive toxicology seeks to
use alternative methods to improve prediction of human outcomes
while reducing the cost, time and use of mammals in toxicity as-
sessments. Chemicals of concern can be tested far more rapidly
and at a much larger range of concentrations if in vitro assays
are used to assess perturbations in toxicity pathways. While the
use of primary human cells does have the potential to more accu-
rately reflect human-specific metabolism and modes of action
than testing in lab animals (Li et al, 1999; Miranda et al., 2009;
Scott et al., 2013), results cannot be used to predict a response
at the organismal level using current techniques. Additionally,
testing using immortalized cell lines can have high rates of false
positives (Kirkland et al, 2005; Bhattacharya et al,, 2011; Pfuhler
et al, 2010) or false-negatives (Knight et al, 2009) depending
on the assay type. Thus, the use of in vitro tests alone for hazard
assessment gives rise to the possibility that compounds that are
harmless in vivo will be unnecessarily restricted and that harmful
compounds will be incorrectly presumed to be safe.

Another option is to utilize a small model organism such as the
nematode Caenorhabditis elegans, which can be handled using
in vitro techniques. Unlike in vitro testing, C. elegans toxicity assays

provide data from a whole animal with intact and metabolically ac-
tive digestive, reproductive, endocrine, sensory and neuromuscu-
lar systems (Fig. 1). As government-sponsored efforts to improve
toxicity screening and predictive toxicology progress (Tice et al,
2013; Casey et al, 2015), we may eventually find that testing
strategies which use multiple types of in silico, in vitro and non-
mammalian small animal model-based assays together has the
potential to inform risk evaluation as well or better than in vivo tox-
icity studies using mammals, but much more work is still required
(Krewski et al, 2009; Hartung et al, 2013). For now, mammalian
models will continue to be used to predict safe human exposure
levels because no combination of current alternative assays can rep-
licate the complexity of interacting metabolism, homeostasis and
signaling mechanisms that are present in mammals (Tice et al,
2013). However, given the high percentage of commercially avail-
able chemicals for which there is little or no toxicity data available
(Dix et al,, 2007; Judson et al,, 2009), toxicity screens that can at least
flag for further study those chemicals with the most potential for
harm are urgently needed. As an intermediate between in vitro
and mammalian testing, toxin ranking using various C. elegans
assays has consistently predicted toxicity ranking in mammals.

Caenorhabditis elegans

C. elegans is a nematode that feeds on fungi and bacteria in soil
and rotting fruit. At a bit over 1 mm long, adults are just visible
by eye. Since Sydney Brenner's initial characterization of the model
in the 1960's, C. elegans research has been essential in the
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Figure 1. Toxicity testing in C. elegans can provide a bridge between
in vitro and mammalian in vivo testing.

elucidation of several basic aspects of biology, including
apopotosis, RNA interference, and miRNA function. The majority
of these studies were carried out using E. coli as a feeder organism.
For toxicology purposes however, the use of axenic media is
preferred to avoid confounding issues of xenobiotic metabolism.
In the lab, C. elegans small size means that thousands of animals
can be maintained in nutrient media in multi-well plates, so studies
assessing multiple compounds or mixtures at a wide range of
concentrations can be carried out in a small space. With a
reproductive capacity of about 300 progeny per hermaphrodite
adult by self-fertilization, and a life cycle of approximately 3 days,
millions of animals can be rapidly generated, and most experiments
can be completed by one person in a week or less. C. elegans has a
tough but transparent cuticle, which allows for visualization of
internal structures without dissection and facilitates tracking of
organellar dyes and structure-specific gene expression in transgenic
strains. Importantly, C. elegans is non-hazardous to lab workers, and
does not reproduce at temperatures above 25°C.

C. elegans somatic cell locations and lineages as well as neural
networks have been mapped (White et al, 1986), allowing
morphological assessments of toxin induced abnormalities and
in depth neurological/behavior correlations. Given that (a)
C. elegans was the first multicellular organism to have its genome
completely sequenced (C. elegans Sequencing Consortium, 1998),
(b) genes and signaling pathways are well conserved between
C. elegans and humans (Kaletta and Hengartner, 2006, Leung
et al, 2008), (c) studies to understand C. elegans genetics have
been underway for over 40years (Brenner, 1974; Corsi et al.,
2015; Nass and Hamza, 2007), and (d) mutant and transgenic
C. elegans strains are readily available for many many genes,
this model has great potential for the assessment of human-
relevant pathways of toxicity.

Toxicity screening in C. elegans

Studies designed to rank toxicity in C. elegans have consistently
shown good correlation with rodent oral LDs ranking. In an early
ranking study, using C. elegans maintained on plates with test
articles dissolved in agar, it was found that the toxicity order for
eight metal salts based on C. elegans adult mortality correlated with
rat and mouse oral LDs, ranking at one-tenth the cost of rodent
testing (Williams and Dusenbery, 1988). The authors also demon-
strated that that LCso ranking in C. elegans was as predictive of acute
toxicity in mammals, other than rat and mouse, as LDsq ranking in
rat or mouse (Williams and Dusenbery, 1988). In this first assessment
comparing LCsq ranking in C. elegans to LDsg ranking in mammals, it

was noted that LCsos in C. elegans were high when compared to
corresponding mammalian LDsqs (Williams and Dusenbery, 1988).
It was the relative order of toxicity that correlated rather than the
concentration, as subsequent studies have also found. This is
probably due to robust genetic mechanisms that allow C. elegans
to exist and reproduce in a wide variety of harsh environments.

The Complex Object Parametric Analyzer and Sorter™ (COPAS;
Union Biometrica, Holliston, MA, USA) uses microfluidics and
laser-based technologies to automate the analysis of multiple end-
points on hundreds of C. elegans per minute. In my lab, using a
novel COPAS-based assay to assess the fraction of live C. elegans
in dosed populations, we also found that LCs, ranking in C. elegans
matched LDsq ranking in rat for five metal salts (Hunt et al,, 2012).
These two studies used very different techniques (agar plates vs.
axenic liquid media, manual manipulation with microscopy inspec-
tion vs. automated assessment), but in both C. elegans ranking for
lethality predicted the relative rodent toxicity for metal salts.

The COPAS has also been used to assess larval growth and
reproductive output, and studies assessing six or seven water-
soluble compounds have shown that ranking for these endpoints
in C. elegans also correlates with rodent LDs, ranking for the same
compounds (Boyd et al, 2010; Ferguson et al, 2010). In a much
larger, COPAS-based study of hundreds of compounds from the
ToxCast™ libraries, C. elegans larval growth identified rabbit or rat
developmental toxins with a balanced accuracy of 52-53%,
whereas the concordance for developmental toxicity between rat
and rabbit was 58% (Boyd et al,, 2016). These levels of predictivity
are consistent with an earlier meta-study which found that a
single-species rodent study alone predicted human toxicity less
than 50% of the time and that using one rodent and one non-
rodent mammalian species together, predictivity increased to
71% (Olson et al, 2000). Unlike a study in mammals, however, a
small-scale C. elegans larval growth assay can be conducted by a
single technician in less than a week with an incubator, a basic
microscope and a few simple tools. Interestingly, the sensitivity
of the larval growth assay for mammalian developmental toxins
was high, but the balanced accuracy was brought down by low
specificity (Boyd et al,, 2016). In contrast, in a recent study evaluating
C. elegans egg viability using 72 compounds of known develop-
mental activity in mammals, the specificity of the egg viability
test was high whereas the sensitivity was low (Harlow et al,
2016). This begs the question of how the C. elegans larval growth
and egg viability assays might be used together, or perhaps in
conjunction with mammalian cell based in vitro assays, to better
detect mammalian developmental toxins.

In a screen of 21 chemicals in which C. elegans were individually
assessed by eye for viability, LCso ranking in C. elegans and LDs,
ranking in mouse predicted rat LDsq ranking equally well, but only
when the four compounds that reduced pH to below 3.2 were
excluded (Li et al,, 2013). In another study using motility as an end-
point to assess 15 organophosphate pesticides and herbicides, the
ranking of ECsq values in C. elegans was statistically consistent with
the order of rat LDsqs (Cole et al, 2004). However, for the two
organophosphates that reduced pH to below 3.5, altered motility
tracked more consistently with pH than the test article concentra-
tion. In this same study, five out of six organophosphate insecti-
cides tested, which were known to inhibit cholinesterase in
mammals, also inhibited cholinesterase activity in C. elegans,
indicating conservation of the toxicity mechanism (Cole et al,
2004). While factors such as pH and solubility limit C. elegans toxicity
studies, they are also limitations for in vitro and zebrafish embryo
testing.

wileyonlinelibrary.com/journal/jat

Published 2016. This article is a U.S. Government work and is in the

J. Appl. Toxicol. 2016

public domain in the USA. Journal of Applied Toxicology published by John Wiley & Sons Ltd.





The C. elegans model in toxicity testing

Journal of

AppliedToxicology

In a study comparing the C. elegans endpoints of lethality vs.
reproduction for five metabolic poisons, reproduction was sup-
pressed at far lower concentrations than that required for lethality
(Middendorf and Dusenbery, 1993). The authors of this study did
not compare their data to toxicity in mammals, yet an analysis of
the published results relative to rat oral LDsos shows that for
the five metabolic poisons tested, C. elegans reproductive ECs,
ranking differed from rat ranking only in that the toxins ranked
two and three are inverted between the two species. In this study
(Middendorf and Dusenbery, 1993), C. elegans LCs, ranking did not
correlate with the mammalian data as well as reproductive ECsg
ranking, indicating that some endpoints may detect certain
categories of toxins better than others, and that in testing
unknowns, the assessment of multiple C. elegans endpoints will
probably increase the sensitivity of a screen. Blinded validation
studies comparing the success of specific C. elegans assays at
detecting various types of toxins have not yet been conducted,
however. It is likely that rather than relying strictly on ranking,
combining the results from a few different C. elegans assay end-
points into broader categories of nontoxic, mildly toxic, toxic,
and very toxic will be more useful for tiered testing and predictive
toxicology.

In addition to ranking studies, targeted C. elegans screens have
also been successful in detecting specific types of toxins. One
example is a recently developed elegant assay for the detection
of aneugens, toxins that induce alterations in the number of
chromosomes per cell. Self-fertilizing C. elegans XX hermaphro-
dites normally make up over 99.8% of the wild-type population,
whereas rare XO males arise spontaneously by chromosomal
non-disjunction. Using a male-specific promoter to drive green
fluorescent protein expression, transgenic C. elegans males will
fluoresce. When this transgenic strain was exposed to chemicals
and assessed for the number of male offspring, seven of eight
known mammalian aneugens significantly increased the number
of XO male progeny, whereas five known non-aneugens tested
negative (Allard et al., 2013). Cadmium is known to induce intesti-
nal pathology in mammals and fish at a low concentration. In a test
of four metal chlorides on adult C. elegans morphology in my lab,
we found that at low concentrations which did not alter viability
or other evaluated physical parameters, only cadmium reduced
intestinal diameter and opacity, a change that was measurable
both by light microscopy and by COPAS (Hunt et al, 2012). This
indicates a conserved mode of action for cadmium and the possi-
bility that other intestinal toxins can be identified in C. elegans
using higher throughput microfluidics techniques.

Predictive toxicology using C. elegans: strengths, limitations
and GCeCP

Caenorhabditis elegans can be used to predict nanosilver (AgNP)
toxicity in other models. In orally exposed C. elegans and rats, ionic
silver is more toxic and is taken up into tissues more extensively
than 10-nm citrate-coated silver nanospheres (Cit-AgNP) (Hunt
et al, 2013). Polyvinylpyrrolidone (PVP)-coated AgNP are associ-
ated with higher silver uptake and higher toxicity relative to
Cit-AgNP in C. elegans (Hunt et al, 2014) and zebrafish embryos
(Kim et al,, 2013), whereas in a subsequent study of orally exposed
mice, no nanosilver toxicity was observed at study dosing levels,
but there was a trend of greater intestinal uptake for PVP-AgNP
over Cit-AgNP (Bergin et al,, 2016). In my lab, we have quickly iden-
tified toxicity in specific batches of nanomaterials that had been
carefully evaluated for quality and consistency by the synthesizing

lab. In one instance, the AgNP producer later identified endotoxin
contamination in one of their supplied reagents (Hunt et al,, 2013),
and in another, a switch from centrifugation-based nanomaterial
wash steps to the use of filters for washing led to the retention
of unbound, positively charged coat material that should have
been removed from the final product (Hunt et al,, 2014). Had these
batches been tested directly in mammals, toxicity might have
been attributed to the nanomaterial itself rather than a contami-
nant. This underscores both the importance of assessing all
component materials plus the soluble fraction as controls in
nanomaterial toxicity testing, and the utility of C. elegans assays
which are rapid and inexpensive enough to be used on each batch
of nanomaterial produced.

Given the success of the studies highlighted here, it is interest-
ing to speculate why C. elegans is not more widely used in toxicity
screening. It may be that the majority of researchers specializing in
studying C. elegans are more focused on genetics, development
and cell signaling than on toxicity screening, whereas most toxicol-
ogists and risk assessors are simply unfamiliar with the model.
Certainly, many people, including those on scientific funding
committees, mistakenly believe that worms are slimy things with
no connection to humans. However, the high conservation of
genes and signaling pathways between C. elegans and mammals
(Kaletta and Hengartner, 2006, Leung et al, 2008) indicate that
the model is likely to continue to do well when used to predict
broad measures of toxicity, if good C. elegans culture practice
(GCeCP) is followed.

Just as good cell culture practice is essential for reliability and
reproducibility in in vitro studies (Hartung et al, 2002), C. elegans
used in toxicity testing must be maintained in a highly consistent
manner, with temperature, salt concentration and sufficient
nutrient supply held constant to ensure reliable, repeatable results
(Table 1). Alterations of even a short duration in any of these
variables will lead to altered gene expression and toxin response,
potentially for multiple generations. Even the brief contact of a
human finger applied to a row of wells for a few seconds by
picking up a multi-well plate from the bottom can alter the growth
rate of the larvae in those wells.

Males normally make up 0.2% of the C. elegans population,
although males can be induced by exposure to elevated tempera-
tures or toxins (Corsi et al, 2015). Self-fertilization maintains the
population as nearly all hermaphrodites, while mating produces
half male and half hermaphrodite progeny. Caenorhabditis elegans
males are smaller than the hermaphrodites, and mating produces
more offspring than self-fertilization. Thus the introduction of
males into a culture will skew larval growth and reproductive
assays in opposite directions. Additionally, C. elegans have an alter-
native developmental stage called dauer larva that can be induced
by stressful conditions such as low nutrient availability and some
toxins. Caenorhabditis elegans exposed to dauer pheromone have
higher levels of stress resistance gene expression and are more
likely to become dauers themselves. In the dauer state, the cuticle
grows over the buccal and anal openings, making dauers resistant
to harsh environments. This makes dauer formation a likely
explanation for many published C. elegans studies that beautifully
demonstrate a mechanism of action or pathway of toxicity, but fail
to show a dose response beyond a threshold. Thus, in contrast to
some well-established genetics and cell signaling protocols which
utilize dauers and males, C. elegans cultures containing dauers or
males should not be used for standard toxicity assays.

The differences in morphology among hermaphrodites, dauers
and males are subtle and likely to go unrecognized without
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Factor

Table 1. C. elegans culture standardization factors for toxicology and GCeCP

Details

Temperature

Humidity

pH

Worm Density

Cohort Synchronization

Dauers

Genetic Drift

Males

Solid vs. Liquid Medium

E. coli vs. Axenic Medium

Small temperature differences have a large effect on C. elegans growth rate, motility, lifecycle,
lifespan, and gene expression. The method and duration of vessel contact with human hands
and metal surfaces can significantly affect many endpoints. Handling culture vessels by edges that
are not in contact with medium, and a layer of Styrofoam on work surfaces will reduce heat
exchange.

Low humidity will alter test article and nutrient concentration, the smaller the volume the larger the
effect. Unless equipment is enclosed and carefully climate controlled, it is unlikely that the small
volumes used in HTS will work well with C. elegans assays. For larger test volumes, incubators
can be humidified with an open vessel of water that is cleaned and refilled regularly.

Extreme pH is required to alter adult C. elegans viability, but other endpoints are more sensitive to
pH. The appropriate pH range should be determined for each assay, and the pH of test articles
in assay medium must be assessed and reported.

C. elegans gene expression and life cycle respond to nutrient availability and secreted hormones.
Given a 3-day generation time and ~300 progeny per worm, cultures can easily outstrip nutrients
if they are not consistently monitored. Conversely, C. elegans do not grow well if maintained too
sparsely. Note that the worms will not necessarily die in these conditions, instead they will adapt
epigenetically (Hall et al, 2010), potentially resulting in altered toxicity test results for several
generations.

A cohort of 1% larval stage (L1) C. elegans can be isolated by hypochlorite treatment of gravid
hermaphrodites (an egg prep) followed by hatching of the released eggs in non-nutrient buffer.
In the absence of nutrients, these L1s halt development just after hatching. At 20°C, about
12 hours are required for all the eggs to hatch. After more than 18 hours in buffer, gene expression
is altered resulting in delayed and unsynchronized development, and increased stress resistance
(Jobson et al, 2015, Nass and Hamza, 2007). Some genetics protocols state that hatched L1s can
be maintained in non-nutrient buffer and used for a week or more, but this will result in variable
toxicity outcomes.

The C. elegans dauer larva is a stress resistant, long-lived alternate to the 3™ larval stage (L3). Dauers
must revert to the normal lifecycle in order to grow and reproduce. C. elegans dauers secrete dauer
pheromone, which promotes conversion to the dauer state in other larvae and induces increased
stress resistance in exposed adults. This will both reduce apparent growth rates as measured by
worm length (dauers can remain at the L3 length for months or even years), and increase viability
in the presence of many toxins. Dauers are thinner and darker than L3s of similar length, and lack
the clearly defined gonadal region and visible intestinal lumen identifiable in developing
C. elegans. Liquid cultures are unlikely to produce dauers if they are consistently maintained with
adequate nutrient supply and are started from agarose cultures that were well fed for at least 3
generations. Daily media exchange along with a few sequential egg preps as soon as each
generation becomes gravid can sometimes free a culture of dauers.

Genetics labs often maintain commonly used C. elegans strains at room temperature as dauers. If
C. elegans cultures are consistently well fed for optimal toxicity studies, use of frozen stocks must
be scheduled in order to prevent genetic drift.

Non-disjunction of the X chromosome results in XO males. This happens rarely in nature, and is
induced by toxins and stress. C. elegans males can be identified by their flared tail and single
gonad arm. Males are smaller than the XX hermaphrodites, which will result in apparent reduced
growth if automated methods are used and technicians are not trained to recognize males.
Mating with males more than doubles the progeny per hermaphrodite relative to selfing, so males
in a culture will increase reproductive output. Removing males from a culture requires isolating
developing hermaphrodites away from the males.

When the test article is mixed into molten agar, or spread in solution onto solidified agar, and then
the E. coli feeder organism is grown in a lawn on top of the dosed agar, the true exposure will
depend on many factors such as humidity, compound solubility, compound-agar interaction,
and feeder organism uptake and metabolism. Dosing in liquid medium provides a measureable
exposure, but limits the test to water-soluble compounds.

Axenic medium avoids the complicating factor of the metabolic response of the feeder organism,
which is especially important for test articles with antibiotic activity. Killed E. coli are sometimes
used (usually heat or UV), but the method and exposure time must be carefully controlled to avoid
the bacteria producing toxins which will alter assay results.
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training. This training is quickly and easily acquired, however. It is
not necessary to check every worm in a start culture for pheno-
type, because if dauers or males are present, they will likely make
up a significant portion of the population within a week. A scan
of a few microscopy fields of view per flask is sufficient, with the ca-
veat that if males or dauers are identified, assays completed with
that culture within the past week are suspect. Once consistent han-
dling and workflow for GCeCP is established, a single C. elegans
technician, using just a few pieces of equipment, can assess a
dozen compounds or mixtures at multiple concentrations in a
week. While this type of medium-throughput screening cannot re-
place a descriptive toxicology study in lab mammals, given the
massive backlog of compounds in consumer products and in the
environment that have received no toxicological assessment at
all (Tice et al, 2013), it makes sense to utilize a small model
organism such as C. elegans as one component within a battery
of tests to help prioritize compounds of unknown toxicity for
further assessment.

Some companies and government agencies are beginning to
utilize C. elegans for rapid toxicity evaluations. For example, in
response to the 2014 West Virginia Elk River chemical spill, the
National Toxicology Program examined the effects of the major
constituents of the spill using several toxicity assessment models.
No effects were detected for the 4 most prevalent spill compounds
in a panel of 27 different in vitro assays (NTP, 2015). Similarly, 12
different compounds and mixtures identified in the spill had no
effects on growth, pharyngeal pumping or reproduction in
C. elegans (NTP, 2015). While mild dermal irritation and sensitiza-
tion was detected in mice, and prenatal developmental toxicity
was detected in rats, doses were high, and rat studies are planned
to assess the effects of lower doses that are more relevant to likely
human exposures (NTP, 2015). This set of experiments demon-
strates some of the strengths and weaknesses of the C. elegans
model. In C. elegans, 12 compounds and mixtures were assessed
in a quick study that evaluated three endpoints, whereas a
maximum of 3 compounds and mixtures were assessed in the
more lengthy and costly mouse and rat assays. The C. elegans data
were in accord with the in vitro assessments indicating no delete-
rious biological activity at tested concentrations, but did not
predict mouse dermal irritation response at high concentration,
nor a rat reproductive response to high oral gavage doses that
corresponded to over 20g for a 70-kg person (NTP, 2015). Thus,
the C. elegans model predicted the absence of general acute
toxicity for the spill components at lower doses but failed to detect
specific high-dose mammalian toxic outcomes.

In theory, C. elegans ease of culture, small size and ability to
grow in axenic liquid media indicate that the model would lend
itself to the type of high-throughput screening (HTS) now in use
by multi-agency efforts to modernize toxicity testing such as
Tox21 (Tice et al, 2013). Current HTS equipment may not have
the level of temperature, humidity and sterility control that reliable
C. elegans testing requires, however. In the very small volumes that
are used in HTS, small changes in ambient humidity can dramati-
cally alter test article, nutrient and salt concentrations, which will
in turn alter assessed endpoints. Additionally, because C. elegans
are highly responsive to their environment, small temperature dif-
ferences among metal robotic arms, plastic tubing and mechanical
shelving will have a large effect on C. elegans metabolism and
growth rates. These factors will lead to variable test results that
depend on weather (humid or dry), well selection (close or far from
mechanical arm grips) and plate location (local air flow, proximity
to motors) that are avoided when larger volumes and low- to

medium-throughput techniques are used. Consistency in HTS
could dramatically improve if factors such as nutrient availability,
temperature and humidity are carefully controlled and start
cultures are monitored for consistent reproductive capacity and
life cycle time, as well as the absence of dauers and males.

Homologous genes and concordant pathways

The first completely sequenced genome of a multicellular
organism was that of C. elegans, and many genes and signaling
pathways are conserved between nematodes and humans
(C. elegans Sequencing Consortium, 1998). For example,
apoptosis, or programmed cell death, an essential process in
normal animal development and adult homeostasis, is now
known to be a well-conserved process (Vaux et al, 1992), but
it was in C. elegans that the first genes in the apoptosis pathway
were identified (Ellis and Horvitz, 1986). Additionally, many ele-
ments of the insulin/IGF-1 signaling (IIS) pathway, which uses
both the endocrine system and cellular mechanisms to regulate
glucose utilization and metabolism, are shared in C. elegans and
mammals. DAF-16, the sole C. elegans homolog of the mam-
malian FOXO forkhead transcription factors, was found to be
a negative regulator of insulin signaling 5years before a
mouse FOXO was identified as a regulator of the same
pathway (Ogg et al., 1997; Nakae et al., 2002). It was first dis-
covered in C. elegans that IIS is involved in aging (Kenyon
et al, 1993), and later that corresponding genetic variants
within this pathway in humans and C. elegans have analo-
gous effects on lifespan (Kenyon, 2011). Additionally, dietary
restriction-induced increases in healthspan and lifespan are
mediated by IS and other conserved pathways in both
nematodes and mammals (Fontana et al., 2010). Drugs such
as metformin that are used to alter IIS activity to improve
human health can increase the healthspan and lifespan in
C. elegans (Onken and Driscoll, 2010) and mice (Martin-
Montalvo et al, 2013), whereas diets high in glucose are
associated with poor health in humans and a decreased
lifespan in C. elegans (Lee et al, 2009). Thus, a 4-week
screening assay in C. elegans using lifespan as an endpoint
has the potential to identify compounds that can improve
or worsen human health.

The majority of familial early-onset Alzheimer’s disease (AD)
patients have mutations in presenilin-1 (PSENT), a gene required
for processing of amyloid precursor protein. Four out of the initial
five disease-causing missense mutations found in PSENT alter
amino acids that are conserved between PSENT and the C. elegans
presenilin gene sel-12 (Levitan and Greenwald, 1995). As with
PSENT in humans, mutations in sel-12 induce altered neuronal
morphology and memory defects in C. elegans (Levitan and
Greenwald, 1995), and the memory defects in C. elegans sel-12
mutants can be rescued by the normal human PSENT gene
(Wittenburg et al,, 2000). Caenorhabditis elegans also has close
homologs in several other genes associated with AD etiology,
potentially making the worm a useful model in which to under-
stand and treat AD (Alexander et al,, 2014; Lu et al,, 2014).

An early example of the mechanism of toxicity identification
that was supported by research in C. elegans is that of phorbol
esters (PE), potent mammalian tumor promoters that induce
developmental arrest and altered motility in C. elegans (Miwa
et al, 1982). In a single assay screening for mutants generated by
exposure to ethyl methane sulfonate for reversion to control phe-
notype in the presence of PE, a C. elegans protein kinase C (PKC)
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homolog tpa-1 was identified as required for PE toxicity (Tabuse
and Miwa, 1983; Tabuse et al.,, 1989). In contrast, PKC was identified
as the major receptor for PE in mammals in a far more complex
and incremental manner involving multiple labs over several years
(Blumberg, 1988). Thus, phorbol ester toxicity acts via PKC in mam-
mals and wormes, although the endpoints (growth and motility vs.
tumorigenesis) differ in the two models. Additionally, PEs induce
lysosomal degradation in mammalian cell cultures (Daniels and
Amara, 1999), and the major pathway change detected in the anal-
ysis of gene expression in PE-exposed C. elegans is upregulation of
lysosome degradation (Ana DePina and Xiugong Gao, personal
communication) indicating at least one conserved mode of toxic
action. The somatic cells of C. elegans adults are post-mitotic
(Gartner et al, 2008), so the species is not used as a direct model
for tumorigenesis. However, the example of PE toxicity demon-
strates (a) how research using a small organism that lacks many
systems and phenotypes present in more complex animals can still
provide useful toxicological information, (b) how screening for
endpoints without direct correlations to human outcomes such
as cancer can still be used to detect conserved perturbations in
toxicity pathways, and (c) how a relatively simple mutagenesis
experiment in C. elegans can be used to identify a conserved
mechanism of toxicity. Moreover, given that the majority of cancer
genes have a C. elegans ortholog (Rubin et al, 2000) and that
conserved processes such as apoptosis are required for evading
tumorigenesis, it is possible that many human carcinogens could
be identified in C. elegans by screening for alterations in the activity
of genes in related pathways.

Two-thirds of human proteins have C. elegans homologs, and
nearly 80% of genes for human inborn errors of metabolism have
C. elegans homologs (Sonnhammer and Durbin, 1997; Kuwabara
and O'Neil, 2001;). The C. elegans ortholog of TRPML1, the gene
for mucolipidosis type IV, is cup-5 (coelomocyte-uptake defective)
(Campbell and Fares, 2010). In humans, mutations in TRPML1
result in psychomotor retardation and ophthalmological abnor-
malities, whereas C. elegans homozygous for mutations in cup-5
are sterile, yet in both species absence of TRPML1/cup-5 activity
at the cellular level results in inappropriate accumulation of
lysosomes. Additionally, the normal human TRPML1 gene rescues
C. elegans cup-5 reproductive and lysosomal abnormalities (Hersh
et al, 2002). In a similar way, toxicity endpoints in C. elegans such
as reduced reproductive capacity, altered motility patterns, or
developmental defects may detect toxins that elicit very different
organismal endpoints in humans, but subsequent analyses of
more subtle effects at the molecular level have the potential indi-
cate shared pathways of toxicity. For example, homologs of genes
associated with neural tube defects in humans were recently
found to be required for C. elegans gastrulation (Sullivan-Brown
et al, 2016). Vertebrate neural tube closure and C. elegans
gastrulation involve many of the same processes such as internal-
ization of surface cells, actomyosin-driven apical constriction and
adhesions between specific cells, suggesting that screening in
C. elegans for early embryonic abnormalities may detect toxins that
induce neural tube and other developmental defects.

Caenorhabditis elegans utilize most of the same neurotransmit-
ters and neuronal signaling pathways as vertebrates (Kaletta and
Hengartner, 2006; Peterson et al, 2008). From worms to mice,
dopamine and serotonin play similar roles in the transition from
one form of locomotion to another (Vidal-Gadea et al, 2011).
Caenorhabditis elegans share several nicotinic acetylcholine
receptor-dependent behavioral responses to nicotine with
mammals (Feng et al, 2006), and C. elegans mutagenesis screens

to detect worms with altered motility has led to the identification
of human genes for specific myosins and neurotransmitter
transporters (Beron et al, 2015). However, the C. elegans genome
lacks voltage-gated sodium channels (Bargmann, 1998), so the
model is not likely to detect excitotoxins and suppressors that
exert their effects via this class of ion channel. Conversely,
nematodes and insects have inhibitory glutamate-gated chloride
channels that mammals do not, allowing for the selective action
of some pesticides (Peterson et al., 2008). These differences under-
lie the importance of fully understanding any model prior to using
it for hazard evaluations.

Promising avenues for toxicity testing in C. elegans

Methods to assess lethality in C. elegans range from simple and
inexpensive for a non-worm lab to set up, to those requiring costly
automated motility tracking or microfluidics equipment. Adult
C. elegans are amazingly hearty, so while more screens for adult
mortality have been published showing mammalian-correlated
toxicity ranking, screens for larval growth, reproduction and motil-
ity have also shown ranking correlations and can be more sensitive
by an order of magnitude or more (Anderson et al.,, 2004; Dhawan
et al, 1999; Boyd et al, 2010), allowing for reduced test article
concentrations and, therefore, fewer solubility issues. Additionally,
assays for motility, enzyme activity, reactive oxygen species, RNAi
response and gene expression can provide information on
mechanisms of action as well as relative toxicity. Other endpoints
to assess chemical toxicity include intestinal morphology (Hunt
et al, 2012; Stutz et al, 2015), accumulation of autofluorescence
(Gerstbrein et al, 2005), gonadal morphology (Hunt et al, 2012)
and internal hatching (Hunt et al,, 2013).

The C. elegans alimentary system has many facets that are
comparable to that of mammals, including an acidified lumen,
microvilli that form a brush border, secretion of digestive en-
zymes, uptake of digested components and peristalsis (Hall
and Altun, 2008; Chauhan et al, 2013; Stutz et al, 2015). Mam-
malian and C. elegans intestinal dysmorphology in response to
cadmium and toxic lectins is comparable (Hunt et al, 2012; Stutz
et al, 2015). In contrast to mammals, however, the damage in-
duced by intestinal toxins can also be visualized in live worms
by light microscopy or COPAS detection (Hunt et al, 2012).
Caenorhabditis elegans feed by pulling liquid phase components
from their environment into their pharynx by pumping and peri-
stalsis. Thus, they can be used as an oral toxicity model by
adding test articles to their nutrient supply. Additionally, pharyn-
geal pumping rates, which decrease in the presence of several
known mammalian neurotoxins, can be observed by light mi-
croscopy in individual worms. A higher throughput method of
evaluating the effect of toxins on feeding rates involves
exposure to fluorescent microbeads followed by an assessment
of internal fluorescence (Boyd et al, 2007).

Over 70% of human lipid genes are conserved in C. elegans, and
20% of C. elegans lipid genes are orthologs of human metabolic
disease genes (Zhang et al, 2013). Distinct long- and short-term
fat storage vesicles are easily visualized in C. elegans (O'Rourke
et al,, 2009) allowing for screening of compounds that alter lipid
metabolism and storage. Similarly, 90% of human lysosome-
associated non-disease genes, as well as 70% of human lysosomal
storage disorder genes, have C. elegans homologs (de Voer et al.,
2008). There are several methods to stain specific subsets of
endosome and lysosome-related vesicles in live and fixed worms
(Clokey and Jacobson, 1986; Hersh et al, 2002; Chen et al., 2006;
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Roh et al, 2012), allowing for rapid evaluation of potential
lysosomal toxins.

Adult C. elegans somatic cells are post-mitotic,c making the
model seem at first glance to be a poor one in which to assess
carcinogenicity. The cellular machinery for DNA replication and
repair is highly conserved between C. elegans and mammals
(Leung et al, 2008) however, and related pathways that prevent
the propagation of carcinogenic mutations, such as apoptosis
and cell cycle checkpoints, also have conserved elements (Stergiou
and Hengartner, 2004). In addition to the previously discussed
assay for the detection of aneugens (Allard et al, 2013),
C. elegans-based assays for the detection of DNA damage include
DNA sequencing, reporter assays, lethality assays and gene expres-
sion assessments (Leung et al., 2008). Specific DNA lesions can also
be detected in C. elegans by gas chromatography/tandem mass
spectrometry (Arczewska et al, 2013; Hunt et al, 2013). In another
promising new assay, a green fluorescent protein labeled ZTF-8
altered localization in C. elegans specifically in response to agents
that induced double-stranded DNA breaks but not other types of
DNA damage (Kim and Colaiacovo, 2014).

On a much larger scale, screening of thousands of potential
drugs with the COPAS using C. elegans pre-infected with human
pathogens has been used to identify compounds with antimicro-
bial activity. This method is a departure from traditional screens
for antibiotics, which test compounds for their ability to directly kill
microorganisms or inhibit their growth. By using infected
C. elegans, drug efficacy and host toxicity are simultaneously
assessed in vivo, while making it possible to identify compounds
that require metabolic activation for antimicrobial activity, stimu-
late innate immune activity, and/or inhibit host-pathogen interac-
tions for the establishment of infection, without harming the host
(Moy et al.,, 2009). This approach was recently used to evaluate 300
000 compounds to identify drug candidates that might improve
outcomes for patients infected with multi-drug-resistant
B. pseudomallei (Lakshmanan et al., 2014). On a much smaller scale,
C. elegans have also been used as part of a two-tiered approach to
identify new non-toxic compounds for the treatment of
B. cenocepacia K56-2 infections in cystic fibrosis patients (Selin
et al, 2015). It is too early to tell if the findings from these studies
will result in safe treatments for patients, but the strategy appears
promising.

Summary: The C. elegans Toxicology Model

Model Strengths

« The first completely sequenced genome of a multicellular
organism, plus over 40 years of genetics, neuroscience, and cell
signaling research make C. elegans a well understood model

+ Extensive homology to mammals at the genetic level

+ Many key cellular metabolic and signaling pathways are
conserved

« Many elements of neuronal function are conserved

« Conserved alimentary features make C. elegans a good oral
toxicity model

+ Unlike cell and tissue cultures, C. elegans has neuronal, motor,
digestive, and reproductive systems, endocrine signaling, and
sensory/behavioral responses to stimuli

« C elegans can be maintained at 15 to 25°C, using relatively
simple techniques and without the need for CO2 incubators

+ Inexpensive and compact platform allows multiple concentra-
tions and exposure times to be assessed simultaneously

« Short life cycle allows for low-dose lifespan and multi-
generation testing in a couple of weeks rather than years

« Transparent tissues and fully mapped body and neuronal plans
allow for rapid morphology and transgene expression assess-
ment at the tissue, cellular and sub-cellular levels

+  Multiple types of toxicity ranking screens have demonstrated
good correlation of endpoints in C. elegans to rat LD50s, with
C. elegans data and mouse data predicting toxicity ranking in
rat equally well

Model Limitations

« C elegans lack many mammalian organs such as eyes, lungs,
heart, kidney, and liver

+ As with the zebrafish embryo model, C. elegans have a function-
ing innate immune system, but lack adaptive immunity

« In contrast to zebrafish embryos, C. elegans is not a good
absorption model due to its tough cuticle

« As with cell-based models, pH range is wide but still limited,
and liquid culture testing requires soluble test compounds

« Small changes in temperature, nutrient, or salt concentration
elicit adaptive responses that can significantly alter assay results,
sometimes for multiple generations - this currently limits the
number of compounds that can be screened by a single lab,
but could change with enclosed, climate-controlled microfluidic
HTS equipment

+ Incorrect handling of stock cultures can result in altered gene
expression patterns and the accumulation of dauers or males
- phenotype recognition training and good C. elegans culture
practice (GCeCP, Table 1) is essential for reliable, repeatable
data

+ Some C. elegans systems act/respond in similar ways as analo-
gous mammalian systems, but lack homology at the genetic
level (e.g. the innate immune system) — development of micro-
array analysis software that is specific for C. elegans using data
that is already available would fix this problem

Conclusions

Currently accepted standards for hazard assessment using con-
ventional laboratory animals are hampered by duration and cost,
as well as species specificity. The need for more affordable, rapid
and predictive toxicity testing paradigms has led to several coordi-
nated national and international efforts to test and validate novel
assays and toxicity evaluation strategies (Casey et al, 2015). These
efforts have focused mainly on high-throughput in vitro testing,
which can reveal molecular and cellular mechanisms of toxicity,
but cannot currently provide information required for hazard as-
sessment, such as the effects of exposure route, metabolism by
and transport through multiple tissues, and communication
among interacting tissues (Tice et al, 2013). Caenorhabditis elegans
can provide a bridge between in vitro assays and mammalian tox-
icity testing by combining established in vitro handling techniques
and cost ratios with oral toxicity test data from an intact organism,
although standardized culture practices are required to achieve
consistent results. Given that nematodes lack most mammalian
organs, it is unrealistic to expect that any combination of C. elegans
assays alone will replace in-depth descriptive toxicology analyses
in mammals. However, although organismal toxicity endpoints
often differ, many pathways of toxicity and modes of toxic action
are conserved between worms and humans. Caenorhabditis
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elegans screening assays have consistently predicted LDsq ranking
in mammals, indicating the utility of the model for screening at an
early step in tiered testing strategies. The use of C. elegans assays
within integrated testing strategies that include other models such
as zebrafish or human cell cultures have yet to be evaluated.
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Abstract

Background: Modern toxicology is shifting from an observational to a more mechanistic
science. As part of this shift, high-throughput toxicity assays are being developed using
alternative, non-mammalian species to prioritize chemicals and develop prediction models of
human toxicity.

Methods: The nematode Caenorhabditis elegans (C. elegans) was used to screen the EPA’s
ToxCast™ Phase I and II libraries, containing 292 and 676 chemicals respectively, for chemicals
leading to decreased larval development and growth. Chemical toxicity was evaluated using
three parameters: a biologically defined effect size threshold, half-maximal activity
concentration (ACsp), and lowest effective concentration (LEC).

Results: Across both the Phase I and II libraries, 62% of the chemicals were classified as active
up to 200 uM in the C. elegans assay. Chemical activities and potencies in C. elegans were
compared to those from two zebrafish embryonic development toxicity studies and
developmental toxicity data for rats and rabbits. Concordance of chemical activity was higher
between C. elegans and one zebrafish assay across Phase I chemicals (79%) than with a second
zebrafish assay (59%). Using C. elegans or zebrafish to predict rat or rabbit developmental
toxicity resulted in balanced accuracies, the average value of the sensitivity and specificity for an
assay, ranging from 45 — 53%, slightly lower than the concordance between rat and rabbit (58%).
Conclusions: Here we present an assay that quantitatively and reliably describes the effects of
chemical toxicants on C. elegans growth and development. We found significant overlap in the
activity of chemicals in the ToxCast'™ libraries between C. elegans and zebrafish developmental

screens. Incorporating C. elegans toxicological assays as part of a battery of in vitro and in vivo
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assays provides additional information for the development of models predicting a chemical’s

potential toxicity to humans.
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Introduction

The U.S. National Toxicology Program (NTP) is charged with providing current scientific
information to regulatory agencies and the general public on the potential human health risks of
environmental toxicants. Little to no toxicity information is available for thousands of chemicals
currently in use. To address this paucity of information, the Tox21 community was established
through a memorandum of understanding between the NTP, the U.S. Environmental Protection
Agency (EPA), and the National Institutes of Health Chemical Genomics Center, now the
National Center for Advancing Translational Sciences (NCATS) (Collins et al. 2008). Tox21 is
using high-throughput in vitro screening and in vivo alternative animal model testing to identify
mechanisms of toxicity, prioritize chemicals for additional in vivo toxicity testing, and develop
predictive models of human toxicological responses. As part of that effort, the EPA-National
Center for Computational Toxicology (NCCT) ToxCast™ program uses batteries of in vitro
assays in an attempt to prioritize thousands of chemicals for further toxicological testing and

develop prediction models for human toxicity (Dix et al. 2007).

The ToxCast™ Phase I library contains 292 unique chemicals, comprised mainly of pesticide
active ingredients (Judson et al. 2010). These chemicals are relatively well-characterized by
traditional mammalian toxicity tests: data from rat and rabbit developmental toxicity tests are
available for 251 and 234 of these 292 chemicals, respectively, in the EPA’s Toxicity Reference
Database (ToxRefDB) (Knudsen et al. 2009). The Phase II library contains 676 unique
chemicals that included nine chemicals from the Phase I library as well as additional 14replicates
that function as internal tests for reproducibility. While the chemical space is much broader for
Phase II than Phase I, including failed pharmaceuticals, food additives, and industrial products,

many of these chemicals have not been tested in traditional mammalian assays. Human clinical
5
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data, however, are available for some of the chemical classes, such as cosmetics and failed
pharmaceuticals, allowing for direct linkage to human health effects

(http://www.epa.gov/ncct/toxcast/files/ToxCast%20Chemical%20Summary%2014Dec2010.pdf).

Unlike high-throughput in vitro assays, which can rapidly provide information on large numbers
of chemicals at low cost, whole animal models are more labor intensive, time consuming, and
costly, and thus are used to test smaller numbers of chemicals (Collins et al. 2008). Nevertheless,
animal models offer certain advantages over cell-based testing models. For example, chemical
effects on multiple, interacting cell types and can be used to monitor a variety of phenotypic
endpoints impacted by chemical exposures (e.g., overall reproductive effects). Thus, whole-
animal assays allow for the examination of complex phenotypes, often involving multiple

mechanisms, and may better represent human exposure situations.

Animal species with short developmental periods and phenotypes that can be measured using
automated processes are particularly useful in rapidly estimating chemical effects on whole
organism development. The nematode Caenorhabditis elegans has been shown to be amenable
to this process (Benson et al. 2014; Boyd et al. 2010b; Leung et al. 2011). C. elegans is also
widely used as a model for human diseases including age-associated neurodegenerative diseases,
genetic diseases, and metabolic disorders (Aitlhadj et al. 2011; Kaletta and Hengartner 2006).
Previous work using C. elegans as a toxicological model found predictive relationships between
locomotion and reproduction endpoints in C. elegans and lethality in rodents (Boyd et al. 2010a;

Cole et al. 2004; Melstrom and Williams 2007; Williams and Dusenbery 1988).

The C. elegans larval growth and development assay presented in this publication provides an

indication of a chemical’s effects on nematode growth and development. C. elegans growth, like

6
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many lower organisms, is not a continuous process but occurs through four distinct molts with
differing sizes (Byerly et al. 1976). This assay quantifies the size of individual nematodes as
optical density or extinction (EXT using a COPAS Biosort flow cytometer (Pulak 2006), after
48-h continuous exposures to chemicals beginning with L1 larvae. In untreated C. elegans, the
population at 48 h will develop to the L4 stage, such that there is a direct relationship between
size and EXT. In comparison, exposed animals generally range in size and developmental stage
from L1 to L4, depending on the severity of growth inhibition invoked by chemical exposures.
Chemical exposures were limited to 48 h to avoid the production of a second generation of
offspring, which would complicate data analysis. Under highly toxic conditions, nematodes

decrease in size or die during the 48 h exposure (Boyd et al. 2009; Smith et al. 2009).

The goal of the current study was to determine the inhibition of C. elegans larval growth after
exposures to the ToxCast' ™ Phase I and II chemicals. A subset of the Phase I chemicals, with
known but variable growth inhibitory potencies, was first used to test the reliability and
reproducibility of this assay. Optical absorption measurements were then linked with visually
observed developmental stages to define a biologically relevant “effect size threshold” that was
used to assess chemical activity. Because the C. elegans assay coincided with larval
development, the C. elegans hazard classifications were compared to several other in vivo assays
for which exposures occurred during development of the animals: zebrafish embryonic
development toxicity assays (Padilla et al. 2012; Truong et al. 2014) and rat and rabbit

developmental toxicity data (Sipes et al. 2011a).
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Methods

Nematode culture

The Bristol N2 (wild-type) strain of C. elegans was obtained from the Caenorhabditis Genetic
Center and maintained at 20°C on K-agar plates (2% bacto-agar, 0.25% bacto-peptone, 51 mM
sodium chloride, 32 mM potassium chloride, 13 pM cholesterol) seeded with E. coli OP50 as a
food source (Brenner 1974; Williams and Dusenbery 1988). Age-synchronized adult nematodes
were prepared using alkaline-hypochlorite treatment, as previously described (Khanna et al.

1997).

Chemicals

The chemicals in the ToxCast™ Phase I and II libraries (http://www. epa.
gov/NCCT/toxcast/chemicals.html) were provided by the U.S. EPA in 100% DMSO, typically at
concentrations of 20 mM. As 1% DMSO did not affect C. elegans growth (Supplemental
Material, Figure S1), chemicals were diluted with complete K-medium (51 mM sodium chloride,
32 mM potassium chloride, 3 mM calcium chloride, 3 mM magnesium sulfate, 13 uM
cholesterol) to a maximum concentration of 200 uM. Exposures to 4% DMSO were sub-lethal
and almost completely inhibit nematode growth (Supplemental Material, Figure S1). Thus, 4%

DMSO was used as the positive control for all experiments.

C. elegans growth assay

Growth assays were modified from Boyd et al. (Boyd et al. 2009) and employed the COPAS
Biosort flow sorting system (Pulak 2006) (Union Biometrica Inc.). The Biosort was used to
dispense 50 age-synchronized L1 larvae into each well of a 96-well plate containing complete K-

medium, varying concentrations of the test chemical (0.5, 1, 5, 10, 50, 100, and 200 uM), 1%
8
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DMSO (final concentration), and killed OP50 E. coli. Nematodes were exposed to chemicals at
48 h at 20°C, at which time untreated nematodes reached the L4 to young adult stage (Smith et
al. 2009). The Biosort was then used to measure the EXT of individual nematodes at one time
immediately following 48 hchemical exposures and the values converted to natural log(EXT) for
analyses. Biosort measurements of extraneous material such as detritus, bacteria clumps, or
precipitates were filtered from the data using a growth model, as previously described (Boyd et

al. 2010b; Smith et al. 2009).

The screens of Phase I and Phase II libraries were initiated three years apart (May 2008 for Phase
I and May 2011 for Phase II), and the plate design was slightly altered during this time. In both
screens, each 96 well plate consisted of a single concentration of eight chemicals, as well as the
negative control (1% DMSO) and positive control (4% DMSO). Additional concentrations were
tested on separate 96 well plates. For Phase I, chemicals were loaded within rows with four
wells per treatment group and rinse wells between each treatment well. For Phase II, chemicals
were loaded within columns with six wells per treatment group followed by two rinse wells.
Rinse wells contained 1% DMSO and were placed between treatment groups to rinse the
aspiration tool and avoid carryover of animals between adjacent treatment groups. Plate
adjustments were made by subtracting the mean nematode size of the plate negative controls
(i.e., 1% DMSO only treated nematodes) of each plate, which had average log(EXT) of 5.665,
with an arbitrary values of six added for display purposes to allow a decreasing response as
toxicity increases with no effect on the analysis. Subsequent analyses (lowest effective
concentrations (LECs) calculations, Hill function estimates, Z scores, etc. ) were performed

using the mean size of the nematodes within an individual well after 48 h chemical exposures.
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Classifying chemical activity by C. elegans larval development

To determine the performance characteristics of the C. elegans growth assay, ten replicate plates
containing eight chemicals each, with a wide range of growth inhibitory effects on C. elegans
(parathion, dichlorvos, diazinon, lindane, methyl-isothiocyanate, carbaryl, isoxaben, and
ethephon) were examined. Each plate contained four wells of each chemical at 200 pM, and
negative (1% DMSO) and positive (4% DMSO) controls. The EXT values were directly linked
to C. elegans developmental stage by examining all wells containing nematodes by microscope
to determine the larval stages. Mean sizes of all nematodes (log(EXT)) within wells containing
only a single larval stage were plotted against larval stage number only for Figure 1. For these
analyses, 837 wells contained at least one nematode and 432 of these wells contained larvae from
only one developmental stage. Wells with mixed larvae were used in all subsequent analyses.
The minimum log(EXT) value from any negative control or treatment wells containing only L4s
or young adults was used as an effect size threshold. In addition, for each replicate plate, Z-
factors were calculated as described by Zhang et al. (1999) for the 1% DMSO vehicle control
samples compared with the 4% DMSO positive control samples, as well as with parathion and
dichlorvos, the two most active C. elegans toxicants. The Z-factor provides a measure of assay
quality by taking into account both the dynamic range and data reliability within one number

(Zhang et al. 1999).

Active chemicals in Phase I were identified using both the effect size threshold and weighted t-
test, which compared log(EXT) well means from treated groups to the negative controls on the
same plate. Both the t-test and the effect size threshold were used to estimate two sets of LECs
for all Phase I chemicals. The(log(EXT)) values of nematodes after 48 h exposures for each

chemical were fit to a Hill function, using weighted regression with a genetic algorithm (Mullen
10
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et al. 2011) with wells having ten or more nematodes. For five chemical exposures at the highest
concentration (200 uM), less than ten nematodes were sampled per well. By microscope, all of
the nematodes were observed to be dead. Because these chemicals were also active at 100 pM
with ten or more living nematodes present per treatment well, the 200 uM data was not necessary
and excluded from toxicity estimation. The following constraints were used to prevent the
generation of parameter estimates outside of the feasible concentration region during the fitting
of the Hill function: the top asymptote was constrained to be in [0, 10], the exponent in [0, 25],

the ACso estimate in [0, 1000], and the lower asymptote in [3.135, 10].

Interspecies comparisons

The C. elegans larval development results from the Phase I and Phase II chemical libraries were
compared to the Zebrafish" embryonic developmental assay using published LEC values
(Truong et al. 2014). Results for the Phase I chemicals from the C. elegans larval development
assay were additionally compared to the Zebrafish” embryonic developmental assay using
published ACs estimates (Padilla et al. 2012). Two developmental summary endpoints for rats
and rabbits from the ToxRef database (http://www.epa.gov/ncct/toxrefdb/) (Knudsen et al. 2009),
“DEV_rat Developmental” and “DEV_rabbbit Developmental” were also compared using
chemicals from the Phase I library (Sipes et al. 2011b). The outcomes given for these summary

statistics are minimum LEC values over the included endpoints.

Outcomes among the four species were compared using performance metrics for classification of
compounds as active or inactive (sensitivity, specificity, and balanced accuracy) as well as
Kendall’s tau as a concordance measure. Sensitivity is the proportion of all active compounds

identified as active; specificity is the proportion of all inactive compounds identified as inactive.

11
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Because a test may be very good in either sensitivity or specificity but not the other, balanced
accuracy (the average of sensitivity and specificity) is also calculated. Predicted classifications
as active or inactive were compared across the combined chemicals with results for all species,
as well as within 9 chemical classes identified within the Phase I library (Judson et al. 2010). As
repeated observations on the replicate chemicals in the Phase I dataset were not available for
mammalian or zebrafish data, comparisons between species were analyzed using averaged C.

elegans results.

Results
C. elegans growth assay performance

Eight chemicals from the Phase I library with a range of growth inhibitory effects were selected
to evaluate data quality and calibrate the range of biological effects for this assay. Mean Z-
factors and standard deviations were calculated for these eight chemicals and the positive control
(4% DMSO). L1 and L2 stages as observed by microscopic examination were observed for the
positive control, parathion, dichlorvos and diazinon . Lindane treatments resulted in all L3 larvae
for at least one replicate. Of the remaining four chemicals, methyl-isothiocyanate and carbaryl
showed mixtures of L3s and L4s, and isoxaben and ethephon were similar to the negative
controls: just L4s and young adults. Because Z-factors compare the means and standard
deviations of highly toxic compounds and negative controls (Zhang et al. 1999), only the positive
control and two most toxic chemicals (parathion and dichlorvos) were used to calculate Z-
factors. Mean Z-factors (£ SD) relative to negative controls based on 10 replicate plates for the
parathion and dichlorvos were 0.779 + 0.068 and 0.859 = 0.034, respectively, and 0.698 + 0.175

for the positive control (See Supplemental Material, Tables S1, S2 and S3 for the Z-statistics
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data for each of the 10 replicate plates). A Z-factor between 0.5 and 1.0 indicates a clear
separation between treated and untreated groups and is considered an ‘excellent assay’ (Zhang et
al. 1999). As evidenced by mean Z-factors and their small standard deviations, the C. elegans
growth assay displayed a high degree of consistency between replicate measurements with a

clear separation between affected and unaffected groups.

To link measured EXT values directly to specific C. elegans stages of development, exposed
nematodes were visually examined to determine the larval stages present. A comparison
between mean sizes (log(EXT)) of nematodes within each well in a treatment group containing
only a single larval stage and the visually observed developmental stage is presented in Figure 1.
Following a 48 h incubation, the mean log(EXT) of L4 larvae and young adults were larger than
5.665, while L1 - L3 larvae were all smaller than 5.138. The lowest mean log(EXT) of 3.135
corresponded to L1 larvae, indicating very little growth during the 48 h exposure. Because
untreated animals were L4s at the end of the exposure period, an effect size threshold was
defined such that exposed nematodes with mean log(EXT) less than 5.665 were considered

different from controls.

Classifying chemical activity on C. elegans larval development

To classify the chemical activity of the compounds in the Phase I library at the highest
concentration tested (200 pM), two methods were examined: a weighted t-test and the effect size
threshold. For the t-test, mean log(EXT) values of exposed nematodes were weighted by the
number of nematodes and then compared to those from vehicle controls within the same plate.
Using this method, 232 or 79.5% of unique Phase I chemicals were identified as active at an

overall p <0.05 level (Bonferroni-corrected p < 0.05/292 = 0.000171232) (Figure 2 and
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Supplemental Material, Excel Table S1). Using the effect size threshold of mean log(EXT) <
5.665 identified 200 chemicals as active that were also identified by the t-test, as well as seven
additional chemicals; 32 chemicals were identified active only by the t-test. Additionally, 53
compounds were inactive in both methods. Because the effect size threshold reflects the
biological significance of a chemicals growth inhibitory effect, it was used to classify compound

activity for the remaining comparisons.

All chemicals from both the Phase 1 and Phase 2 libraries were screened at seven concentrations:
0.5,1,5,10, 50, 100 and 200 uM. Two classical toxicological metrics were used to define
potency: lowest effective concentrations (LECs) and half-maximal active concentrations (ACsos)
estimated from fitting the Hill function (Supplemental Material, Excel Table S2; Hill plots for
each of the tested chemicals are available upon request from the authors). LECs were defined as
the lowest concentration at which the mean log(EXT) of the exposed nematodes was less than
the effect size threshold and remained below this threshold for subsequent, higher concentrations

(Table 1).

Interspecies comparisons of toxicity: ToxCast™ Phase 1

Comparison to zebrafish development

The C. elegans results for the Phase I chemical library were compared to those from two
zebrafish embryo developmental assays referred to as Zebrafish” (Padilla et al. 2012) and
Zebrafish' (Truong et al. 2014). Zebrafish® estimated ACsos and AC s using a composite
deformity score after chemical exposures at 1 nM to 80 uM, while Zebrafish' estimated LECs
across 18 endpoints including mortality after exposure to chemicals at 6.4 nM to 64 uM. The

minimum LEC calculated from all 18 zebrafish embryonic development endpoints was used for
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comparisons to C. elegans data. Of 292 unique chemicals, there was agreement between all
three assays for 152 compounds; 119 active; 33 inactive (Figure 3) for a concordance of 0.52.
The two zebrafish assays agreed on 191 chemicals (145 active; 46 inactive) with a concordance
of 0.65, while Zebrafish” results agreed with the C. elegans results on 232 chemicals (182 active;
50 inactive) with a concordance of 0.79 and Zebrafish” results agreed with the C. elegans results
on 173 chemicals (131 active; 42 inactive) with a concordance of 0.59. The potency rank of the
Phase I chemicals were also compared between C. elegans and the two zebrafish assays.
Comparing 122 ACsos with estimates less than the maximum tested concentration between C.
elegans and Zebrafish” (Supplemental Material, Excel Table S2), a non-significant correlation of
0.078 was estimated by Kendall’s tau (p = 0.40). Comparing LEC values between Zebrafish"
and C. elegans, a slight, but significant, correlation was estimated (Kendall’s tau = 0.108; p =

0.021).

Comparison to mammalian development

The U.S. EPA’s Toxicity Reference Database (ToxRefDB) (Martin et al. 2009) contains
summary statistics consisting of minimum LECs for 27 developmental outcomes for rats and 26
developmental outcomes for rabbits exposed to most of the Phase I chemicals

(DEV _rat Developmental and DEV_rabbit Developmental, respectively) (Sipes et al. 2011a).
Composite LECs for the rabbit and rat developmental endpoints were available for 234 and 251
chemicals, respectively. A chemical was classified as inactive for these outcomes if it was
tested, but no LEC was reported. The rat and rabbit composite LECs were compared to LECs
and ACsos from C. elegans and the two zebrafish embryonic development assays. For the 200
chemicals tested in all species, the percent active chemicals in the Phase I library were 71% for

C. elegans, 75% for Zebrafish®, 61% for Zebrafish", 43% for rabbits, and 59% for rats. Balanced
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accuracy estimates (the average of sensitivity and specificity) for predicting rat and rabbit
developmental toxicity based on C. elegans assays were 52% and 53%, respectively, compared
with corresponding estimates for the two zebrafish assays of 51-52% and 45-50% (Table 2). C.
elegans assays were the most sensitive for rabbit toxicity (74% compared with 60-

68%) and Zebrafishp assays were the most sensitive for rat toxicity (76% compared with 61-
74%). The specificity of C. elegans assays for predicting rabbit and rat toxicity was 30% and
32%, respectively, while corresponding values for the Zebrafish assays were 21-39% and 38-
40%. The concordance between rat and rabbit development was 58%, with 59/200 active and

56/200 inactive in both.

Comparison by chemical class

The activities of the Phase I chemicals within previously described chemical classes (Judson et
al. 2010) were assessed in C. elegans, zebrafish, rat, and rabbit development (Table 3 and Table
4). The most active chemical class across species was conazoles, with the lowest number of
active chemicals observed in rabbit. Amides, anilides, and organophosphates had a higher
percentage of active chemicals in nematodes and zebrafish than in rats and rabbits. Overall,
Zebrafish” had the highest proportion of active chemicals, followed by C. elegans and then

Zebrafish', while rabbit had the lowest proportion of actives.

The concordance between C. elegans growth and the two zebrafish embryonic development
assays within Phase I chemical classes is presented in Table 3. As observed for all of the Phase I
chemicals, the C. elegans growth results agree well with Zebrafish” across most of the chemical
categories. However, although similar numbers of urea chemicals were active in both assays, the

concordance was only 38%: C. elegans indicated 5 active and 3 inactive, Zebrafish” identified 6
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active and 2 inactive, but only 3 of 8 chemicals were classified the same by both assays (Table
3). The concordance between C. elegans and Zebrafish" was highest for conazoles, carbamates
and pyrethroids, and was otherwise 50% or less. The concordance between the two zebrafish

assays was less than 50% for the phenoxy and urea chemical classes.

Finally, the C. elegans and two zebrafish assay results were used to predict activity in rat and
rabbit development within chemical classes using balanced accuracy estimates (Table 4).
Overall, zebrafish and C. elegans prediction of mammalian outcomes were similar within most
chemical classes. The balanced accuracies for prediction of rabbit development using C. elegans
growth were highest for anilide (0.81), amide (0.76) and urea (0.75), while all of the balanced
accuracies for prediction of rat from C. elegans were < 0.70. For Zebrafish”, balanced accuracies
for rat were highest for phenoxy (0.75), pyridine (0.75) and carbamate (0.70) classes, and for
rabbit for amide (0.72) and carbamate (0.71). Balanced accuracies for Zebrafish” were lowest
for urea compounds (0.30 in rats and 0.17 in rabbits), but highest for Zebrafish® (0.90 in rats and
0.75 in rabbits). The combined sensitivity and specificity of C. elegans assays for urea

compounds was low for rats (0.30) and comparable to Zebrafish for rabbits (0.75).

Combined ToxCast™ Phase I & I1

Activity in C. elegans larval growth & development assay

In Figure 4, the 959 unique chemicals from the combined Phase I and Phase II libraries are
clustered using the mean log(EXT) for the C. elegans assay at all concentrations tested. Overall,
the number of active chemicals and intensity of effect monotonically increased with
concentration. The 50 chemicals with the greatest effect on growth at the highest concentration

tested (200 pM) were comprised mainly of pesticides and included several organophosphates
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(chlorpyrifos, chlorpyrifos oxon, isazofos, coumaphos, O-Ethyl O-(p-nitrophenyl)
phenylphosphonothioate (EPN)), organotins (triphenyltin hydroxide, tributyltin chloride, and
tributyltin methacrylate), avermectins (abamectin, emamectin benzoate, and milbemectin), and
organochlorines (DDD, DDT, DDE, and dicofol). Nineteen of the 50 chemicals were also active
at the lowest concentration tested (0.5 pM) (Supplemental Material, Excel Table S2 and
Supplemental Material, Table S4); these chemicals listed by increasing mean log(EXT) at 0.5
MM are: emamectin benzoate, abamectin, fentin, milbemectin, pyridaben, isazofos, quinoxyfen,
tebufenpyrad, chlorpyrifos oxon, fenpyroximate, coumaphos, methylene bis(thiocyanate),

molinate, fenamiphos, pyriproxyfen, oxyfluorfen, parathion, methoxychlor and dicofol.

Replicate Analysis

Replicate chemicals were included by the ToxCast program in each library to monitor assay
performance (Table 5). The Phase I library included four chemicals replicated twice (3-i0odo-2-
propynylbutylcarbamate (IPBC), dibutyl phthalate (DBP), S-Ethyl dipropylthiocarbamate
(EPTC), and fenoxaprop-ethyl) and two that were replicated three times (bensulide and diclofop-
methyl) and Phase II library contained seven chemicals from the Phase I library replicated three
times (allethrin, azoxystrobin, bisphenol A, oryzalin, perfluorooctane sulfonic acid (PFOS),
triadimenol, and triclosan) and two additional chemicals from Phase I that were replicated six
times (clorophene and mancozeb). Chemicals with LECs or ACsps of 200 uM or less were
classified as active, while those with no LEC and ACsy were inactive. Most of the chemicals
were classified as active in all replicate samples except EPTC, which was inactive in both
replicates. In two cases the chemicals did not agree across all replicates: mancozeb was inactive
when tested with the Phase I library, but was active in all six replicates within the Phase II

library; and triadimenol was active in two replicates and inactive in the other two. In both cases,
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the chemicals were weakly active even at 200 pM, as evidenced by mean sizes (represented by
log(EXT) at 200 pM) near the size effect threshold of 5.665. In contrast with classification as

active or inactive, LEC and ACs, values varied among the replicate samples.

Comparison to zebrafish development

Combined results for Phase I and II chemicals were available for C. elegans and Zebrafish'. Of
the 959 unique chemicals, the two assays agreed for 560 chemicals (363 active and 197 inactive)
for a concordance of 0.58. Zebrafish” classified 167 chemnicals as active that were inactive in
the C. elegans assay; and 232 chemicals were active based on the C. elegans assay but inactive
based on Zebrafish'. Kendall’s tau was used to compare LECs by rank and was estimated to be
0.102 (p=9.7 x 10°). Using only the 603 compounds where Zebrafish' mortality occurred at a
higher concentration than the first teratogenic effect or did not occur at all (Truong et al. 2014),
the nematodes and zebrafish agree on 314 compounds (117 active and 197 inactive) for a

concordance of 0.52.

Discussion

The current study presents a high-throughput whole animal screen using the nematode C.
elegans. C. elegans and other in vivo animal models offer many benefits over cell-based models
in the prediction of human toxicological responses. However, the ability of any animal model,
from nematodes to mammals, to respond in a manner similar to humans is limited by how well
the organism and toxicological assays replicate human exposure conditions (stage of
development, route of exposure, etc.) and cellular, biochemical and molecular responses. Like
all in vivo models, C. elegans contains many processes similar to higher organisms (Shaye and

Greenwald 2011). Likewise, it is deficient in others. Although C. elegans cannot replicate all of
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the processes necessary to predict the effects of all compounds in humans, its level of homology
with humans is sufficient to include it with other in vivo models in predictive toxicology and the
development of adverse outcome pathways. A thorough review of conserved toxicity pathways
can be found in the 2000 National Research Council report (National Research Council (U.S.).

Committee on Developmental Toxicology. 2000).

The C. elegans automated assay uses COPAS Biosort flow cytometry to screen for the effects of
chemicals on C. elegans larval growth and development. The results presented in this paper
show that the C. elegans growth assay produced excellent Z-scores with values for the positive
control and two active chemicals between 0.5 and 1 (Zhang et al. 1999) and consistency of
responses across 10 replicates indicating that the assay produces responses to chemicals that are
highly reproducible and distinguishable from untreated controls. The assay also produced
reliable hazard identification at the highest concentration tested across replicate chemicals within

the ToxCast™ Phase I and II libraries (Table 5).

Two methods were applied to classify chemical activity: a statistical t-test and a newly defined
effect size threshold (Figure 1). The statistical t-test determined the difference between exposed
and control groups, incorporating variability of the samples and providing p-values. The low
variability within the samples, however, led to a number of compounds being classified as
having statistically significant effects on growth, even though little difference in size was
measured. With relatively few compounds inducing growth inhibition classified as inactive by
the t-test, the effect size threshold was used for the remainder of the analysis (Figure 2). Thus, if
the mean log(EXT) of exposed nematodes was less than the effect size threshold, the chemical

was classified as active.
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Nineteen chemicals were classified as most active by hierarchical clustering of the effect size
(Figure 4) and were active at the lowest concentration tested (0.5 uM) (Supplemental Material,
Table S4 and Excel Table S2). Not surprisingly several avermectins, which are pesticides
primarily used to control parasitic nematodes, mites, fleas, and other insects, were classified as
actives. Two of the avermectins most toxic to C. elegans, emamectin benzoate and abamectin,
were potent inhibitors of development in both Zebrafish” and Zebrafish”, and have also been
shown to be potent inhibitors of spontaneous movement in zebrafish embryos indicating
potential developmental neurotoxic effects (Raftery et al. 2014). A number of other compounds,
which are known or suspected developmental neurotoxicants in a number of in vitro and in vivo
models (Crofton et al. 2011; Grandjean and Landrigan 2014), were also among the most toxic
chemicals to C. elegans in this study, including the organophosphate chlorpyrifos and its
metabolite chlorpyrifos oxon; the organochlorine DDT and its metabolites; two tributyltin
compounds and triphenlytin; and several polyaromatic hydrocarbons (PAHs) (Supplemental

Material, Table S4).

Two different zebrafish embryonic development assays were compared to the C. elegans results:
the Zebrafish” assay (Padilla et al. 2012), with results for only the Phase I chemicals, and the
Zebrafish' assay (Truong et al. 2014) with results for Phase I and II chemicals. We note that
while both the C. elegans and the Zebrafish” assays determined activity on severity of treatment
effect, the Zebrafish" assay determined activity on the basis of incidence of treatment effect.
Other major differences in experimental design between the two studies included the presence or
absence of the acellular chorion, repeat versus static exposures, and manual versus automated
morphometric analyses. Overall, the C. elegans larval development assay was found to have

excellent agreement with Zebrafish” embryo development with a concordance of almost 80% for
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the Phase I chemicals, while the concordance with the Zebrafish® assay was lower at 59% for

Phase I and 58% for Phase I and II, respectively.

Both the C. elegans and zebrafish assays describe developmental effects of chemical exposures,
therefore responses in these species were compared to developmental effects indices for rats and
rabbits in ToxRefDB for the 200 Phase I chemicals tested in all four species. By using a
combination of a suite of developmental outcomes (Sipes et al. 2011a), the numbers of active
and inactive chemicals, as identified by these two indices, were reasonably well balanced. A
clear pattern of chemical activity prediction, however, did not emerge. While the Zebrafish” and
C. elegans assays did have high concordance, neither predicted classification of activity in either
rabbits or rats (combined average sensitivity and specificity ~ 50%, Table 2). While the balanced
accuracies for these assays were similar to those from Zebrafish', the concordance was much
lower. Again, this discrepancy is likely due to the measurement of incidence in the Zebrafish”
studies vs. the measurement of severity of response in the rat and rabbit studies. The rats and
rabbits did provide some information for each other, but with lower concordance than might

have been expected (~ 58%).

Interestingly, the poor performance of the two predictor species (C. elegans and zebrafish) was
not uniform across chemical classes within the Phase I library (Table 3 and Table 4). When
predictions were evaluated within chemical classes (Table 4), balanced accuracy ranged from a
high of 81% (C. elegans predicting rabbit endpoints for anilide compounds) to a low of 17%
(Zebrafish” predicting rabbit toxicity for urea compounds). When Phase I and II chemical
activity at each concentration are grouped using Hierarchical clustering, chemicals within

chemical classes appear to be clustering together (Figure 4; Supplemental Material, Table S4).
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Taken together, the large disparity in predictive powers between chemical classes and clustering
of activity suggest that QSAR methods could play a large role in the eventual predictive battery

of assays.

Throughout the results presented in this paper, the estimation or prediction of potency was found
to be less reliable than identification or concordance of chemical activity. Table 5 shows
response estimates (i.e., mean size or log(EXT)) at the high concentration to be very consistent
across replicates, while the ACs, estimates vary to a much greater extent. In cross-species
comparisons, although the concordance of C. elegans active predictions of Zebrafish® were quite
good at 0.79, no significant correlation was found between chemical potencies (Kendall’s tau

coefficient 0.078; p = 0.40).

Conclusions

Here we present an assay that quantitatively and reliably describes the effects of chemical
toxicants on C. elegans growth and development. We found substantial overlap in the activity of
chemicals in the ToxCast™ Phase I library in the Zebrafish” and C. elegans developmental
screens, but lower concordance between C. elegans and the Zebrafish' developmental screens
for the combined Phase I and II libraries. Prediction of mammalian effects from C. elegans or
zebrafish responses was poor across the Phase I library, but was higher within certain chemical
classes-assay combinations. Incorporating other C. elegans toxicological assays, such as feeding
(Boyd et al. 2007) and reproduction (Boyd et al. 2010a), could provide additional insights into
the specificity of endpoints and yield further information adding to the overall utility of C.
elegans as an alternative toxicological model. We propose using C. elegans assays as part of a

battery of toxicity tests and analytical methods including in silico modeling and prediction, cell-
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free and cell-based in vitro assays, alternative toxicological model organisms such as zebrafish
and daphnia, traditional toxicological model organisms such as rodents and rabbits, and relevant

human data including clinical and epidemiological observations.
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Table 1. Number (percent) of Phase I and Phase Il chemicals with LECs at tested

concentrations
Library Chemical Concentration (uM)
0.5 1 5 10 50 100 200 |>200°
Phase 1 19 5 10 12 46 25 89 86
(6.5%) | (1.7%) |(3.4%) | (4.1%) |(15.8%)[ (8.6%) {(30.5%)|(29.4%)
Phase I 16 9 35 35 86 51 164 280
(2.4%) | (1.3%) [(5.2%) | (5.2%) |(12.7%)[ (7.5%) {(24.3%)|(41.4%)
Total 35 14 45 47 132 76 253 366
Cumulative Total 35 49 94 141 273 349 602 | 968"

*Nine chemicals are replicated in the Phase I and II libraries, so 959 unique chemicals across both

libraries.

® “LEC >200” indicates a compound that my affect nematode growth above the tested concentrations 0.5

—200 uM. These compounds may also be inactive at any concentration.
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Table 2. Accuracy of C. elegans or zebrafish embryogenesis toxicity data for predicting

developmental outcomes in rabbits and rats

Predicting species Predicted species’
Rabbit Rat
C. elegans
BA 52.3% 52.7%
Sensitivity 74.1% 73.7%
Specificity 30.4% 31.7%
Zebrafish®
BA 44.6% 52.2%
Sensitivity 68.2% 76.3%
Specificity 20.9% 28.0%
Zebrafish"
BA 49.6% 50.6%
Sensitivity 60.0% 61.0%
Specificity 39.1% 40.2%

BA = Balanced Accuracy = average of sensitivity and specificity
Data were available across all species for 200 unique chemicals. Zebrafish”is from Padilla, et al. 2012
(Padilla et al. 2012) and Zebrafish' is from Truong, et al. 2014 (Truong et al. 2014)

*The species listed in each row was used to predict the outcome of the species across columns.
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Table 3. Proportion of chemicals classified as active and concordance between assays among groups of Phase I chemicals.

Chemical Class® Proportion active” Concordance’ .

(number of chemicals) | C. elegans | Zebrafish® | Zebrafish" C.Zeelle)gl" Z?iil?ll} d CZeelle)é;'Z’i;il?%l d Ze;:;?:iI;Shlend
Amide (24) 0.58 0.75 0.75 0.75 0.50 0.75
Anilide (14) 0.64 0.79 0.86 0.86 0.50 0.64
Carbamate (15) 0.53 0.80 0.67 0.60 0.73 0.73
Conazole (18) 1.00 1.00 0.89 1.00 0.89 0.89
Organophosphate (35) 0.80 0.86 0.57 0.83 0.49 0.54
Phenoxy (12) 0.67 0.92 0.33 0.75 0.33 0.42
Pyrethroid (12) 0.92 1.00 0.67 0.92 0.58 0.67
Pyridine (10) 0.70 0.60 0.40 0.90 0.50 0.60
Urea (8) 0.63 0.75 0.63 0.38 0.50 0.38

*Chemical classes were derived from Judson et al. (Judson et al. 2010)

°Chemical activity is based on the specific assays for Zebrafish” (Padilla et al. 2012), Zebrafish’ (Truong et al. 2014) and C. elegans (this

publication)

‘Concordance is defined as the proportion of chemicals with the same classification
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Table 4. Balanced accuracy® of C. elegans, Zebrafish®, and Zebrafish" assays for predicting developmental outcomes in rabbits

and rats according to chemical class

Chemical class - - Rats’ g T . Rabbits. P T
n Yo active | C. elegans | Zebrafish Zebrafish n | % active | C. elegans | Zebrafish Zebrafish

Amide 21 0.48 0.62 0.63 0.54 22 0.36 0.76 0.72 0.42
Anilide 14 0.50 0.57 0.57 0.50 14 0.43 0.81 0.69 0.33
Carbamate 14 0.71 0.50 0.70 0.43 14 0.50 0.64 0.71 0.71
Conazole 16 1.00 | Allactive® | Allactive” | 2 inactive® | 16 |  0.69 0.50 0.50 0.41
Organophosphate | 25 0.32 0.43 0.53 0.36 25 0.24 0.50 0.58 0.60
Phenoxy 8 0.75 0.50 0.75 0.75 11 0.27 0.52 0.33 0.31
Pyrethroid 12 0.50 0.42 0.50 0.33 10 0.40 0.38 0.50 0.33
Pyridine 7 0.43 0.63 0.75 0.42 6 0.50 0.33 0.50 1.00
Urea 6 0.83 0.30 0.30 0.90 5 0.60 0.75 0.17 0.75

*The sum of the average sensitivity and specificity

®Unable to calculate balanced accuracy due to the absence of sufficient negative results.

¢ Data for rats and rabbits were obtained from ToxRef database (http://www.epa.gov/ncct/toxrefdb/) (Knudsen et al. 2009)
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Table S. Replicate concordance among chemicals in the Phase I and II libraries

Chemical Phase ;‘to%%);ﬁ LEC ACs Hazard?
I 5.37 50 NC® active
] II 5.39 100 NC active
Allethrin Il 4.93 50 NC active
II 5.22 200 NC active
| 5.51 200 195.8 active
Azoxystrobin II 5.60 200 NC act?ve
11 543 200 196.5 active
II 5.44 50 NC active
3.71 50 16.3 active
Bensulide I 3.83 50 13.7 active
1 3.49 100 79.8 active
I 5.37 200 NC active
) II 5.57 200 NC active
Bisphenol A 11 5.38 200 NC active
II 5.52 200 NC active
I 3.61 200 68.8 active
11 3.87 10 160.6 active
11 3.83 50 57.6 active
Clorophene 11 3.65 50 84.9 active
11 3.92 0.5 80.9 active
11 3.79 50 113.6 active
11 3.91 50 394 active
] 1 5.58 200 NC active
Dibutyl phthalate I 526 50 213 active
I 4.92 200 179.0 active
Diclofop-methyl I 4.46 50 179.3 active
I 4.47 50 56.2 active

1 6.02 NC inactive

EPTC 1 5.70 NC inactive
Fenoxaprop-ethyl | 5.01 100 76.7 act?ve
| 5.36 50 46.0 active
1 3.00 200 138.7 active
IPBC I 3.34 100 74.3 active

| 5.75 NC inactive
Mancozeb 11 5.35 200 NC act?ve
11 5.37 200 NC active
11 5.24 100 NC active
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11 5.47 0.5 124.1 active

11 5.24 100 NC active

11 5.29 200 NC active

I 3.97 50 136.3 active

Oryzalin 11 4.95 50 19.6 act?ve

11 4.72 10 49.9 active

11 4.57 10 NC active

I 3.66 200 177.3 active

11 3.06 5 18.5 active

PFOS 11 3.22 0.5 13.5 active

11 3.39 5 6.1 active

I 4.99 200 189.4 active

Triadimenol 11 5.63 200 NC . actiYe
II 5.94 NC Inactive
11 5.79 NC inactive

I 3.98 50 109.6 active

Triclosan 11 3.83 10 69.1 act?ve

11 4.06 50 43.2 active

11 4.15 10 26.3 active

*Chemicals were classified as “active” if they had an LEC or ACsy <200 uM otherwise they were

classified as “inactive.”

°NC, could not be calculated.
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Figure Legends

Figure 1. Association between C. elegans size and developmental stage. Nematode
developmental stages (L1 larva - Adult) were determined after direct observation by microscope
and then size characteristics (EXT) were measured using the COPAS Biosort. The mean
log(EXT) of the nematodes in each well for a treatment group, which contained nematodes at a
single larval stage are presented. The log(EXT) of L4s and young adults were all greater than
5.665 (dotted line); nematodes that had not developed to the L3 stage were all less than 5.138
(dashed line). Each point represents the mean size (log (EXT)) of the nematodes in an individual

well.

Figure 2. Comparison between t-test and effect size threshold. The histogram presents the
number of chemicals in each size class (mean log(EXT)). Dark gray indicates the number of
inactive compounds in each size class according to the weighted t-test, while light gray indicates
the number of compounds determined to be active in each size class. The two vertical lines
indicate the maximum log(EXT) for nematodes < L.3 (5.138), and the minimum log(EXT)
(5.665) for L4 and young adult nematodes (see Figure 1). Chemicals between the vertical lines

had weighted mean Log(EXT) values consistent with a mixture of L3s and L4s.

Figure 3. Concordance between C. elegans larval development and zebrafish embryonic
development assays for ToxCast™ Phase I chemical activity. Venn diagram illustrating the
concordance between the effects of chemicals on C. elegans development and two zebrafish

development assays: Zebrafish® (Padilla et al. 2012)and Zebrafish' (Truong et al. 2014).

Figure 4. Hierarchical clustering of chemical activity on C. elegans development. upper
panel; activity of 959 unique chemicals from ToxCast™ Phase I and II libraries clustered
according to mean log(EXT). lower panel; activity and chemical names of the 50 chemicals with
the greatest effect on C. elegans growth. Lists and descriptions of chemicals in the lower panel
are presented in Supplemental Material, Table S4. legend; Blue corresponds to inactive
chemicals with responses similar to controls, while yellow to red indicates decreasing nematode
size with increasing toxicity. The histogram illustrates the size distribution of matched negative

controls.
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SCIENTIFIC REPLIRTS

The nematode Caenorhabditis
elegans as a tool to predict
chemical activity on mammalian
o development and identify
™ mechanisms influencing
‘toxicological outcome

Philippa H. Harlow?, Simon J. Perry?, Stephanie Widdison?, Shannon Daniels3, Eddie Bondo?,
Clemens Lamberth*, Richard A. Currie! & Anthony J. Flemming?

. To determine whether a C. elegans bioassay could predict mammalian developmental activity, we
selected diverse compounds known and known not to elicit such activity and measured their effect on
C. elegans egg viability. 89% of compounds that reduced C. elegans egg viability also had mammalian
developmental activity. Conversely only 25% of compounds found not to reduce egg viability in C.
elegans were also inactive in mammals. We conclude that the C. elegans egg viability assay is an

. accurate positive predictor, but an inaccurate negative predictor, of mammalian developmental activity.

 We then evaluated C. elegans as a tool to identify mechanisms affecting toxicological outcomes among

. related compounds. The difference in developmental activity of structurally related fungicides in C.
elegans correlated with their rate of metabolism. Knockdown of the cytochrome P450s cyp-35A3 and
cyp-35A4 increased the toxicity to C. elegans of the least developmentally active compounds to the level
of the most developmentally active. This indicated that these P450s were involved in the greater rate
of metabolism of the less toxic of these compounds. We conclude that C. elegans based approaches can
predict mammalian developmental activity and can yield plausible hypotheses for factors affecting the
biological potency of compounds in mammals.

Ensuring the safety to humans of the chemicals they may be exposed to is of critical importance to chemical com-

. panies, regulatory authorities and the public. It is in the interest of chemical companies researching new active
ingredients (AI) to identify adverse toxicological outcomes as soon as possible and avoid wasted investment in

. unsafe or unregisterable chemical products. One approach is to test new Al earlier in research programmes using

. the standard, guideline, mammalian toxicological tests required by regulators to determine toxicological out-
comes. However, this implies a substantial increase in the number of mammals used which is undesirable for eth-
ical and economic reasons. Therefore much research has investigated alternative experimental systems that have
fewer of these concerns including in silico modelling!, cell-based systems?, vertebrate systems of reduced con-
cern e.g. Zebrafish® as well as invertebrate model systems*°. Developmental toxicity, where a chemical adversely
affects the biological processes of development from egg to adult, is of concern to the agrochemical industry.
Developmental biology has been extensively studied in invertebrate model systems making them obvious candi-
dates for the study of developmental toxicity.

1Syngenta Ltd., Jealott's Hill Research Station, Bracknell, Berkshire, RG42 6EY, UK. 2General Bioinformatics, Jealott's
Hill Research Station, Bracknell, Berkshire, RG42 6EY, UK. 3Syngenta, 3054 East Cornwallis Road, Research Triangle
Park, NC 27709-2257, USA. “Syngenta Crop Protection AG, Chemical Research, Schaffhauserstrasse 101, 4332 Stein,
Switzerland. Correspondence and requests for materials should be addressed to A.J.F. (email: anthony.flemming@
syngenta.com)
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The nematode Caenorhabditis elegans is exceptionally well studied and many researchers have used it as a
model for different forms of toxicity>~’. Its small size, short life cycle and ease of maintenance and culturing make
it a viable model for high-throughput screening, while the array of genetic tools available for use with it enable
further investigations into the causes of toxicity. Several studies have used C. elegans as a model for: the neuro-
toxicity of xenobiotics®, neurodegeneration’, genotoxicity'’, and germline toxicity® and all found relevance of
the model to man'*. For example, the toxicity of a group of organophosphates was shown to correlate between C.
elegans and mammals'?. C. elegans has also been used to investigate the basis of the toxicity of ethanol®?, volatile
anaesthetics'* and other drugs'>-"".

C. elegans development is fully described'®!” and the underlying genetic mechanisms controlling development
are well understood and often conserved with those found in mammals®. Embryogenesis, from fertilization to
egg hatching takes approximately 13-14h at 20 °C and produces 671 cells (113 of which die by apoptosis) form-
ing the L1 C. elegans larva'®. Numerous developmental processes occur, leading to cell fate specification, tissue
formation and morphogenesis. Scoring egg viability by counting the number of eggs that hatch as a proportion
of those laid is therefore a convenient and quantitative measure of the success of these developmental processes.
Chemicals or other exogenous factors affecting developmental biology are likely to affect egg viability.

Chemical toxicity results from a xenobiotic molecule adversely affecting a process or function upon which a
toxicological outcome is contingent. Typically this will be the consequence of a biochemical interaction between
the small molecule and an endogenous protein or proteins involved in this process or function. Therefore a major
determinant of toxicology is the potency of this biochemical interaction. But this is not the only determinant,
also important is the distribution and abundance of the small molecule in the organism and its consequent avail-
ability with respect to the target protein(s) driving the toxicological outcomes. The importance of absorption,
distribution, metabolism and excretion on the interaction between small molecules and organisms has long been
recognised?!. Of these, metabolism has been extensively researched, not least because of its importance to the
efficacy of pharmaceuticals. An important class of metabolising enzyme is the Cytochrome P450 enzymes which
are a superfamily of NADPH-dependent monooxygenases that catalyse the Phase I metabolism of xenobiotics
such as pesticides?. The C. elegans genome contains 77 intact cytochrome P450 genes®. Differences in toxicity
among compounds could be caused by differences in affinity for a single P450 that metabolises both compounds,
metabolism of compounds by more than one P450 or changes in gene expression of P450 gene(s) responsible for
metabolism of one or both compounds.

In this study we assessed the utility of C. elegans for toxicological investigations, and in particular for generat-
ing hypotheses relevant to human safety. We did this in two ways. First, we screened diverse pesticide chemistry,
including compounds with mammalian developmental activity in the ToxRef database?®, and measured their
developmental activity in C. elegans. This allowed us to estimate the correlation of chemically-induced develop-
mental activity between nematodes and mammals and therefore the predictive power of one system on the other.
Definitions of toxicity (including developmental toxicity), which are considered in the registration and labelling
of commercial products, vary among jurisdictions and change over time. Even fundamental concepts such as the
relative importance of risk’ and ‘hazard’ are debated in this context®® and can cause controversy?. This makes it
hard to identify a suitable set of universally accepted, developmentally toxic standards which is needed to evaluate
predictive approaches such as the one we describe. To overcome this, we chose to work on compounds that were
reported simply to have more potent biological activity in developing, mammalian embryos than in adults, from
the ToxRef database?*. While such compounds cannot be considered developmentally toxic on the basis of these
data alone, they have activity on the developing, early life stages of mammals, which could result in developmen-
tal toxicity, We reasoned that a tool that predicted developmental activity and so the possibility of developmental
toxicity, could be useful in prioritizing and directing subsequent toxicological investigation. Whether such a com-
pound was ultimately classified as developmentally toxic would depend on these subsequent studies and on the
regulatory definitions of toxicity in relevant jurisdictions. In the second part of our study, we focussed on a closely
related series of proprietary pyridazine and imidazole fungicides recently dropped from Syngenta’s research port-
folio because developmental toxicity was observed with some examples of the series. We asked whether C. elegans
could identify factors underlying the toxicology of the series and suggest approaches to, in principle, redesign
molecules with improved toxicological profiles.

Results

The egg viability assay in C. elegans as a screen for developmental toxicity in mammals. We
assessed the utility of C. elegans as a system used to screen for compounds with developmental activity. We
selected 72 pesticide compounds from the ToxRef database as a test set?»?”. This database contains summarised
results from studies submitted to the US Environmental Protection Agency as part of the registration of pesti-
cides. The initial build contained 1318 records of prenatal developmental studies, conducted on rats or rabbits.
Endpoints recorded included maternal effects such as body weight gain, food and water consumption, fertility
and pregnancy, as well as foetal effects such as foetal weight reduction, skeletal variations, malformations and
other pathologies?®. The database provides a lowest effect level (LEL) for both maternal toxicity and developmen-
tal effects (a measure of toxicological potency to the embryo) in mammals.

If a compound had a lowest effect level for developmental effects at a lower concentration than for adult tox-
icity it was considered to be developmentally active because it had effects on embryo development in the absence
of effects on the mother. We considered effects occurring at doses when the mother was sick might be indirect
maternal effects rather than developmental effects per se. Using these criteria 57 of the selected compounds were
developmentally active; the remaining fifteen compounds were negative controls. A full list of compounds is
provided as supplementary material (Supplementary Table 1). The compounds represent diverse structures and
mechanisms of action including insecticides, fungicides and herbicides.
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Developmental
ST Positive Negative
active inactive predictivity predictivity
Developmental active 17 2 89%
activity in
C. elegans inactive 40 13 25%
Sensitivity 30%
Specificity 87%

Table 1. The egg viability assay in C. elegans predicts developmental toxicity in mammals. The number of
developmentally active and inactive compounds in C. elegans and mammals is recorded. Positive predictivity
is the percentage of compounds found to be developmentally active in C. elegans that are also developmentally
active in mammals. Negative predictivity is the inverse: the percentage of compounds found not to be
developmentally active in C. elegans that are also not developmentally active in mammals. Sensitivity is the
percentage of compounds that are developmentally active in mammals that were detected by the assay as
developmentally active in C. elegans. Specificity is the percentage of compounds that are not developmentally
active in mammals that are not detected by the assay as developmentally active in C. elegans. Developmental
activity in C. elegans was assayed as egg viability following maternal exposure to test compounds as described
in Methods. Mammalian developmental activity was calculated from the ToxCast database?* as described in
Results.

These compounds were then tested to determine if they affected C. elegans egg viability. L4 C. elegans were
exposed to compounds for 48 h and allowed to lay eggs. The adults were then removed and the number of
unhatched eggs still remaining after 24 h recorded. If the number of unhatched eggs significantly exceeded con-
trol levels the compound was considered to reduce egg viability (and therefore to be developmentally active) in C.
elegans. Control levels were a mean number of unhatched eggs of 1.41 per well with a standard deviation of 1.72.
Differences from control were measured by t-test (p < 0.001).

Nineteen compounds reduced egg viability in C. elegans, of which seventeen were from the group defined as
developmentally active in mammals (Table 1). The positive predictivity of this assay is therefore 89%. In other
words 89% of compounds found to be developmentally toxic in our assay in C. elegans are also developmentally
active in mammals. Analysis of the complete ToxRef database shows the percentage of compounds found to be
developmentally active in mammals ~18% 2. Based on this finding, our assay improves this prediction markedly.
If a compound is active in our assay it is ~5 fold (89% versus 18%) more likely to be developmentally active in
mammals compared to this “baseline” expectation.

However only 25% of compounds found to not to affect egg viability in C. elegans are also not developmentally
active in mammals. The negative predictivity of the assay is therefore low, relative to the positive predictivity.
Based on these data, we conclude that a positive result in the assay is likely to accurately predict mammalian
developmental activity, while a negative result in this assay only weakly predicts that a compound will not be
developmentally active in mammals. Therefore the majority of mammalian developmentally active compounds
will be inactive in this assay; however a compound that is active in the assay is likely to be developmentally active
in mammals.

The egg viability assay in C. elegans as a tool for investigating differential toxicity across a
related series of compounds. Commercial synthetic chemistry research typically produces a series of
analogue compounds all structurally related to an initial lead compound. The purpose of this synthetic effort
is to understand the impact of structural modifications on the properties of the chemical. This can then enable
the rational design of molecules with desirable properties, which may include an improved toxicological profile.
Therefore having demonstrated the ability of a C. elegans egg viability assay to identify mammalian developmen-
tally active compounds within a diverse chemical collection, we now looked at the utility of this assay within a
series of closely related compounds. The compounds we chose are a series of proprietary pyridazine and imida-
zole fungicides which disrupt microtubule dynamics?%.

Seventeen of these compounds were tested in the egg viability assay (Fig. 1). These compounds were selected
by Syngenta as having commercial potential and therefore suitable for further research. Compounds 2, 3, 10 and
15 have been shown to cause teratogenicity in rats. Compounds 5 and 6 have not shown clear developmental
toxicity in the same preliminary tests (Supplementary Table 2). There is no mammalian data for the remaining
compounds. All the compounds were biologically active in C. elegans. We considered that the mechanism of
action in C. elegans was likely to be related to that in fungi i.e. the disruption of microtubule function. Fungicidal
chemicals acting in this way have previously been shown to also be active on C. elegans™.

We found that, as in mammals, examples from the chemical series induced developmental toxicity (measured
as egg viability) in C. elegans though the exact pattern of toxicity for different analogues varied between species
(Fig. 2). In C. elegans, most showed a similar (within one order of magnitude) No Effect Level (NOEL) for both
maternal and developmental toxicity. However compounds 6 and 7 showed no developmental toxicity but were
maternally lethal. Conversely compounds 8, 13, 16 & 17 showed no maternal lethality but were developmentally
toxic. Additionally compound 1 had a developmental NOEL two orders of magnitude higher than its maternal
NOEL. This variation in induced developmental toxicity presented an opportunity to investigate the mecha-
nism(s) underlying the developmental toxicity of this series of compounds in C. elegans.
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Figure 1. A series of imidazole, pyridazine, pyridopyrazine and triazolopyrimidine fungicides that act by
disrupting microtubule dynamics?®?°.

Differences in metabolic stability in C. elegans between related compounds. We selected six
compounds for further study based on their differing toxicological effects on C. elegans. These fell into three
groups. Group A comprised compound 3 and compound 4 which are pyridazine compounds that showed high
levels of both maternal toxicity and egg toxicity. Group B comprised compound 6 and compound 7 which are
imidazole compounds that showed low egg toxicity and high/medium maternal toxicity. Group C comprised
compound 16 and compound 17 which are also pyridazine compounds and these showed low maternal toxicity
and medium egg toxicity.

A possible cause of the toxicological differences between compounds could result from variations in bio-
availability, e.g. differential metabolism, affecting the exposure of either the egg or adult to the compound. To
address this, we measured the rate of metabolism of one compound from each of the three groups (Groups
A to C, Fig. 1 compounds 3, 6, 17, respectively) by investigating its metabolic stability in nematodes over a
24h period (Fig. 3). The data are expressed as a percentage of recovered compound at time 24 hvs. time 0 h.
The C. elegans metabolism assay and LC-MS analysis of extracts is described in detail in the Methods section.
Overall, compound 6 had the greatest loss in 24 h; compound 3 had the least. These were significantly differ-
ent (p=0.013) levels of metabolism. Compound 17 showed an intermediate level of metabolism, closest to
compound 6. So the compound (6) showing the highest developmental toxicity NOEL (i.e. the least develop-
mentally toxic) is the least metabolically stable and the compound (3) with the lowest developmental toxicity
NOEL (the most developmentally toxic) shows the lowest rate of metabolism after 24 h. Compound 17 is
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Figure 2. Different compounds in this series affect egg hatching to different extents. The maternal
activity and developmental activity in C. elegans of a series of compounds 1-17 (See Fig. 1) tested in the egg
viability assay. The blue columns show the No Effect Level (NOEL) for developmental activity i.e. the highest
concentration at which no significant (p < 0.001) effect on egg viability was observed. The red columns show
the NOEL for maternal activity: the highest concentration at which no adult toxicity was observed. Where no
column is present no significant activity was observed at any dose.

100
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% compound recovered after 24h
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Figure 3. C. elegans metabolism assay. Data obtained by LC-MS analysis of samples containing compounds
3,6, and 17. Compound 6 is metabolised to a greater extent in 24 h than Compound 3. The data are expressed
as a percentage of recovered compound at time 24 h vs. time 0 h. The columns show the average + s.e. of n=3.
*indicates p < 0.05 from a t-test.

intermediate for both measures. We conclude that reduced developmental toxicity among the test compounds
is associated with increased rate of loss of the compound through metabolism. We then investigated the mech-
anism of increased rate of metabolism.

The cytochrome P450 genes cyp-35A2-5 and cyp-35C1 are upregulated by compound 6 and
compound 17 but not compound 3. Xenobiotics are known to induce the expression of metabolic
enzymes®*2. Therefore the differential metabolism we observed among analogues might result either from their
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Figure 4. Compound 6 and compound 17 both cause upregulation of cyp-35A3, cyp-35A4, cyp-35A5 and
cyp-35C1 whereas compound 3 does not. (a) Fold upregulation of cytochrome P450 genes in response to three
compounds. Only genes showing detectable expression are shown (b) Fold upregulation of cyp-35A3, cyp-35A4,
cyp-35A5 and cyp-35C1 in all six compounds. Two oligonucleotides in the microarray targeted the cyp-35C1
gene, both showed a similar pattern of induction. See Supplementary Table 3 for full fold change data of all
differently expressed cytochrome P450 genes.

intrinsic susceptibility to metabolism or from their ability to induce metabolic gene expression. We performed a
microarray to establish which genes were altered in expression in response to a 48 h exposure to the six, selected
compounds.

We find that the cytochrome P450s cyp-35A2-5 and cyp-35CI are upregulated by some, but not all of our test
compounds (Fig. 4, Supplementary Table 3). They were upregulated to the greatest extent in compound 7 and
thereafter in the order compound 6> compound 17> compound 16, except that only cyp-35A3 and cyp-35CI
showed significant upregulation in response to compound 16 and cyp-35A3 showed slightly greater upregulation
in compound 17 than compound 6. None of these genes were upregulated at all in compound 3 and compound 4.
This mirrors the C. elegans developmental toxicity data for these compounds. Therefore, we asked whether these
metabolic genes were involved in the faster metabolism of the less developmentally toxic of these compounds.

RNAi knockdown of cyp-35A3 and cyp-35A4 together causes C. elegans eggs to fail to hatch
after exposure to compound 6 or compound 7. We wanted to determine whether cytochrome P450s
were involved in the observed differences in developmental toxicity of these compounds and if so which ones.
We targeted 58 cytochrome P450 encoding genes with RNAi and determined the effect of knockdown on the
developmental toxicity of compounds 6 and 7 (Table 2). To keep the experiment manageable we knocked down
the expression of genes in groups of up to 3 (as previously described*®), and scored the subsequent effects on egg
hatching following exposure to the test compounds (see Methods). RNAi knockdown of most of the cytochrome
P450s tested had no effect on the developmental toxicity caused by either compound. Simultaneous knock down
of cyp-35A2, cyp-35A5 and cyp-35ClI resulted in a small, non-significant (6, 0.5 ug/ml, p=0.114, 7, 50 ug/ml
p=0.203) increase in developmental toxicity which we did not investigate further. Only simultaneous knock-
down of cyp-35A3 and cyp-35A4 showed a significant increase in developmental toxicity (6, 0.5 pug/ml, p = 0.004,
7,50 pg/ml p=2.53 x 107°). 79% of eggs exposed to 50 pg/ml of compound 7 and 89% of eggs on 0.5 pg/ml of
compound 6 did not hatch. This was compared to 9% and 6% respectively in controls in which the compound was
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cyp-13A1,2,3 26 2 1 1 2 2
cyp-13A6,7 15 5 7 2 1 3
cyp-13B1,2 10 4 2 3 1 4
control 1 30 5 26 4 5 12
cyp-14A1,2 40 3 13 4 3 1
cyp-14A4,5 13 2 13 3 3 3
cyp-33C1,2,4 16 3 18 2 1 8
control 2 22 9 8 2 5 8
cyp-33C3,6,7 16 2 5 1 2 1
cyp-33C8,9,11 9 2 3 1 2 3
cyp-33B1,D1,D3 11 3 3 0 1 2
control 3 16 4 10 1 2 2
cyp-29A2, 33E1,3 11 2 3 1 2 2
cyp-34A1,2,3 9 1 7 2 2 2
cyp-34A4,5,6 18 3 2 1 2 1
control 4 17 6 7 5 4 6
cyp-34A7,8 5 2 1 1 2 2
cyp-34A9,10,36A1 15 1 3 1 1 2
cyp-35B1,3,D1 16 1 2 1 2 1
control 5 10 1 1 1 1 2
cyp-35A2,A5,C1 28 2 37 7 5 5
cyp-35A3,4 79 3 89 10 1 1
cyp-37A1,B1,43A1 0 3 3 2 2 5
control 6 9 1 6 0 4 3
cyp-1344,5,11 26 2 9 2 2 13
cyp-25A1,2,33E3 11 1 1 2 4 1
cyp-25A4,5 13 2 12 0 2 2
control 7 19 5 10 1 0 0

Table 2. Results of the RNAi screen of cytochrome P450 genes in C. elegans. Egg viability (n =4-5) was
recorded after exposure to compounds 6 & 7 in animals in which 1-3 cytochrome P450 genes had been
knocked down by RNAi (see Methods). Numbers are the percentage of eggs laid that did not hatch. Combined
RNAI treatments are in rows. For example, cyp-25A1,2,33E3 indicates that 3 E. coli strains expressing an

RNAI construct targeting either cyp-25A1, cyp-25A2 and cyp-33E3 were mixed and presented to test animals.
Compound treatments are in columns. Blank rows separate individual experiments. All statistical comparisons
are made within each experiment. Doses shown do not cause maternal lethality but are either side of the
maternal toxicity NOEL.

present in the absence of the RNAi treatment. In controls in which the RNAIi treatment was present in the absence
of the compound the rate was 1%.

Separate knockdown of each gene individually also resulted in reduced developmental toxicity suggesting
that either it is influenced by both enzymes or that RNAI targeted to one cytochrome P450 has effects on another
(Fig. 5). Interestingly, we also included compound 4 in these experiments and found no evidence that these
enzymes affected the toxicological effects of this compound (Supplementary Fig. 1). We conclude that the expres-
sion of cyp-35A3 and/or cyp-35A4 is a major determinant of the developmental toxicity of compounds 6 and 7
in C. elegans.

Discussion

We evaluated a C. elegans based approach for toxicological research. We first asked whether C. elegans could be
used as an alert for the potential of a research compound to cause developmental effects in mammals. Second,
we asked whether C. elegans could be used to reveal mechanisms driving the toxicological effects of compounds,
mechanisms that, if understood, might enable mitigation of the effects.
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Figure 5. cyp-35A3 and cyp-35A4 RNAi worms are more sensitive to the developmentally toxic effects

of 7 and 6. We used 0.5 pg/ml and 50 pg/ml doses of compounds 6 & 7 respectively. These doses induce mild
maternal toxicity in C. elegans (N2) See Fig. 2. C. elegans developmental toxicity is greatly increased in (cyp-
35A3 RNAi and cyp-35A3 RNAi together) compared to N2. C. elegans developmental toxicity is also increased
in response to cyp-35A3 RNAi and cyp-35A4 RNAi separately but not to as great an extent. The columns show
mean=+s.e.of n=4.

For the first component, we find that the positive predictive power of the C. elegans egg viability assay we
employed is surprisingly high: 89% of compounds found to be developmentally active in C. elegans by this meas-
ure are also developmentally active in mammals (as noted previously whether a compound would be classified
as developmentally toxic would depend on subsequent experiments and regulatory oversight). A strength of our
assay is that it includes both the mother (a C. elegans hermaphrodite) and the developing embryo. Once laid the
eggshell will likely limit chemical ingress to the embryo®, the assay therefore models embryonic exposure via
maternal exposure, as in mammalian tests. Furthermore, the assay records the toxicity to the egg relative to the
toxicity to the mother, we suspect this relative toxicity measure controls for the effects of scale that could other-
wise confound correlations between C. elegans and mammalian effects.

However the negative predictivity of the assay was low: 25% of compounds found not to be toxic to C. elegans
were also not developmentally active in mammals. We record only one endpoint, egg viability and it is possi-
ble that other C. elegans assays, looking for additional developmental perturbations would identify compounds
missed by the assay reported here; such perturbations could include those observed as developmental phenotypes
by geneticists®®. However accuracy will always be limited by intrinsic differences between mammals and nema-
todes, while C. elegans shares many developmental processes with mammals, it does not share them all. Processes
associated with the formation of structures not present in C. elegans, the skeleton for example, can be only incom-
pletely represented in C. elegans at best and this may underly the weak negative predictivity we observed.

An example of a chemical research project dropped due to adverse toxicological outcomes is the one that
produced the pyridazine and imidazole fungicides examined in the second component of our study. Here we
investigated the potential for C. elegans to provide mechanistic insights into toxicology that could, in principle, be
exploited to design less toxic compounds. We show that the expression of the genes cyp-35A3 and/or cyp-35A4 are
required for the reduced toxicity of compounds 6 and 7 while having no impact on the biological activity of other
compounds from the chemical series. Biological differences between close chemical analogues are hard to predict
and are valuable in revealing subtle effects of structure on biological activity within closely related compounds.

Several studies have investigated the upregulation of P450 enzymes in C. elegans in response to various xeno-
biotic compounds®**-*. The CYP-35 genes in particular have been shown to be strongly inducible®®. Fewer studies
have tried to identify the enzyme that metabolises a given xenobiotic. In one example, the enzymes cyp-14A and
cyp-34A6 were identified as the major contributors to the metabolism of PCB52 in C. elegans by directly meas-
uring the formation of hydroxylated metabolites whose production required the expression of these enzymes®.

Genetic interactions between cytochrome P450 encoding genes and xenobiotic compounds such as those we
and others have observed, may arise for different reasons. Firstly compounds may act directly on cytochrome
P450s to deliver their toxicological outcome i.e. they may themselves be the target of the compound. Several mol-
ecules are known to inhibit cytochrome P450s, including piperonyl butoxide (PBO)*!. Second, cytochrome P450s
may act to metabolise the compound to a more or less biologically active metabolite and so modulate toxicolog-
ical outcomes of the original compound. For example the toxicity of the organophosphate fenitrothion and its
actions on its target, acetylcholine esterase, was shown to be reduced by knockout of cyp-35A2. This was taken to
indicate that this P450 was involved in its biotransformation to the active form*. Thirdly, the effect may be indi-
rect: cytochrome P450s have endogenous functions including the metabolism of fat into which lipophilic com-
pounds may partition and so be sequestered away from their target proteins. Under these circumstances changes
in fat metabolism might therefore indirectly affect toxicity by altering the sequestration of toxic compounds.
Knockout mutants of genes of the cyp-35A subfamily have been shown to have reduced fat storage*>*$, which has
been implicated in their role in the toxicity of PCB5233. However they have also been shown to be involved in
xenobiotic metabolism*2. We cannot formally distinguish these possibilities on the basis of our experiments. That
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Figure 6. Correlation of maternal and developmental toxicity with lipophilicity. There was no correlation
between the logP of the compounds (a measure of lipophilicity) and their (a) developmental NOEL in C. elegans
or (b) maternal NOEL.

said our knowledge of the mechanism of action of this compound series does not suggest they are toxic because
of direct effects on cytochrome P450 enzymes (they are microtubule disruptors). Furthermore we find no corre-
lation between the logP (a measure of lipophilicity) of the compounds and toxicological potency which does not
suggest that partition into fat stores explains the toxicological differences among these compounds in C. elegans
(Fig. 6). Rather, we suggest that cyp-35A3 and/or cyp-35A4 are enzymes involved in the metabolism of com-
pounds 6 and 7, and that the reduced toxicity of these compounds compared to the closely related compounds 3
and 4 is due to their reduced bioavailability as a result of their greater rate of metabolism by these enzymes.

The cytochrome P450s cyp-35A2-5 and cyp-35C1 were upregulated in response to compound 6 and com-
pound 7 which showed the lowest levels of developmental toxicity in C. elegans. This upregulation was clearest
in cyp-35A3, cyp-35A4 and cyp-35C1. It is likely that the differential bioavailability of these compounds might
be due to their upregulation of cyp-35A3 and/ or cyp-35A4 which therefore metabolises them faster. However
cyp-35CI which is massively upregulated in response to these compounds does not appear to play a role in their
toxicity. This reflects what was found by Schifer et al. in their study of the metabolism of PCB52. They found that
the enzymes cyp-14A and cyp-34A6 metabolised PCB52%. In earlier studies PCB52 had induced the expression of
many different P450s including cyp-14A3, cyp-34A10, cyp-35A and cyp-35C1°%-*8 but no induction of expression
of cyp-34A6 has been reported. Therefore in this case the induction of cytochrome P450 genes including cyp-35CI
was not indicative of them being involved in the metabolism of the compound. However cyp-14A3 was both
induced by, and involved in the metabolism of PCB52. In addition cyp-35A2 has been shown to be both induced
by, and involved in the toxicity of, the compound fenitrothion??.

In mammalian systems, where more is known about the responses of cytochrome P450 to xenobiotics, there
is no automatic assumption that an inducer or inhibitor of a P450 will be metabolised by it. This is certainly
sometimes the case, for instance chronic exposure to ethanol will upregulate CYP2E1 which is the enzyme that
metabolises ethanol**. However several P450 inducers or inhibitors such as paroxetine induce/inhibit more P450s
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than just the one they are metabolised by*®. Together with the observations described here, this underlines the
importance of combining genetics with analytical chemistry, and with measures of biological activity in the whole
organism, to be sure of the functional contributions of metabolic enzymes.

The industry-wide impact of unintended toxicological outcomes during agrochemical research and develop-
ment has not been calculated, but is certainly significant. In the pharmaceutical industry, non-clinical toxicology
(which includes adverse findings in animal tests) is estimated as the most frequent (40%) cause of attrition in the
drug development pipeline?’. Therefore, a substantial improvement in pipeline efficiency would be achieved if
compounds likely to fail through non-clinical toxicology were identified earlier and either dropped or redesigned.
One way to achieve this would be to perform toxicity testing earlier in the pipeline, but, using conventional
approaches, this would inevitably lead to increased animal testing and is therefore unacceptable. Only the use of
predictive tools, such as those we describe here, offer practical means to achieve earlier assessment of toxicology.
Many groups are currently investigating this possibility using various approaches such as in silico modelling' and
cell-based systems?, as well as using other model organisms such as the slime mould Dictyostelium discoideum
and the zebrafish Danio rerio®*®.

Once the risk of adverse toxicological outcomes in mammals has been identified, hypotheses on the factors
determining these outcomes may ultimately help to avert the risk through chemical design. We show that metab-
olism and the actions of particular cytochrome P450 enzymes are determinants of C. elegans developmental
toxicity which is itself predictive for mammalian developmental activity. An appeal of performing such studies
in whole organisms is that mechanisms can be directly linked to toxicological endpoins in the study organism:
we show that the function of P450s in C. elegans is associated with egg viability when exposed to particular
compounds. Whether metabolism by orthologous enzymes affects the developmental toxicity caused by these
compounds in mammals, is beyond the scope of this study and is therefore not known. But, more generally, an
effect of cytochrome P450 mediated metabolism on the biological potency of compounds in mammals has been
frequently observed* and we suggest that it is at least plausible that our findings in C. elegans would be relevant to
mammals. If so, then designing chemical analogues with the metabolic properties of compounds 6 and 7 would
reduce the risk of mammalian developmental toxicity.

In summary, we propose that the egg viability assay in C. elegans we describe can be a valuable component of
predictive approaches for mammalian developmental toxicity and that C. elegans can be used to develop mecha-
nistic hypotheses about effects, including toxicological endpoints, relevant to mammals.

Methods

Egg viability assay. We have defined developmental toxicity in C. elegans as a reduction in egg viability. The
egg viability assay was performed in 24 well plates containing 0.5 ml NGM agar per plate and seeded with 25 ul E.
coli OP50. Al was added to the plates in 30 ul of solvent (10%DMSO, 50%IPA and 40% H,O) per well. Initial tests
were conducted at final concentrations of 500, 50, 5 and 0 ug/ml (this last was the vehicle control). However if a
compound was inactive at all concentrations it was repeated at 1000 ug/ml and if it was lethal at all concentrations
it was repeated at lower concentrations (by ten-fold dilution) until no effect was seen.

Five L4 worms per well were added to the plate and left for 48 h at 20 °C. At this point they were scored for
adult toxicity (alive/sick/dead) and removed. The eggs that had been laid were left for 24 h at 20 °C to hatch. The
number of eggs per well that remained unhatched was recorded.

By coincidence the mean number of unhatched eggs found in control (solvent only) wells was 1.41, with a
standard deviation of 1.72, in both the egg viability assay on the ToxRef compounds (n = 124) and the egg viabil-
ity assay on the fungicide compounds (n = 52) separately. Compounds were considered to be developmentally
active if the mean number of unhatched eggs per well found in response to a given dose of the compound was
significantly greater than control (measured by two-tailed Students t-test, p < 0.001) (n=2-6).

For the egg viability assay on the fungicide compounds the no effect levels (NOEL) of the compounds were
calculated. The no effect level for developmental toxicity was the highest concentration tested at which the mean
number of unhatched eggs was not significantly greater than control (measured by t-test, p < 0.001). The no effect
level for maternal toxicity was the highest concentration tested at which the adults appeared indistinguishable
from controls. Initial tests were performed on a wide range of doses and then repeated at relevant doses close to
the NOEL. Therefore while over the whole dose range n = 2—6 for the doses closest to the NOEL n = 4—6.

The egg viability assay was altered for the RNAIi screen to allow the extent of toxicity at a single dose under
different conditions to be compared. Two concentrations of each compound were used. These were; compound 6
0.5 and 0.05 pg/ml, and compound 7 50 and 5 pg/ml. L4 were left for 24 h to lay eggs. After 24 h they were removed
and the number of eggs laid was counted. These eggs were then left for 24 h to hatch and the number of unhatched
eggs was counted. The results were expressed as the percentage of the eggs laid that did not hatch.

C. elegans metabolism assay. C. elegans were cultivated in liquid bulk culture for one week™. Nematodes
were treated with imidacloprid, at a rate of 500 pg/ml, 48 h prior to treatment, to induce cytochrome P450 expres-
sion. Healthy nematodes were separated by sucrose floatation, washed with 0.1 M cold NaCl at least three times
and resuspended in M9. Following centrifugation at 1500 rpm, the supernatant was removed and the nematodes
were used in the metabolism assay immediately.

The C. elegans metabolism assay involved nematodes (100 pl of bulk culture pellet), added to 24 well plates
containing the AI (5pL in DMSO to make a final concentration of 5 ug/ml) and M9 (to a final volume of 500 uL).
Separate control plates contained an additional 100 pl M9 instead of nematodes. Further control plates were
prepared in the same way but without treatment with the AT (this was a vehicle control). The plates were shaken
continuously for 24 h at 20 °C. The metabolism assay was stopped at 0h or 24 h by the addition of 500 ul acetoni-
trile to each well, and the plates were frozen.
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Nematode lysis was conducted by the following method. The 24 well plates were defrosted at room temper-
ature and the contents of each well were pipetted into an eppendorf, which was frozen in liquid nitrogen and
defrosted immediately in the sonicator bath. The samples were homogenised by 2 x 20s cycles with a FastPrep
FP120 (Bio101/Savant) then centrifuged at 10,000 rpm for 15 mins to separate solid debris. The supernatant from
each sample was transferred into an HPLC vial and all extracts were analysed by LC-MS. If the extracts could not
be analysed immediately they were stored at 4 °C overnight and allowed to warm to room temperature prior to
LC-MS analysis. The control samples, without Al, were pooled. The contents of the two plates of control samples,
containing C. elegans, or saline alone were used to make blank controls and calibration curves.

Liquid Chromatography — Mass Spectrometry (LC-MS) Analysis. Reversed-phase UPLC analysis
was carried out using a ACQUITY UPLC system (Waters, Elstree, UK) and a ACQUITY UPLC BEH C18 column
(1.7 um; 50 x 2.1 mm; Waters, Elstree, UK) with a mobile phase mixture of 0.2% formic acid (A) and acetonitrile
(B). During the complete 6-min chromatographic cycle time the linear gradient program was as follows: initial
5% B held for 0.5min, 5% B increasing to 95% by 4.5 min, 95% B held between 4.5 and 4.9 min, then reduced to
5% B in 0.1 min and 5% B between 5.0 and 6.0 min. The injection volume was 5 uL. A constant flow rate and tem-
perature of 0.7 ml/min and 40 °C, respectively, were maintained throughout the run and the mobile phase was
split before reaching the electrospray ionisation mass spectrometry interface. Mass spectrometric analysis was
performed with a Micromass ZQ (Waters, Elstree, UK) spectrometer. The instrument was operated in positive
ion mode employing single-ion recording (SIR) mode at the molecular ion mass [M + H]+ of each compound;
inter-scan delay 0.1s and dwell 0.05s. Matrix-matched standard solutions of each AI were analysed alongside the
metabolism assay extracts and data processing was performed using MassLynx (Waters). The data are expressed
as percent of recovered compound vs. time 0. The compounds tested were 3, 6 and 17.

Microarrays. Mixed stage C. elegans were exposed to Al on plates for 48 h. The compounds were added to
the plates in the solvent mixture 10% DMSO 50% IPA 40% H,O to the following final concentrations: compound
3 0.5 ug/ml, compound 4 0.5 pg/ml, compound 6 0.5 pg/ml, compound 7 50 pg/ml, compound 16 5 p1g/ml and
compound 17 10 pg/ml. These concentrations were chosen as being ones in which the compounds caused effects
on egg hatching but not adult lethality. The final concentration of solvent was 1%. Three biological replicates were
used per compound. The worms were washed and total RNA was extracted using Trizol.

500 ng total RNA per sample was used to create labeled aRNA target using the Affymetrix 3’ IVT Express Kit.
12.5 g of each of the resulting aRNAs was fragmented and hybridized to the Affymetrix GeneChip® C. elegans
Genome Array, and then washed and stained using the GeneChip® Hybridization, Wash, and Stain Kit. The
arrays were scanned using the Affymetrix GeneChip® Scanner 3000 7G, and the signal intensity of probe hybrid-
ization was processed using the Affymetrix® GeneChip® Command Console® (AGCC) Software.

Statistical analysis of microarray data were performed using R software (version 3.1)*! and the affy*?, affycore-
tools*, statmod and Bioconductor Limma®* packages. Raw data was initially assessed and normalized using the
robust multichip analysis (RMA) algorithm. Differential gene expression between groups was then determined by
fitting a linear model to the data using ImFit with subsequent comparisons made using the makeContrasts func-
tion. Transcripts with a q-value® of less than 0.05 were classed as significantly differentially regulated. Further
analysis was performed using Expressionist from GeneData.

RNAi knockdown. RNAi knockdown was performed by feeding using the C. elegans RNAi v1.1 Feeding
Library from Open Biosystems which is derived from the C. elegans ORFeome Library. This is in the form of
glycerol stocks of E. coli with each strain expressing dsRNA against one C. elegans open reading frame. Strains
were grown up in LB containing ampicillin and were used to seed 5 cm and 24 well NGM agar plates containing
ampicillin and IPTG. These plates were then induced by being placed at 37 °C overnight before use.

Worms were bleached to recover isolated eggs™. These eggs were added to the 5cm RNAI plates and placed
at 15°C for four days to reach L4. After four days Al was added to the 24 well RNAI plates as described for the
egg viability assay. The L4 were then picked onto the 24 well AI containing RNAi plates for the egg viability assay.
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Complex Object Parametric Analyzer and Sorter (COPAS) parameters Time of Flight (TOF) and Extinction
(EXT) were utilized to assess growth and development in Caenorhabditis elegans exposed to (in order of
decreasing toxicity) sodium arsenite, sodium fluoride, caffeine, valproic acid, sodium borate or DMSO in
C. elegans Habitation Medium (CeHM) for 72 h. Using multivariate statistical modeling and unique sub
sampling procedures mean p-value ratios were calculated for each compound. Comparison of mean
p-value ratios and/or the percent change in mean-p value ratios to controls were utilized to assess test
compound toxicity. Using this assay 5 of the 6 compounds tested (83.3%) were correctly ranked according
to their toxicity based on oral rat LD50 data. Test compounds were ranked from most toxic to least toxic
as follows: sodium arsenite, sodium fluoride, sodium borate, valproic acid, caffeine and DMSO. Sodium
borate was found to be more toxic than caffeine and valproic acid in this bioassay. This study suggests
that axenic liquid culture may be used to expose large numbers of nematodes to water soluble toxicants
and the COPAS parameters TOF and EXT may be used as functional biomarkers to assess a toxin’s effect on
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growth and development in C. elegans.

Published by Elsevier Ltd.

1. Introduction

It has been predicted that by the year 2012 as many as 10,000
new chemicals will need to be evaluated at an approximate ex-
pense of $2.1 billion which include several million animals
(REACH, 2003). Consequently, alternative animal models (Zhang
et al., 2003; Gruber and Hartung, 2004; Peterson et al., 2008; Leung
et al., 2008) and high throughput screening methods are being ex-
plored to: improve toxicity characterization, increase efficiency, re-
duce cost, as well as refine, reduce, or replace animal use (Flecknell,
2002). The overriding consideration regarding the decision to uti-
lize an alternative animal model is whether the model satisfies
the specific scientific criteria in meeting a regulatory commitment
to establish product safety. Therefore, it is important to validate
the predictive performance of any alternative animal model pro-
posed for use in assessing compound toxicity. One alternative ani-
mal model that has been widely utilized and accepted in toxicity
testing is the nematode, Caenorhabditis elegans. A number of toxic-

* Corresponding author. Tel.: +1 301 210 6329; fax: +1 301 210 4699.
E-mail address: Robert.sprando@fda.hhs.gov (R.L. Sprando).

0278-6915/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.fct.2009.01.007

ity studies have been conducted which compared the behavioral
and toxic effects of metallic salts (Williams and Dusenbery,
1988; Anderson et al., 2001), alcohol (Anton et al., 1992; Morgan
and Sedensky, 1995), anesthetics, organic solvents (Humphrey
et al., 2007) and organophosphates (Bargmann, 1998; Cole et al.,
2004) in C. elegans and found similar effects were observed in
mammals. The data collected from these studies suggest that the
toxicological effects observed in the worms closely reflected the ef-
fects observed in mammalian models for most compounds tested.

Typically toxicity testing using C. elegans involves exposing the
nematodes to test compounds in liquid culture or agar culture
inoculated with feeder bacteria (Lewis and Fleming, 1995; Stierna-
gle, 2006; Nass and Hamza, 2007), then waiting a predetermined
period of time and assessing various functional biomarkers of tox-
icity including longevity, fecundity, survivability, behavior, growth
and development. The major disadvantages of using C. elegans in
these testing protocols are two fold: the use feeder organisms,
which may modify the test compound prior to ingestions by the
worms, and the arduous task of scrutinizing large numbers of test
animals. To circumvent the use of a feeder organism several axenic
liquid media have been developed for nematode culture
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(Dougherty, 1959; Nicholas et al., 1959; Sayre et al., 1963; Roth-
stein and Cook, 1966; Lu and Goetsch, 1993; Szewczyk et al.,
2003). Unfortunately, worms raised in many different liquid media
may take 2-3 times longer to develop in comparison to worms
grown on standard agar plates. Therefore, for the results to be
meaningful, all aspects of growth, development and reproduction
observed in liquid culture should be comparable to that observed
on standard agar plates. One such media, C. elegans habitation
media (CeHM), formulated by Dr. Eric Clegg at the Army Center
for Environmental Health Research (Personal Communication,
composition and preparation available upon request) and later
modified by Rao et al. (2005) fulfills this need.

To facilitate the rapid, accurate and efficient analysis and/or
sorting of a large number of nematodes Union Biometrica has
developed an instrument (Complex Object Parametric Analyzer
and Sorter: COPAS) which has automated the analysis, sorting
and dispensing of C. elegans by measuring nematode axial length,
optical density and, if desired, the intensity of specific fluorescent
markers. The worms, once analyzed, can be distributed into mul-
ti-well plates or other selected receptacles to facilitate high
throughput screening.

Our objectives were: (1) to use the COPAS parameters TOF and
EXT to assess growth and development in C. elegans exposed to se-
lect water soluble compounds of known toxicity in CeHM in order
to rank order these compounds based on their toxicity and (2) to
develop methods for the statistical analysis of the large data sets
which are obtained when utilizing COPAS technology.

2. Materials and methods
2.1. Comparison of nematode growth and development in CeHM and on NGM plates

C. elegans wild type strain N2, and Escherichia coli strain OP50 were obtained
from the Caenorhabditis Genetic Center at the University of Minnesota. Eggs were
collected by treating gravid adults with hypochlorite (Sulston and Hodgkin, 1988).
Collected eggs were washed with sterile distilled water and the eggs were hatched
into M9 salt solution. Hatchlings remained in M9 for 3 days prior to being used in
this study. Three groups of 3 day old growth arrested/synchronized L1's
(n=1000 worms/group) were placed on 3 NGM plates (1 group/plate) seeded with
OP50. Three groups of 3 day old L1’s (n = 1000), obtained by bleaching gravid adults
raised in CeHM, were placed in three 75 ml BD Falcon Tissue Culture Flasks with
canted necks and vented tops (Falcon, Two Oak Park, Bedford, MA) containing
10 ml axenic liquid culture media (CeHM). All Petri dishes and culture flasks were
placed on an Innova 2000 platform shaker (New Brunswic Scientific, Edison, NJ;
Shaker setting: 62 revolutions/min) in an Ambi Hi Lo Chamber incubator (Lab Line
Instruments Inc., Melrose Park, IL) whose temperature was set at 22 + 1 °C. Using a
Nikon 80i light microscope equipped for differential interface contrast microscopy
nematode (n =30 worms/time point/growth condition) growth and development
were monitored after 24, 48, 72 and 96 h of continuous incubation on/ in their
respective growth media. The time points when the worms were observed are re-
ferred to as “post feeding (PF) time points”.

2.2. Test animals (nematode culture)

Bristol N2 (wild type) worms utilized for dosing were obtained from our axeni-
cally raised nematode colony. Adult worms were maintained at 22 + 1 °C in 250 ml
BD Falcon Tissue Culture Flasks with canted necks and vented tops (Falcon, Two
Oak Park, Bedford, MA) containing 30 ml of C. elegans habitation media (CeHM;
Nass and Hamza, 2007). Eggs were obtained by treating gravid adults with hypo-
chlorite (Sulston and Hodgkin, 1988). Collected eggs, after several washes in sterile
distilled water, were transferred into M9 salt solution where they remained until
hatching. All worms utilized in the present study were maintained in M9 for 3 days
prior to dosing.

2.3. Test compounds

Water-soluble test compounds (>99% pure) of known toxicity were selected for
testing in the growth and development assay. Test compounds included compounds
which are highly toxic (sodium arsenite - rat oral LD50 = 41 mg/kg, CAS-7784-46-5)
moderately to slightly toxic (sodium fluoride - rat oral LD50 = 52 mg/kg, CAS-7681-
49-4; caffeine - LD50 = 192 mg/kg, CAS-58-08-2; valproic acid - LD50 = 670 mg/kg,
CAS-99-66-1; sodium borate - rat oral LD50 - 2660 mg/kg, CAS-1330-43-4) and not
significantly toxic (dimethylsulfoxide - rat oral LD50 = 14,500 mg/kg, CAS-67-68-

5). The classification for oral toxicity was based on reference values obtained from
the Globally Harmonized System of Classification and Labeling of Chemicals (GHS,
2007).

2.4. Dose selection

The doses selected for each compound utilized in this study were established
based on preliminary dose range finding studies previously conducted in our labo-
ratory (unpublished data). Synchronized populations of L1's (n = 12,000 worms/
dose group) were exposed to sodium fluoride (NaF: 0.007%, 0.003%, 0.0015%,
0.0007%, 0.00035% or 0.000175%), sodium arsenite (As: 0.003%, 0.0015%, 0.0007%,
0.00035% or 0.000175%); caffeine (Caf: 1.0%, 0.5%, 0.25%, 0.12%, 0.06% or 0.03%); val-
proic acid (Vap: 1.0%, 0.5%, 0.25%, 0.12%, 0.06% or 0.03%), sodium borate (Bor: 1.0%,
0.5%, 0.25%, 0.12%, 0.06% or 0.03%) or dimethylsulfoxide (DMSO: 4.0%, 2.0%, 1.0%,
0.5%, 0.25%, 0.12%) in CeHM at 22 + 1 °C for 72 h. Controls were exposed to steril-
ized double distilled water. A control group was included for each compound
tested. The pH range of each control (water plus CeHM) and dosing solution (com-
pound plus CeHM) was recorded.

2.5. Preparation of dosing solutions and animal exposure

The stock dosing solution was prepared at twice (2x) the desired concentration
in sterile distilled water and filtered using a 0.22 pm vacuum filter assembly (Corn-
ing Non Pyrogenic, Polystyrene Vacuum Filter Assembly, Corning, NY). Individual
dosing solutions were prepared by serially diluting the stock solution with filtered
distilled water. The individual dosing solutions were prepared at twice the desired
concentration.

CeHM culture medium is composed of three component parts. These include ul-
tra high temperature pasteurized milk, the media proper consisting of salts, amino
acids, vitamins etc and sterile distilled water in a ratio of 2:3:5, respectively. To pre-
pare the final dosing solution, in a 25 ml BD Falcon Tissue Culture Flask with canted
necks and vented top (Falcon, Two Oak Park, Bedford, MA), combine 2 parts of ultra-
high temperature pasteurized milk to 3 parts of the media proper and 5 parts of the
desired dosing solution prepared at twice the desired concentration in sterile dis-
tilled water. This combination of milk/growth media and the dosing solution will
reduce the concentration of the dosing solution by V2.

Nematodes (n = 12,000 synchronized 3 day old L1's) were transferred into the
freshly prepared milk/growth media proper/dosing or control solutions. This time
point was considered 0 h PF. The nematodes were raised in the milk/growth media
proper/dosing or control solutions for 72 h. During this time the growth media/dos-
ing or control solutions were not replaced. Based on our experience the volume of
the worm suspension transferred to the dosing or control flasks did not exceed
500 pl. The tissue culture flasks containing either control or treated worms were
placed on an Innova 2000 platform shaker (New Brunswic Scientific, Edison, NJ;
Shaker setting: 62 revolutions/min) in an Ambi Hi Lo Chamber incubator (Lab Line
Instruments Inc., Melrose Park, IL) whose temperature was set at 22 + 1 °C. Tissue
culture flasks were examined after 1 h of incubation to assess worm viability.

2.6. COPAS analysis

2.6.1. Calibration

The COPAS was calibrated using GP Control Particles (HI-Fluorescence; Union
Biometrica, Holiston, MA). Briefly, the bottle containing the control particles was in-
verted, not shaken, four times. Twenty milliliters of the control particles were
placed into the primary sample cup. Parameters were adjusted to process fluores-
cent control particles at a rate of 5-10 events/s until 1000 events are collected. After
calibrating the instrument the sample chamber was rinsed four times with distilled
water. After the final rinse distilled water was flushed through the sample delivery
tubing for approximately 4 min before sample analysis was initiated.

2.6.2. Sample analysis

Nematode growth and development were monitored after 72 h of continuous
incubation/exposure in CeHM. The time points when the worms were observed
are referred to as the “post exposure (PE) time point”. After a 72 h PE, treated
and control worms were transferred from the 30 ml culture flasks into a 15 ml Fla-
con conical centrifuge tube and the worm suspension was centrifuged at 800 rpm/
45 s. The supernatant was aspirated from the worm pellet and replaced with 5 ml of
MO9. The suspended worms were gently vortexed for approximately 30 s and the
worm suspension was again centrifuged to obtain a worm pellet. This washing pro-
cedure was repeated three times. Following the final M9 wash the worm were sus-
pended in 5ml of M9. At the time the worms were analyzed the 5 ml worm
suspension was transferred into the primary sample chamber and the centrifuge
tube containing the worm sample was washed three times with 5 ml of M9. The pri-
mary sample chamber was then filled with 15 ml of M9 bringing the total volume of
the primary sample chamber to 30 ml. COPAS gating parameters were set as fol-
lows: (1) Gains-Ext Signal = 50; Integral =150; (2) Threshold-Signal = 40; TOF
Min =10 and (3) Sort Limits (Lo and High, respectively): TOF=6, 117; EXT =6,
117. Data for observations collected for the first 30 s after the initiation of sample
analysis were discarded in order to prevent data carry over from the previously ana-
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lyzed sample. Observations (n = 3000-3100 observations) were collected from each
dose and control groups for each of the compounds tested. The experiment was re-
peated three times. For each replicate, the treatment groups and controls were ran-
domized prior to being analyzed. The primary sample chamber was rinsed with
distilled water and the water aspirated using a 50 syringe four times between sam-
ple analyses. Distilled water was flushed from the primary sample chamber through
the sample delivery tubing for approximately 4 min between the analysis of each
experimental and control sample. The data collected included information on the
time of flight (TOF) and extinction (EXT). The TOF measures the amount of time
the instrument microprocessor was detained in the analysis of a signal. TOF is an
indicator of the length of an object. The EXT measured the decrease in laser light
when a particle or organism passed through the laser beam. Extinction is an indica-
tor of the size and the internal structure of the object. The data was analyzed with
SAS 9.1.3 (Copyright® 2002-2003, SAS Institute, Cary, NC).

2.7. pH Measurements

Three pre-exposure pH measurements per replicate were made on all high and
low dose and control dosing solutions for each test compound using a Corning pH/
ion analyzer 350.

2.8. Statistical analysis

The COPAS parameters TOF and EXT for each replicate were standardized to the
baseline using the median and interquartile ranges and normalized to account for
significant skewness and kurtosis. For observation “i” in replicate *j” of compound

TOFj ~MED_TOF;+C ]
— RN where MED/TOFjio

is the median TOF value for the baseline for replicate “j” of compound k, IQR/TOFjxo
is the interquartile range TOF value for the baseline for replicate j of compound “k”
and C is a small constant (0.00001) added to guarantee the existence of the loga-
rithm. EXT was similarly normalized. A multivariate analysis was run for each rep-
licate for each control to non-control comparison to jointly model the normalized
TOF and EXT variables on concentration (control or non-control) and the p-values
from Hotelling-Lawley’s trace F-test were computed. For each control to non-con-
trol comparison, 50 subsamples of 100 nematodes were selected from the 6000-
6200 observations collected by the COPAS. The 6000-6200 observations included
a control replicate of approximately 3000 and a non-control replicate of approxi-
mately 3000. Hotelling Lawley’s trace test was then run on each of the subsamples
and 50 p-values were calculated. The percentage of these 50 p-values which were
significant (i.e. p-value < 0.05) was then calculated for each dose from each repli-
cate. A mean significant p-value ratio was calculated for each dose group. This mean
p-value ratio was then used as a measure of preponderance of evidence against the
null hypothesis by determining the lowest concentration at which this ratio was
relatively “large”. This was done by computing a 90% confidence bound on the
mean p-value ratio for each dose group. The test compounds’ relative toxicity
was assessed by examining the lowest concentration of each test compound at
which the lower confidence bound was greater than 0.05.

“k”, the normalized TOF value was: TOF;;, = log

3. Results
3.1. Assessment of nematode growth and development in CeHM

Table 1 compares the progression of growth and development
of synchronized cultures of L1’s on NGM plates seeded with
OP50 and in the liquid culture medium at 24 h intervals over a
4 day (96 h) period. At 24 h posts feeding/post plating (PF) 73% of
the animals on the NGM plates were at the L1 stage of develop-
ment while the remaining 27% had progressed to the L2 or late

Table 1
Percent of N2 population at the specified stage of development 24, 48, 72 and 96 h
post feeding (PF) on/in specified growth media.

Stage 24 h PF 48 h PF 72 h PF 96 h PF
NGM CeHM NGM CeHM NGM CeHM NGM CeHM
L1 7333 9667 0 0 0 0 0 0
L2 20.00 333 1000 8700 O 333 0 0
Late L2 6.67 0 0 10.00 0 0 0 0
L3 0 0 30.00 3.00 3.33 333 0 0
Late L3 0 0 20.00 0 0 333 500 0
L4 0 0 30.00 0 0 1333 0 0
Late L4 0 0 1000 O 6.67 20.00 500 O
Young adult 0 0 0 0 16.67 56.67 0 0
Adult 0 0 0 0 7333 0 90.00 100.00

Table 2
The mean (+SEM) pH of the CeHM culture media for the control, high and low dose
groups for each compound tested.

Control Low dose pH High dose pH
Borax 6.14 + 0.004 6.32 +0.002 7.76 £ 0.001
Caffeine 6.16 £ 0.011 6.19 £ 0.002 6.17 £ 0.008
DMSO 6.16 + 0.006 6.16 + 0.006 6.23+0.013
Sodium arsenite 6.15+0.002 6.14 +0.003 6.16 + 0.0003
Sodium fluoride 6.14 £ 0.005 6.15 + 0.004 6.12 £ 0.004
Valproic acid 6.19 £ 0.002 6.18 £ 0.003 6.32 +0.003

L2 stage of development. In contrast 96.67% of the nematodes
raised in CeHM media were at the L1 stage of development and
only 3.33% had progressed to the L2 stage of development. At
48 h PF approximately 90% of the nematodes grown on the NGM
plates had progressed to the L3-L4 stage of development while
97% of the nematodes raised in CeHM media remained at the L2
or late L2 stage and only 3% had progressed to the L3 stage of
development. At 72h PF 96.67% of the nematodes grown on
NGM plates were at the Late L4-Adult stage of development and
3.33% were found to be at the L3 stage of development. In contrast
approximately 90% of the nematodes raised in CeHM media were
at the L4 to young adult stage, 6.66% were at the L3 stage and
3.33% remained at the L2 stage of development. At 96 h PF 90%
of the nematodes raised on the NGM/OP50 plates had developed
into adults, 5% were at the late L4 stage and 5% were at the late
L3 stage of development. In contrast, 100% of the nematodes raised
in CeHM media were identified as adults.

3.2. Effect of pH on the dosing solution

Table 2 shows the mean (+SEM) pre-exposure pH of the CeHM
culture media for the control, highest and lowest dose groups of
each of the test compounds utilized in this study. The mean pH
from each of the six control groups was not significantly different
from the mean pH of the culture media for the high and low dose
groups for each of the compounds tested. The mean pH calculated
for the high borax dose groups was slightly higher than the mean
pH for the control group however the mean pH of the high dose
borax treatment group was close to neutral. These measurements
excluded marked changes in pH as possible confounding variables
in producing the effects on growth and development observed in
the present study.

3.3. Statistical analysis

The effect of the selected compounds on C. elegans growth and
development is shown in Table 3. This table shows the ratio of sig-
nificant p-values (i.e. p < 0.05) by concentration for each replicate
for the compounds tested and a 90% lower confidence bound calcu-
lated on the mean ratio, averaged across all replicates. For all com-
pounds tested the worms showed a decrease in growth and
development with increasing concentrations of the test com-
pounds. With a Type I error rate of 5%, even if a concentration is
not significantly different from control, we expect around 5% of
the p-values to be less than 0.05. A p-value ratio that is greater than
5% indicates significant deviation from control. The test com-
pounds’ relative toxicity was assessed by examining the lowest
concentration of each test compound at which the lower confi-
dence bound was above 0.05. The lowest concentrations which
had a lower bound above 0.05 and thus were deemed significantly
different from control, were dosing concentrations of 0.0007%,
0.003%, 0.06%, 0.12%, 0.12%, and 1.0% for sodium arsenite, sodium
fluoride, sodium borate, caffeine, valproic acid and DMSO, respec-
tively. Thus sodium arsenite was shown to be the most toxic of
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Table 3
The mean p-value ratios and the 90% lower confidence bound calculated from the
mean p-value ratio for the test compounds utilized in this study.

Dose (%) Replicate Replicate Replicate Mean p- 90% Lower
A B C value ratio confidence bound
Sodium arsenite
0.000175 0.02 0.06 0.06 0.047 0.019
0.00035  0.06 0.06 0.10 0.073 0.038
0.0007 0.32 0.06 0.28 0.220 0.164
0.0015 0.98 0.72 0.96 0.887 0.844
0.003 1.00 1.00 1.00 1.000 1.000
Sodium fluoride
0.000175 0.02 0.02 0.02 0.020 0.001
0.00035  0.02 0.02 0.02 0.020 0.001
0.0007 0.04 0.04 0.08 0.053 0.023
0.0015 0.02 0.04 0.04 0.033 0.009
0.003 0.34 0.72 0.42 0.493 0.426
0.007 1.00 1.00 1.00 1.000 1.000
Sodium borate
0.03 0.02 0.1 0.08 0.067 0.033
0.06 1.00 0.94 0.58 0.840 0.791
0.12 1.00 1.00 1.00 1.000 1.000
0.25 1.00 1.00 1.00 1.000 1.000
0.5 1.00 1.00 1.00 1.000 1.000
1.0 1.00 1.00 1.00 1.000 1.000
Caffeine
0.03 0.04 0.00 0.08 0.040 0.014
0.06 0.04 0.04 0.04 0.040 0.014
0.12 0.84 0.98 0.50 0.773 0.717
0.25 1.00 1.00 1.00 1.000 1.000
0.5 1.00 1.00 1.00 1.000 1.000
1.0 1.00 1.00 1.00 1.000 1.000
Valproic acid
0.03 0.06 0.06 0.06 0.060 0.028
0.06 0.02 0.08 0.10 0.067 0.033
0.12 0.56 0.22 0.46 0.413 0.347
0.25 1.00 1.00 1.00 1.000 1.000
0.5 1.00 1.00 1.00 1.000 1.000
1.0 1.00 1.00 1.00 1.000 1.000
Dimethylsulfoxide
0.12 0.04 0.04 0.04 0.040 0.014
0.25 0.04 0.04 0.02 0.033 0.009
0.5 0.06 0.08 0.04 0.060 0.028
1.0 0.18 0.12 0.12 0.140 0.093
2.0 0.14 0.02 0.12 0.093 0.054
4.0 1.00 1.00 1.00 1.000 1.000

the compounds tested while DMSO proved to be the least toxic. So-
dium borate was found to be more toxic than both caffeine and val-
proic acid. Additionally, a comparison of the mean significant p-
value ratios for caffeine (mean ratio=0.773) and valproic acid
(mean ratio = 0.413) at the 0.12% dose level suggested that for
the same dose level caffeine had a greater effect on growth and
development in the nematode model than valproic acid. Therefore
using the parameters of TOF and EXT as an indicator of toxicity as
determined by the mean significant p-value ratios, these com-
pounds can be ranked from most toxic to least toxic as follows: so-
dium arsenite, sodium fluoride, sodium borate, caffeine, valproic
acid and DMSO.

4. Discussion

Growth and development of nematodes exposed to water solu-
ble compounds of known toxicity (see Table 4) in CeHM were as-
sessed using the COPAS parameters TOF and EXT in combination
with statistical modeling. Modeling results were used to rank order
the test compounds according to their toxicity as determined by
the nematode assay. This method proved useful in identifying very
toxic compounds from compounds with moderate and low toxic-

ity. A comparison of test compound toxicity ranking determined
by the nematode growth and development assay with the toxicity
ranking determined by rat oral LD50 data suggested that the use of
axenic liquid culture in combination with COPAS technology might
provide a rapid, efficient and cost effective method to evaluate the
toxicity of a large number of water soluble compounds in a reason-
ably short period of time.

N2 animals raised in CeHM growth medium at 22 + 1 °C are typ-
ically active, healthy and reproduce extremely well. A comparison
of nematodes grown in CeHM to animals grown on agar plates
with feeder organisms suggested that growth and development
in the CeHM was initially delayed in comparison to that observed
on the NGM plates, however by 96 h the majority (>90%) of the ani-
mals had reached adulthood. At the present time we do not know
what caused the delayed growth and development observed at
48 h PF or the increase in growth and development observed at
72 h PF. The delayed growth might be a behavioral response of
the newly hatched L1 adapting to being placed in a liquid culture
environment. Previously it has been demonstrated that C. elegans
displays two life history alterations. C. elegans grown on NGM with
a bacterial diet adopts a life history of rapid development with
large numbers of offspring, however C. elegans grown in a chemi-
cally defined medium (CeMM; SzewczyKk et al., 2006) or other com-
plex axenic media (DeCuyper and Vanfleteren, 1982) take longer to
develop and exhibit a prolonged reproductive period. It appears
that these life history alterations are both normal and healthy for
a specific diet. There fore the delayed growth and development ob-
served in the present study might be attributed to the nematodes
selecting a life history alteration previously reported in nematodes
grown in CeMM or other complex axenic media. The rapid increase
in growth observed was quite surprising. COPAS data (presented in
the form of scatter plots for TOF vs EXT) collected from untreated
nematodes (n =4000 worms/time point) grown in CeHM for 24,
48, 72 and 96 consecutive hours is presented in Fig. 1A-D. These
scatter plots show that between 48 and 72 h of continuous incuba-
tion in CeHM there is a rapid increase in both the TOF and EXT of
the animals in CeHM culture. At the present time we cannot ex-
plain the rapid increase in growth however the data collected from
animals raised in liquid culture support the observations reported
in this manuscript. At the present time we are comparing CeHM
with other complex axenic media and chemically defined media
to determine if the increased growth and development observed
at 72 h are related to specific components of the CeHM.

Since the majority of the animals (>90%) were at the L4-young
adult stage of development but no eggs were being laid at 72 h
of incubation, this time point was selected for analysis in dosing
studies. A 96 h PE time point was not selected for data acquisition
because we have found, from previous studies (Sprando, personal
observations), that the presence of large numbers of eggs in the
sample skewed the results obtained when using the statistical
model presented herein to analyze the COPAS data. L1 nematodes
develop into gravid adults and begin laying eggs after 96 h of incu-
bation in CeHM. Since there are typically more eggs than adult
nematodes in the worm culture at the 96 h incubation time point

Table 4
Comparative toxicity data for the water soluble compounds selected for testing in the
nematode growth and development assay using CeHM.

Chemical LDLO Man oral LD50 Rat oral LD50 Mouse oral
Sodium arsenite 5 mg/kg 41 mg/kg 14 mg/kg
Sodium fluoride 71 mg/kg 52 mg/kg 57 mg/kg
Caffeine 192 mg/kg 192 mg/kg 127 mg/kg
Valproic acid 736 mg/kg(LD50) 670 mg/kg 1098 mg/kg
Sodium borate 10-25 g/kg 4500-5000 mg/kg 2000 mg/kg
DMSO 5 g/kg 14500 mg/kg 2500 mg/kg
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Fig. 1. (A)-(D): COPAS data obtained from nematodes grown in CeHM for 96 h. This
data was collected at 24, 48, 72 and 96 h intervals. Each graph presents the TOF vs.
EXT for 4000 worms. Note the rapid growth as represented by increases in TOF and
EXT between the 48 and 72 h time points.

there was a greater probability that more eggs would be analyzed
than the original adult worms. Since we are looking at independent
random subsamples of size 100 nematodes there is no way to con-
trol for the numbers of eggs vs. worms contained in any of the
subsamples. Thus the data generated would not reflect worm
growth and development but rather egg laying. To circumvent this
problem we selected the 72 h incubation time point, a time prior to
the initiation of egg laying, for data acquisition.

Since chemical toxicity depends on the test environments phys-
ical conditions and any changes in this condition could adversely
affect the study results, the pH of the dosing solutions and control
media were assessed to exclude marked changes in pH as possible
confounding variables in producing the observed effects on growth
and development reported in the present study. Previously, Khan-
na et al. (2004) demonstrated that C. elegans are tolerant to a wide
range of pH and that C. elegans can tolerate a wide pH range (pH
3.2-11.8) when raised in K medium or when raised in moderately
hard reconstituted water (MHRW). This makes C. elegans an ideal

organism for conducting toxicity assays focusing on growth and
development. It is reasonable to assume that the effects observed
on growth and development in the present study were not a con-
sequence of pH since the pH range observed in the present study
were found to be between 6.14 + 0.004 and 7.16 + 0.001 including
control and dosing solutions.

Statistical modeling was developed to analyze the large data
sets obtained when data is collected using COPAS technology. Be-
cause TOF and EXT data were highly skewed and showed signifi-
cant kurtosis due to the presence of outliers, measurements were
standardized to baseline and normalized. A multivariate analysis
was run for each replicate for each control to non-control compar-
ison to jointly model the normalized TOF and EXT variables on con-
centration (control or non-control) and Hotelling-Lawley’s trace
statistic was used to determine if the multivariate mean of each
dose was significantly from that of control. Given the extremely
large sample sizes for each control to non-control comparison,
any typical statistical analyses, including Hotelling-Lawley’s trace
test, would detect very small and biologically insignificant differ-
ences between the various concentrations of the compounds and
their respective controls, thereby rendering any ranking of the
compounds using full-sample p-values exceedingly challenging.
To circumvent this problem, each comparison sample was split
into independent random subsamples of size 100 nematodes. For
each control to non-control comparison and each replicate, 50
subsamples of size 100 nematodes were selected. Hotelling Law-
ley’s trace test was then run on each of the subsamples and 50
p-values were calculated. If the percentage of significant p-values
was significantly greater than 0.05, then that dose was deemed dif-
ferent from control. The purpose of this sub sampling was not to
estimate the full sample p-values in a bootstrap fashion since these
are readily calculated, but rather to overcome the ineffectiveness of
the full-sample p-values in ranking the concentrations and com-
pounds relative to each other. A subsample size of 100 was chosen
because, based on repeated simulations using subsamples of vari-
ous sizes, the subsample size of 100 resulted in the most monoton-
ically increasing trend of percentage of significant p-values across
dose but still allowed for sufficient distinction between the
doses - this distinction being critical to the effective ranking of
compounds. The reader is not bound by any means to this subsam-
ple choice and should experiment with different subsample sizes
to determine the size which best fits the variability present in
the data.

Based on the results obtained from the statistical analysis of the
data described above, one can conclude that the COPAS parameters
TOF and EXT can be utilized as biomarkers to identify water soluble
model compounds that are highly toxic (sodium arsenite - LD50 =
41 mg/kg), moderately to slightly toxic (sodium fluoride -
LD50 = 52 mg/kg; caffeine - LD 50 =192 mg.kg; valproic acid -
LD50 = 670 mg/kg; sodium borate - LD50 - 2660 mg/kg) or not
significantly toxic (dimethylsulfoxide- LD50 = 14,500 mg/kg) (see
Table 5). Using growth and development as biomarkers of toxicity
allowed the successful ranking of two of the three compounds
within the group of moderately toxic compounds. Caffeine was

Table 5
Comparison of the toxicity ranking of the selected model compounds based the rat
oral LD 50 and the nematode growth and development assay.

Rat oral LD50 Growth and development assay

Sodium arsenite
Sodium fluoride
Sodium borate

Sodium arsenite
Sodium fluoride
Caffeine

Valproic acid Caffeine
Sodium borate Valproic acid
DMSO DMSO
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found to be more toxic than valproic acid however boric acid was
found to be more toxic than either caffeine or valproic acid. At the
present time it is not clear why boric acid proved to be more toxic
than caffeine and valproic acid in our assay. As previously noted
the pH of the dosing solution was not a factor in affecting nema-
tode growth as control group pH was not statistically different
from the treatment group pH and the pH was in the appropriate
dose range to promote nematode growth (Khanna et al., 2004). A
review of the boric acid literature has indicated that the mecha-
nism by which boric acid exerts its toxic effect if unknown. Boric
acid can act as an herbicide, a fungicide and an insecticide (EPA,
1993). It can affect testicular function in male rats (EPA, 1993; Cha-
pin and Ku, 1994), decrease fertility in female rats and mice (EPA,
1993) and produce fetal effects including lower fetal body weights
and increased incidences of rib and brain abnormalities in the rat
(Heindel et al., 1992, 1994) and increase fetal mortality and cardio-
vascular abnormalities (Price et al., 1996) in rabbits. Signs of boric
acid intoxication in laboratory animals include depression, muscle
in coordination, vomiting, purple-red skin coloration, lowered
body temperature and central nervous system pain (Clarkson,
1991). It is possible that other effects were present but not ob-
served because behavior, fecundity and fertility etc., were not as-
sessed. Further tests are presently being conducted to further
assess sodium borate toxicity in C. elegans.

A number of high- and medium-throughput assays have been
developed which utilize robotic work stations, the 96 well plate
format and the COPAS to assess the effects of different classes of
compounds on many aspects of nematode growth and develop-
ment (Lee et al., 2008), feeding (Boyd et al., 2007) and movement
(Tatara et al., 1998; Cole et al., 2004) to name a few. Toxicant expo-
sure typically utilizes a combination of the toxicant in question
with liquid culture or agar containing feeder bacteria. This study
assesses the use of axenic liquid culture as an alternative media
for use in nematode exposure assessments. While we realize that
this method will not be suitable for all compounds tested we sug-
gest that it may be more appropriate or easier to use in the evalu-
ation of some test compounds. Presently, we are developing
toxicity assays which assess growth and development, feeding
and movement utilizing the axenic liquid culture system presented
herein. We are also evaluating the use of axenic liquid culture in
assessing toxicity of compounds from different chemical classes
to explore the strengths and weaknesses of this method. We are
also developing different statistical models we hope will accurately
analyze the extremely large data sets typically obtained when con-
ducting these types of analyses.
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This report summarizes the results of a multina-
tional pharmaceutical company survey and the out-
come of an International Life Sciences Institute (ILSI)
Workshop (April 1999), which served to better under-
stand concordance of the toxicity of pharmaceuticals
observed in humans with that observed in experimen-
tal animals. The Workshop included representatives
from academia, the multinational pharmaceutical in-
dustry, and international regulatory scientists. The
main aim of this project was to examine the strengths
and weaknesses of animal studies to predict human
toxicity (HT). The database was developed from a sur-
vey which covered only those compounds where HTs
were identified during clinical development of new
pharmaceuticals, determining whether animal toxic-
ity studies identified concordant target organ toxici-
ties in humans. Data collected included codified com-
pounds, therapeutic category, the HT organ system
affected, and the species and duration of studies in
which the corresponding HT was either first identified
or not observed. This survey includes input from 12
pharmaceutical companies with data compiled from
150 compounds with 221 HT events reported. Multiple
HTs were reported in 47 cases. The results showed the
true positive HT concordance rate of 71% for rodent
and nonrodent species, with nonrodents alone being
predictive for 63% of HTs and rodents alone for 43%.
The highest incidence of overall concordance was seen
in hematological, gastrointestinal, and cardiovascular
HTs, and the least was seen in cutaneous HT. Where
animal models, in one or more species, identified con-
cordant HT, 94% were first observed in studies of 1
month or less in duration. These survey results sup-
port the value of in vivo toxicology studies to predict
for many significant HTs associated with pharmaceu-
ticals and have helped to identify HT categories that
may benefit from improved methods. © 2000 Academic Press
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INTRODUCTION

A vitally important theme in toxicology is the search
for and the assessment of in vitro and in vivo models
that are predictive for adverse effects in humans ex-
posed to chemicals. The conduct of toxicology studies in
laboratory animals is driven by experience, historical
precedence, and governmental requirements, and the
results of these studies usually, and reasonably, lead to
restrictions on the use, or method of use, of the chem-
icals concerned. Such a process must be based on the
assumption that the current choice of animal models
and the design of the studies are truly predictive of
human hazard. The reliability of this assumption has
far-reaching repercussions in terms of the potential for
inappropriate use of animals and the unnecessary de-
privation of, or restrictions in the use of, valuable
chemicals including pharmaceuticals. Identification of
any weaknesses in the assumption could lead to revi-
sions of existing regulations and stimulate the search
for better methods for the safety evaluation of chemi-
cals in the future.

There have been relatively few attempts to method-
ically assess the correlation between the toxicity
caused by chemicals in animals and in humans. This is
not surprising, given that the toxicity of many chemi-
cals observed in humans is after accidental exposure,
the quantitative details of which in terms of duration
and intensity are often not known. Chemicals, which
are components of the diet, either macro- or micro-, are
more susceptible to evaluation of their toxicity in ani-
mals and in humans, provided that the means to carry
out epidemiological studies are available. However, a
rich source of relevant information is pharmaceutical
chemicals. For these, the human exposure is controlled
and measured accurately. In addition, clinical studies
of drugs employ systematic clinical examinations and
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tests of organ function, aimed specifically at the detec-
tion of adverse effects.

There are few published analyses of comparative
animal-human toxicity data on pharmaceuticals, with
progress presumably inhibited by the perceived confi-
dential nature of such data. The first brave foray into
this area was by Litchfield when he analyzed an array
of toxicities in rats, dogs, and humans for six diverse
drugs being developed by his company (Litchfield,
1962). He reported that toxicities that occurred in rats
only were rarely observed in humans and those in dogs
only occurred slightly more frequently in humans,
while those that occurred in both rats and dogs showed
about a 70% concordance with humans.

Cytotoxic anticancer agents, by their very nature,
tend to cause much toxicity in humans and several
groups have examined the extent to which toxicities
seen in humans can be predicted from animal data for
these drugs (Owens, 1962; Schein et al., 1970; Rozenc-
weig et al., 1981). Generally, these drugs caused qual-
itatively similar toxicity in animals and in humans,
with data from dogs predicting gastrointestinal toxicity
in humans particularly well and data from dogs and
monkeys grossly overpredicting hepatic and renal tox-
icity. Rozencweig et al. (1981) warned that the predict-
ability of such data is highly dependent on the preva-
lence of the particular human toxicity, with rare
toxicities being essentially unpredictable from animal
data.

Clinical toxicity data for more diverse types of drugs
have also been the subject of several workshops and
overviews (Lawrence et al., 1984; Fletcher, 1987; Lum-
ley and Walker, 1990; Parkinson et al., 1994). In one
small series in which the toxicity in clinical trials led to
the termination of drug development, it was found that
in 16/24 (67%) cases the toxicity was not predicted in
animals (Lumley, 1990). In another analysis, 39/91
(43%) clinical toxicities (from 64 marketed drugs) were
not predicted from animal studies (lgarashi, 1994).
This latter publication forms part of the largest data
set known to us, that of the Japanese Pharmaceutical
Manufacturers Association (JPMA, 1994). This was de-
rived from the literature (as distinct from question-
naire-derived data) and refers to data from 139 drugs
approved in Japan from 1987 to 1991. The animal
toxicity data are drawn from 468 repeated-dose stud-
ies, mainly in rats and dogs but with a few studies in
mice and monkeys. No indication was given about the
importance of the clinical toxicity, e.g., whether it was
trivial or whether it led to a restriction in the use of the
drugs. There were few correlations across species with,
overall, the best predictivity being for cardiovascular
events, and the poorest for cutaneous and hypersensi-
tivity phenomena. Despite its relatively high incidence
in all species, hepatobiliary toxicity in humans was
surprisingly poorly predicted from animal studies. The
JPMA also conducted an enterprising review of the

extent to which general pharmacology studies were
useful in predicting adverse effects in humans (lga-
rashi et al., 1995). A total of 141 drugs were reviewed
and the analysis showed considerable value in tests of
spontaneous locomotor activity in mice, gastrointesti-
nal transit time in mice, gastric secretion in rats, and
urinary retention and sodium excretion in rats.

Two reviews addressed those drug cases where the
clinical toxicity was so severe as to lead to withdrawal
from marketing in the approximate period 1960—-1990
(Heywoood, 1990; Spriet-Pourra and Auriche, 1994). In
one report only 4 of 24 cases were predictable from
animal data; in the other report, only 6 of 114 clinical
toxicities had animal correlates. Such a poor correspon-
dence is not surprising, given that these late-onset
phenomena once on the market are usually idiosyn-
cratic in nature, i.e., of very low incidence, not dose-
related, and apparently not related to the pharmacol-
ogy of the compound.

A knowledge of pharmacology in various species,
including humans, tells us that species can differ
markedly in their response to pharmacological agents.
Indeed, it has been reported that 29% of withdrawals of
drugs from development are attributable to an inap-
propriate (e.g., lack of efficacy or selectivity) pharma-
cological response (Prentis et al., 1988). Against that
background, one would expect diverse species re-
sponses to many toxic stimuli. Several reviews (Oser,
1981, Calabrese, 1984, 1987; Garratini, 1985; Zbinden,
1993) summarize and discuss the many differences in
anatomy, physiology, or biochemistry between labora-
tory animals and humans and these can provide useful
points of reference for anticipating whether a particu-
lar chemical is likely to show a similar response in an
animal species and in humans. In addition to the fun-
damental differences between species in biological re-
sponse, Zbinden (1991) cautioned against too great an
expectation from animal toxicology studies for a host of
reasons inherent in the designs of such studies and of
clinical trials (see Table 1).

In a symposium that addressed the question of the
relevance of animal toxicology studies for humans, sev-
eral contributors urged the pharmaceutical industry to
collaborate and pool its data on toxicity of drugs in
development with a view to drawing broadly based
conclusions (Brimblecombe, 1990; McLean, 1990). In
this paper we report the first product of just such a
collaboration. Twelve companies provided codified data
to the International Life Sciences Institute (ILSI) who
coordinated the compilation and analysis of the data.
The primary objective was to examine how well toxic-
ities seen in preclinical animal studies would predict
actual human toxicities for a number of specific target
organs using a database of existing information. To a
lesser degree, the symposium also sought to better
understand the duration of dosing required in animals
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TABLE 1

Some Differences between Animals and Humans
Critical to Prediction of Toxicity

Animals Man
Subjects
Number Large groups Individuals
Age Young adult All ages
State of health Healthy Usually sick
Genetic background Homogeneous Heterogeneous
Doses
Magnitude Therapeutic to toxic Therapeutic
Therapeutic
Schedule Usually once daily optimum
Circumstances
Housing Uniform, optimal Variable
Nutrition Uniform, optimal Variable
Concomitant
therapy Never Frequent
Diagnostic procedures
Verbal contact None Intensive
Physical exam Limited Extensive
Clinical lab Limited, standardized Individualized
Timing Predetermined Individualized
Autopsy Always Exceptional
Histopathology Extensive Exceptional

to reveal the same toxicity in man where the same
toxicity was seen in animals and man.

APPROACH TO DATA COLLECTION AND
METHODS OF ANALYSIS

Although a considerable effort was made to collect
data that would enable a direct comparison of animal
and human toxicity, it was recognized from the outset
that the data could not answer completely the question
of how well animal studies predict overall the re-
sponses of humans. To achieve this would require in-
formation on all four boxes in Fig. 1, and this was not
practicable at this stage. The magnitude of the data
collection effort that this would require was considered
impractical at this stage. The present analysis is a first
step, in which data have been collected pertaining only
to the left column of Fig. 1: true positives and false
negatives. By definition, therefore the database only
contains compounds studied in humans (and not on
those that never reached humans because they were
considered too toxic in animals or were withdrawn for
reasons unrelated to toxicity). Despite this limitation,
it was deemed useful to proceed in the expectation that
any conclusions that emerged would address some of
the key questions and focus attention on some of the
strengths and weaknesses of animal studies.

The approach chosen was to collect and collate tox-
icities in humans (HTs) associated with exposure to
pharmaceuticals. Since most data resided in the ar-
chives of the larger companies with long histories of
drug development, these companies were approached

to participate. The companies were asked to tabulate
HTs that had occurred during drug development. No
restriction was placed on the time frame from which
the data were drawn, except that it was requested that
participants provide data from compounds in clinical
development over a consecutive period of years, to
avoid any bias from selected data sets.

A working party of clinicians from participating com-
panies developed criteria for “significant” HTs to be
included in the analysis. For inclusion a HT (a) had to
be responsible for termination of development, (b) had
to have resulted in a limitation of the dosage, (c) had to
have required drug level monitoring and perhaps dose
adjustment, or (d) had to have restricted the target
patient population. The HT threshold of severity could
be modulated by the compound’'s therapeutic class
(e.g., anticancer vs anti-inflammatory drugs). In this
way, the myriad of lesser “side effects” that always
accompany new drug development but are not suffi-
cient to restrict development were excluded. The judg-
ments of the contributing industrial clinicians were
final as to the validity of including a compound. The
clinical trial phase when the HT was first detected and
whether HT was considered to be pharmacology-re-
lated was recorded. HTs were categorized by organ
system and detailed symptoms according to standard
nomenclature (COSTART, National Technical Infor-
mation Service, 1999).

In a subsequent step the company toxicologist exam-
ined the reports of toxicology studies in animals for the
compounds that met the criteria of HT. Data examined
included clinical signs, physiological measurements,
hematology and clinical chemistry assays, and histo-
pathology evaluations from rodent and nonrodent tox-
icology or safety pharmacology studies. A toxicity cor-
relation was considered to be positive if the same
target organ was involved in humans and in animals in
the judgment of the company clinicians and the toxi-
cologists. In the case of a positive correlation, the data
provided were the rodent and nonrodent species tested
and the duration of exposure (often the same as the
duration of the study) at which the toxicity in question
was first observed. In the event of lack of correlation,
the data provided included all species tested, the long-
est duration of dosing in each species tested, whether
dose-limiting toxicity was achieved, and whether there

Human Toxicity

Pos. Neq.
Animal Pos. fol
True alse
v {lost NCEs}
Toxicity
Neg. False True
{avoid risk}

FIG. 1. Predictivity of animal toxicity data.
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was a qualitative similarity in the patterns of metab-
olism in humans and in animals that were available.

All data were provided to the ILSI staff who entered
them in codified fashion to maintain confidentiality. A
central database of 221 HT examples from 150 com-
pounds was developed for analysis. Three academic
experts (Dr. G. Sipes of University of Arizona, Dr. R.
Bain of George Washington University, and Dr. R.
Abernethy of Georgetown University) advised on the
study conduct of the analyses and interpretation of the
data.

An ILSI Workshop was held in Virginia in April
1999, involving academic scientists, government regu-
lators, and industry scientists, to review the data. At
the Workshop, the participants were divided into
groups to discuss the six principal types of HT re-
ported: hepatic, neurological, cardiovascular, hemato-
logical, gastrointestinal, and hypersensitivity. These
groups were asked to address the same series of ge-
neric questions on the data for their respective toxici-
ties. Finally, a panel of experts was convened to assess
the value and utility of the database and to make
recommendations about the continuation of the project
in the future.

RESULTS (PART 1)

Results are presented in two parts: first, overall
analyses of the total database; and second, the answers
of the breakout groups to the generic questions.

Overall Analysis of Findings (Total Database)

Preliminary results of analysis of the incomplete da-
tabase have been reported previously (Olson, 1998).

Distribution of Human Toxicities by Therapeutic
Class

Overall, a total of some 221 separate cases of com-
pounds associated with significant human toxicity
were recorded. A total of 150 compounds contributed to
this series with multiple HTs being recorded in 47
cases. The distribution of the therapeutic class of com-
pounds studied is shown in Table 2.

For each of the compounds in the database, informa-
tion was collected regarding the route of administra-
tion. The routes of administration employed in humans
were 168 HTs by oral, 52 intravenous, 7 by inhalation,
and 2 dermal, with two routes of administration being
used in the case of 9 HTs.

The therapeutic classes showed significant varia-
tions in their COSTART organ-system-associated HT
profile as shown in Table 3. Detailed analyses of signs
and symptoms within COSTART groupings are ad-
dressed in the following sections.

The rate of project termination for various HTs was
highest for (in order) urogenital, cutaneous, hepatic,

TABLE 2
Distribution of Compounds by Therapeutic Class

Therapeutic class No. of compounds

Anticancer 14
Anti-infection 21
Anti-inflammatory 15
Antiviral 8
Cardiovascular 16
Endocrine 10
Gastrointestinal 9
Hematology 1
Immunology 2
Impotence 2
Metabolism 5
Neurologic 31
Renal 2
Respiratory 13
Trauma 1
Total 150

and cardiovascular HTs and, by therapeutic class,
highest for anti-inflammatory, antiviral, endocrine,
and respiratory therapeutic classes (Table 3).

Relationship to Dosing Duration and Clinical Trial
Phase

The time of first onset of HTs according to the clinical
trial phase was analyzed according to HT class. Over-
all, over half of HTs were first manifest in Phase |
trials. HTs seen after single-dose administration to
man numbered 62 cases with 158 cases seen following
multiple doses (remainder unspecified). Classes of HTs
detected with frequency in Phases Il and Il were
cutaneous and hepatic types (Table 4).

The survey also recorded the frequency of develop-
ment project termination. In those instances where the
HT led to project termination, 39% were terminated in
Phase I, 43% were terminated in Phase Il, and 10%
were terminated in Phase 1l1I.

Only four HTs were considered to be idiosyncratic in
nature, two cases of rash (one in Phase I, one in Phase
I1) and two cases of thrombocytopenia in Phase II.

Pharmacologic Basis of Human Toxicities

The characterization of HTs as being related to the
primary pharmacological activity of the drug is given
according to HT class in Fig. 2.

The overall distribution of pharmacological HTs ac-
cording to clinical trial phase was 35% in Phase I, 39%
in Phase 11, and 43% in Phase 1l1I.

Concordance by Animal Models

Concordance by one or more species: Overall and by
HT. Overall, the true positive concordance rate (sen-
sitivity) was 70% for one or more preclinical animal
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TABLE 3
Frequency of Human Toxicities According to Therapeutic Class and Percentage of Terminations
Therapeutic class BCH CUT HEP/LFT CV/IECG END NRL HEM GI MSK REPRO URN OTH TOTAL %TERMN
Anticancer 1 1 2 1 1 5 6 3 0 0 2 3 25 20
Anti-infection 0 3 6 2 0 6 2 10 3 0 1 5 38 37
Anti-inflammatory 0 4 2 2 0 6 0 6 0 0 2 0 22 55
Antiviral 0 1 3 0 0 1 1 2 0 0 3 0 11 54
Cardiovascular 0 0 1 11 0 4 1 1 0 0 0 0 18 39
Endocrine 0 2 3 2 2 1 0 2 0 0 0 0 12 50
Gastrointestinal 0 0 2 2 0 4 0 3 0 0 0 3 14 36
Hematology 0 0 0 0 0 0 1 0 0 0 0 0 1 0
Immunology 0 0 0 0 0 1 0 1 0 0 0 0 2 0
Impotence 0 0 0 2 0 0 0 0 0 0 0 2 4 0
Metabolism 0 0 1 1 0 1 0 2 0 0 0 0 5 20
Neurologic 0 2 5 8 0 18 0 11 1 0 1 2 48 33
Renal 0 0 0 2 0 0 0 0 0 0 0 0 2 100
Respiratory 0 1 6 2 2 1 0 0 0 1 1 3 17 47
Trauma 0 0 0 1 0 1 0 0 0 0 0 0 2 0
Total 1 14 31 36 5 49 11 41 4 1 10 18 221 37
% Terminated by
HT 0 64 55 47 40 35 27 10 25 100 70 6

Note. BCH, biochemical; CUT, cutaneous; END, endocrine; Gl, gastrointestinal; HEM, hematologic; HEP/LFT, hepatobiliary and liver
function test abnormalities; MSK, musculoskeletal; NRL, neurological; REPRO, reproductive; URN, urinary; OTH, other.

model species (either in safety pharmacology or in
safety toxicology) showing target organ toxicity in the
same organ system as the HT (Fig. 3). For the remain-
ing 30% of HT there was no relationship between tox-
icities seen in animals and those observed in humans.
Concordance was seen in 63% of nonrodent studies
(primarily the dog) and 43% of rodent studies (primar-
ily the rat). There was considerable overlap in toxicol-
ogy with 36% of HTs being concordance with two spe-
cies (i.e., a rodent and a nonrodent) with concordance
by only one species occurring in the nonrodent (27% of
HTs) and the rodent (7%).

The ratio of positive concordance versus nonconcor-
dance by rodent and nonrodent species is shown in Fig.
4. The total incidence of usage of each species (concor-
dance and nonconcordance) was incorporated and
showed the nonrodent species of dog and primate to
have a higher frequency of positive concordance than
did rodents.

Concordance varied significantly according to the
human target organ system affected as shown in Fig. 5.

The best concordance was for hematological, gastro-
intestinal, and cardiovascular toxicities and the least

was for cutaneous toxicity. The proportional contribu-
tion of nonrodent versus rodent models to concordance
for given types of HTs is discussed below for the main
organ system HTs observed. There were marked dif-
ferences in the relative contribution of nonrodent and
rodent toxicology species to concordance depending on
the HT category (Table 5).

Analysis of overall prediction rates according to clin-
ical trial phase when the HT was first observed showed
a slightly higher frequency in Phase | onset HTs (75%)
compared to Phase Il (58%) and Phase Il (52%).

Concordance by therapeutic class. Since certain
therapeutic classes were prone to expression of given
types of HTs, e.g., hematotoxicity with anticancer
agents, the variation in concordance rates according to
HT class could indirectly influence the concordance
rates for certain therapeutic classes. This is reflected in
Fig. 6.

Time to first appearance of concordant animal toxic-
ity. Where the animal model(s) were successful in
predicting for a given HT, the survey requested the
earliest time at which the relevant animal toxicity was

TABLE 4
Distribution of Clinical Trial Phase Time of First Onset by HT Class

Therapeutic class: BCH CUT CV/ECG END Gl

HEP/LFT HEM MSK REPRO NRL URN OTH TOTAL TERMN

%

Phase

1 1 8 23 1 30 14
1] 0 6 10 4 7 13
11 0 0 3 0 4 4

7 0 1 29 6 15 135 52 39
4 2 0 14 2 3 65 28 43
0 2 0 6 2 0 21 2 10
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FIG. 2. Percentage of HTs judged to be related to the primary
pharmacology.

observed. Overall, 94% of animal target organ toxici-
ties correlated with HTs were first observed in studies
less than or equal to 1 month in duration (Fig. 7). A
large proportion of animal toxicities was observed fol-
lowing single dose administration; 25% of these obser-
vations were from safety pharmacology rather than
toxicity studies.

False Negative Prediction by Animal Models

Duration of animal studies where HT was not con-
cordant (false negatives). Given the high rate of de-
tection by animals of HTs in studies of 1 month dura-
tion or less, it is possible that failure to detect HTs may
have resulted from insufficient duration of exposure in
animal models. Analysis of the longest duration of
studies conducted in animals shows that overall 73% of
HT cases had been studied in animals for 2 months or
more (Fig. 8).

Since 61% of HTs first occurred during Phase | clin-
ical trials when chronic toxicology programs may not
have been completed, the duration of animal testing on
this subset was also analyzed: 45% of these Phase |
onset cases had one or more toxicology species tested
for 2 months or longer.

Achievement of limiting toxicity in animals in false
negative cases. Since interspecies differences in expo-
sure (toxicokinetic data were not collected in the sur-

Total 71%+ve

SNon-rodent only 27%

Non-rodent plus
rodent 36%
Rodent only 7%

No. of HTs

EAny species 71%

H No species 29%

n Positive non rodents only were dog
Species showing k«t:‘) ,primate (7) or both (1).
. P odents only were rat (10), mouse (3),
corresponding toxicity o\ i,o. hig (3) and rabbit (2).

FIG. 3. Concordance of human toxicity from animals.

EBConcordance
HNon-concordance

No. of HTs

Dog
Primate i
Mouse
G'pig

FIG. 4. Concordance rates versus species.

vey) may have resulted in failure to demonstrate rele-
vant target organ toxicity, the proportion of animal
studies achieving dose limiting toxicity [up to maxi-
mum tolerated dose (MTD) in some cases] was ana-
lyzed. For cases where HTs were not predicted, 91% of
rodent and 90% of nonrodent toxicology studies were
judged to have been performed at limiting doses.
Hence, insufficient exposure of animals to drug alone
could not account generally for the 30% false negative
rate.

Correlation of animal metabolite profile with man in
false negative cases. Using a qualitative judgment of
whether the main human metabolites were present in
one or more animal toxicology species (data available
in 29 of 63 false negative cases), animal metabolism
profiles were considered to correlate with that of man
in 86% of cases. Therefore, metabolic differences be-
tween animals and man alone probably do not explain
the false negative cases. Taking both concordant and
nonconcordant cases overall where comparative me-
tabolism data were available, there was a 89% animal:
human metabolite correlation rate.

Correlation of animal pharmacological responsive-
ness in false negative cases. Since approximately 40%
of HTs were evaluated as being pharmacology-related,
pharmacological unresponsiveness in the animal spe-
cies could result in false negative prediction. Taking
false negative prediction cases, the animal species used
as models were, in one or more species, considered to be
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FIG. 5. Animal concordance by HT COSTART category.
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TABLE 5
Animal Species Concordant Number of Cases for Frequent HT COSTART Systems
COSTART: CuT CV/ECG Gl HEM HEP/LFT NRL
Animal correlates
Yes 5 29 35 10 17 31
No 9 5 6 1 14 13
Nonrodent only 1 16 16 0 7 11
Rod and nonrodent 1 12 18 10 8 17
Rodent only 3 1 1 0 2 3

pharmacologically responsive in 63% of cases. Taking
only those false negative cases of pharmacology-related
HT prediction, 85% of animal models were pharmaco-
logically responsive. Pharmacological unresponsive-
ness of the animal models therefore cannot alone ac-
count for the false negative rate. Taking both the true
positive and the false negative cases together, 69% of
animal species used were pharmacologically respon-
sive with 87% being responsive for pharmacology-re-
lated HTs overall.

RESULTS (PART 2)

This section is a compilation of the responses of the
six breakout groups at the ILSI Health and Environ-
mental Science Institute’s (HESI) Workshop (April
1999) which focused on the six principal types of HT.
Each breakout group addressed the four main ques-
tions, listed below. These results include group com-
ments which are similar; specific remarks from indi-
vidual breakout groups are so noted.

Q.1. Evaluate the Database Generally in the Context
of the Breakout Group’s Specific Endpoints and
Comment on: (i) Any Animal-Human Toxicity
Correlations That Can Be Made; (ii) Whether the
HT Was Related to the Therapeutic Class or the
Known Primary Pharmacology of the Compound

Most groups were critical of the database to the
extent that it often lacked specific detail regarding the
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FIG. 6. Preclinical concordance for HTs by therapeutic class.

exact nature of the HT, including its incidence in pa-
tients, severity, and time to onset. Uncertainties in
nomenclature, application of the COSTART terminol-
ogy, and whether the HT was multifaceted were also
perceived to be problems. The liver group would like to
have known whether the HT was hepatocellular or
biliary cell injury, jaundice, or fulminant liver failure.
The hematology group would like to have had more
information on the type of cells affected and to have
known if neutropenia existed alongside other hemato-
toxicity. The cardiovascular group would have been
interested to know whether hypotension was accompa-
nied by tachycardia.

The tentative conclusions regarding the incidence of
HT and of termination by clinical phase (Results (Part
1), “Relationship to Dosing Duration and Clinical Trial
Phase”) must be tempered with caution. The HT data
supplied to the database did not distinguish between
the severity of the HT and its incidence. Thus a HT
first observed in Phase IlIl may have been the result
either of a longer drug exposure or of a greater number
of patients being in the trial than in earlier clinical
phases. For example, termination may have been
caused by 1% incidence of a severe HT or a 50% inci-
dence of a mild HT.

Several groups noted limitations (already alluded to,
see Table 1) inherent in such a human-animal com-
parison exercise. Thus, failure to distinguish between
toxic signs and symptoms, and especially nausea and
many of the subjective neurologic HTs (e.g., headache,
hallucinations), emphasized the need to limit expecta-
tions for prediction of such HTs. Interpretation was

E1 day ( incl 14 safety
pharm)

B 1 week

B2 wks

No. of HTs

M1 month

8 2/3 month

76 month

Time

94% detection within 1 month

FIG. 7. Time to first detection of relevant toxicity in animals.
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FIG. 8. Longest duration of nonconcordant toxicity studies (N =
73).

also impeded by uncertainty over what specific evi-
dence of toxicity in animals was considered to have
predicted each HT. In general, it had to be assumed
that any disturbance of the relevant organ system in
animals was judged to be a positive correlation. For
example, diarrhea in animals might correspond in hu-
mans to abdominal pain or nausea; excitation in ani-
mals to, say, dizziness in humans; and so on.

The hypersensitivity group observed that tests for
such activity were rarely included in preclinical toxi-
cology packages and thus correlations would not be
expected with the data routinely obtained from ani-
mals. Also, while most HTs in this category were cuta-
neous but there was a notable data gap with few com-
pounds applied via the dermal route. Also a proven
immunological basis for the symptoms of rash was not
evident in all cases.

The discrepancies between the incidence of each HT
and the frequency with which that HT led to termina-
tion in clinical trials were interesting. It was recog-
nized by several groups that the decision to terminate
or continue in clinical trial will, of necessity, depend on
the therapeutic ratio and the seriousness of the condi-
tion being treated and also the stage of clinical devel-
opment and investment with few Phase 111 HTs result-
ing in project termination.

Liver toxicity was only the fourth most frequent HT
(Table 3), yet it led to the second highest termination
rate. There was also less concordance between animal
and human toxicity with regard to liver function, de-
spite liver toxicity being common in such studies.
There was no relation between liver HTs and thera-
peutic class. This poor correlation prompted the ques-
tion of whether a partial explanation might lie in the
assumption that the same biomarkers were as appro-
priate in humans as in animals. The first signs of
unwanted effects on the hepatobiliary system in hu-
mans are usually rises in circulating aminotransferase
enzyme levels. The JPMA study (lgarashi, 1994) re-
ported that these enzymes are relatively insensitive
markers of liver toxicity in animals, but that the cor-
relation with human toxicity was much better if one

incorporated histopathology data from animals (also
included in the present survey).

Neurologic HTs were the most common category
(22%) and they occurred disproportionately more fre-
qguently for neurologic drugs. It was noted that whereas
the correlation with animal studies was independent of
the therapeutic class of drug, these HTs led to termi-
nation of only 17% of neurologic drugs but to 45% of
nonneurologic drugs. Such HTs are apparently more
acceptable in neurologic drugs, this obviously depend-
ing to some extent on the concurrent therapeutic ben-
efit. Correlations with findings in animals were much
better for nonrodents than for rodents. The cases in
rodents were all peripheral neuropathies in anticancer
agents.

Cardiovascular HTs had a high rate of concordance
(80%) with animal studies. Most were caused by car-
diovascular drugs (Table 2) and interpretable in terms
of their primary pharmacological activity. The main
categories were: rhythm changes (tachycardia, brady-
cardia), ECG abnormalities, hypotension, and vasodi-
latation. While data from rodents were indicative of a
potential for hypotension, rodents contributed no infor-
mation that was not available from nonrodents al-
though the rabbit detected an ECG HT case. By con-
trast, 28/36 of the HTs were observed in nonrodents (25
in dogs, 6 in monkeys).

Hematologic HTs correlated in high degree (91%)
with animal findings, with rodents and nonrodents
both being responsive. Termination due to this HT was
relatively low (27%). This HT was strongly associated
with anticancer and anti-infective agents, with only
two compounds coming from other therapeutic classes.

Gastrointestinal HTs overall correlated well (85%)
with animal findings, especially in nonrodents. This
HT was associated primarily with anticancer, anti-
infective, and anti-inflammatory agents, all known to
provoke such toxicity by well-understood pharmacolog-
ical mechanisms. Gastrointestinal HTs were the sec-
ond most common category, yet had the lowest rate of
termination. One might say that these HTs are appar-
ently often just regarded as “nuisance” effects.

Hypersensitivity HTs (essentially various cutaneous
reactions) were too few to allow conclusions about re-
lationship to therapeutic class or pharmacological
mode of action, in particular whether the HTs were
immunological or not in character. Nevertheless, the
high rate of termination (64%), the highest in the da-
tabase, highlighted the need to improve preclinical
testing methodology in this area (vide infra).

Q.2. What Duration of Dosing in Animals Was
Sufficient to Reveal the Toxicity That Corresponded
toa HT?

Several groups pointed out that the minimum times
given in Fig. 7 may well be overestimates for many tox-
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icities, i.e., those dependent on time of sampling for bio-
chemical or hematological tests, on time of functional
investigation, or on time of termination for histopatho-
logical examination. Even so, the data in Fig. 7 are strik-
ing in that 57 (38%) of the relevant toxicities were ob-
served on Day 1, these being primarily cardiovascular
(16), gastrointestinal (15), and neurological (12) phenom-
ena. Liver toxicity was never reported after a single dose.
Most of the single dose observations for cardiovascular
events came from specific safety pharmacology studies;
the others came mainly from clinical observations on the
first day of a multidose study.

The nine HTs that required over 1 month to manifest
themselves in animals showed no pattern. They com-
prised one or two agents from each of the HT catego-
ries.

Q.3. Which HTs Were Not Detected by the Animal
Studies?

The neurologic group inevitably found many exam-
ples of nondetection (or perhaps “not known”) because
of the need to communicate symptoms such as head-
ache, dizziness, etc. The only objective sign not pre-
dicted (seizure) was associated with a difference in
metabolism between humans and the animals tested.

The cardiovascular group found a case of myocardial
infarction not predicted from animal studies, perhaps
because of a lack of an animal counterpart. Two cases
of hypotension were not observed in animals: in one the
MTD was not achieved in animal studies; in the other
a clear difference in animal/human metabolism was
noted.

The hematologic HT that sometimes escaped detec-
tion was thrombocytopenia: two cases, even after
6-month studies in animals. The panel suggested that
this toxicity could have been detected by nonstandard
methodology.

The only gastrointestinal HT that did not correlate
with animal studies was nausea. This is not surprising,
given its subjective nature and the uncertainty regard-
ing whether it should be classified here or as a neuro-
logic HT.

No cutaneous (classified here as hypersensitivity)
HTs were observed using the standard animal studies
conducted, although phototoxicity did correlate well
with the response of guinea pigs in special tests.

Q.4. Identify Novel and/or Available Technologies
That Could Be Included in Existing Animal
Studies to Address Deficiencies in Identifying
Target Toxicity, and Identify Testing Strategies—
Including Additional Studies—That Could Be
Implemented to Improve for Screening
Compounds into Development

The major recommendations (not in any particular
order) were the following:

a. It was suspected that some of the poor correla-
tions may have been due to apparent design deficien-
cies in animal studies. Thus, the hematology breakout
group recommended the use of toxicokinetic and tissue
distribution studies to lead to better timing of blood
sampling and function tests. Safety pharmacology
studies should be subject to the same considerations,
as recommended previously by Jorkasky (1998).

It was recognized that interspecies differences in
pharmacokinetics are unlikely to underlie many of the
noncorrelations in this database, given the manifestly
different pharmacological responses of species and the
fact that almost all the animal studies were carried out
at toxicity-limited dose levels. Nevertheless, the quan-
titative aspect cannot be completely disregarded.
There must be certain pharmacological mechanisms
that allow approximate allometric relationships in
dose—responses across species. If established, this
would give a perspective on toxicity observed in ani-
mals only at enormous multiples of the expected clin-
ical dose and would provide guidance to a clinician
planning to increase the dose level of a drug in a
clinical trial.

b. The cardiovascular and neurologic groups, cogni-
zant of the importance of safety pharmacology studies
for these HTs, urged that these studies (including a
functional observational battery) be extended, refined,
and better integrated with general toxicology studies.
Others have emphasized the critical contribution of
general pharmacology studies to safety in the conduct
of early clinical trials (Igarashi et al., 1995; Jorkasky,
1998; Williams, 1990). The limitations of conducting
pharmacological measurements in animals under the
restrained conditions of a normal toxicology study were
acknowledged. Safety pharmacology studies should
align with toxicology studies in terms of choice of spe-
cies and dosage regimen as appropriate.

The value of supporting mechanistic studies, often in
vitro, was mentioned, but these will not usually be
conducted broadly as part of a preclinical screen; how-
ever, certain compound classes may trigger particular
screens. The cardiovascular group drew attention to
the use of blood pressure measurement by telemetry,
Purkinkje fiber preparations, electrophysiology of myo-
cardial cells, etc. The hematology group mentioned flow
cytometry and bone marrow culture. While these and
other similar experimental tools have unquestionable
value for exploration of the mechanism of toxicity, they
have not hitherto found application in the prediction of
HT. Companies were asked, when a HT had an animal
correlate, if it was derived from a standard or a non-
standard toxicology study; only 13/148 cases were from
nonstandard studies.

¢. The choice of species might also be the subject of
more thoughtful consideration. Often studies are con-
ducted, in the dog and the rat, without an open-minded
consideration of whether an alternative species might
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be better in terms of pharmacodynamics, physiology,
biochemistry, metabolism, etc. Guinea pigs are obvi-
ously well-established in testing for hypersensitivity;
the neurological group drew attention to the utility of
specially trained primates, though again presumably
not as a routine preclinical screen. The liver and gas-
trointestinal groups suggested that animal disease
models could be put to better use. The human diseases
being treated may increase patient susceptibility to a,
e.g., through increased gastrointestinal permeability
which would not be reflected in animals with normal
gastrointestinal reserve.

d. Several groups urged the more imaginative use
of biomarkers. These could perhaps reveal, on the
one hand, hitherto undetected changes in animals
and, on the other, earlier detection of HTs. The bi-
omarkers could be different in animals and in hu-
mans. Examples included troponin T and CK-MB in
the cardiovascular area and «2-antitrypsin in the
gastrointestinal area. Along the same lines, the hy-
persensitivity group mentioned the underestimated
value of lymph node assays and that systematic
weighing of immune/lymphoid organs in animal
studies often provides a first indication of a distur-
bance to the immune system. The hematologic group
drew attention to the potential for wider exploitation
of newer technique such as flow cytometry and bone
marrow culture.

e. The hypersensitivity group pointed out that since
the present design of animal preclinical toxicology
studies has little scope for assessment of immunologi-
cal endpoints, the poor human—animal correlation for
this HT category could only be rectified by the routine
addition of tests or models aimed at the detection of
systemic or cutaneous hypersensitivity and, where rel-
evant, phototoxicity, in relevant species. This group
also acknowledged that whereas phototoxicity testing
in guinea pigs is fairly reliable as an indicator of hu-
man hazard, other test systems for hypersensitivity
are far from satisfactory and there is need for urgent
research in this area.

f. One way to diminish dependence on the animal
to human extrapolation process is to work directly
with human tissue. The liver group noted the poten-
tial value of human liver slices and other ex vivo or in
vitro preparations to obtain of information on meta-
bolic transformation of test compounds and, con-
versely, of potential effects of the test compound on
the liver.

g. Several groups speculated, without being specific,
on the possible future use of molecular biological tech-
niques, such as gene expression profiling proteomics,
the use of gene chips, etc. The main value may be in
identifying in advance individuals with intrinsic sus-
ceptibility to various HTs.

DISCUSSION

This study did not attempt to assess the predictabil-
ity of preclinical experimental data to humans. What it
evaluated was the concordance between adverse find-
ings in clinical data with data which had been gener-
ated in experimental animals (preclinical toxicology).

This HESI Workshop and collaborative project is
unique (to our knowledge) in magnitude of the data-
base and scope of project. This is an initial step to
develop a quantitative understanding of concordance of
animal target organ toxicology and manifest HT asso-
ciated with pharmaceutical development. The intent of
this project at its inception was to relate the value of
preclinical testing models and methods to identify im-
portant HT, which by definition is “relevant” toxicity.
This approach provides useful perspective for the types
of HT evaluated. It is recognized to be limited by not
being able to fully explore all aspects of “predictivity” of
HT (see Fig. 1).

No restrictions were placed on the time period from
which qualifying data sets could be submitted. Indeed,
the inclusive years of data collection for the full data-
base are unknown. Factors influencing the individual
data submissions include the refinement of protocols in
recent years, unavailability of certain types of data and
endpoints from earlier studies, and the development of
GLP protocols which might impact data quality. Other
than limiting the availability of certain types of infor-
mation such as data on metabolites and toxicokinetics,
it is unknown whether the unevenness of study designs
over time might have other influences on the outcome
of the database analysis.

A significant message from this survey is that the
two HTs with the poorest correlation with animal stud-
ies (liver and hypersensitivity/cutaneous reactions)
were also the two HTs that led most often to termina-
tion of clinical development. This highlights the need
for progress in these two areas. The way forward must
surely be to increase investigations of mechanism; each
occurrence of any unpredicted HT (not just liver or
skin) should be followed by investigation of the mech-
anism involved which, in turn, should lead to a search
for a nonclinical predictive model.

The results of this survey and the workshop break-
out group discussions have identified several key find-
ings and have also revealed several areas for additional
evaluation to pursue in a future project. The main
finding of this study is the true positive concordance
rate of over 71% for comparable target organs in ani-
mal toxicity studies for identified HTs. In addition the
survey supports the utility and relevance of studies of
up to 1 month in duration with target organ toxicity
alerts seen in over 90% of cases. Prior to ICH recom-
mendations on parity of preclinical versus clinical dos-
ing duration, many companies performed 1-month
studies before entry into Phase I.
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TABLE 6
Distribution of Therapeutic Classes (%)
World scene
In development Marketed
This database Dec. 1997° 1989-1998°
Anticancer 9 16 8
Anti-infective 14 9 16
Cardiovascular 11 15 21
Endocrine 7 10 8
Gastrointestinal 6 3 3
Immunological 1 7° 13°
Neurological 21 24 16
Respiratory 9 6 4
Other 22 9 11

# Source: Ashton et al. (1998) (data from 42 companies).
® From CMR (1999).
¢ Includes anti-inflammatory therapies.

Since 39% of the HTs described in this study were
first observed in short-term duration Phase | clinical
studies, including 28% seen following single-dose ad-
ministration to man, it may be important for a future
survey to determine the exposure ratio (duration and
therapeutic index) between animal study findings and
HT occurrence. This may help to explain why com-
pounds were progressed in the clinic despite preclinical
evidence of potential toxicity. Additionally, in a future
prospective survey it would be useful to identify the
duration of animal studies required to identify all HTs
of a specific type and especially the time to onset of
those HTs observed in Phase Il and 111 clinical trials.
Of course there remains important value to the conduct
of longer duration preclinical studies including
changes in NOELs over time, progression of target
organ toxicities with chronic administration, and eval-
uation of processes leading to carcinogenesis. These
aspects were not covered in the current survey.

A remaining need, and shortcoming of this sur-
vey—as pointed out in the Introduction—is that the
design did not include “false positive” and “true nega-
tive” outcomes to determine the discriminating value of
prospective preclinical toxicity biomarker signals to
predict HTs. A more complete evaluation of this pre-
dictivity aspect will be an important part of a future
prospective survey.

A question raised at the Workshop concerned to what
extent this database was representative of the range of
drug types under development and marketed worldwide.
If it were not, caution would be called for in drawing
general conclusions about the reliability of animal mod-
els. A comparison of the distribution of therapeutic
classes in the present database with that of drugs in
development and marketed in recent years is shown in
Table 6. This shows that relative to drugs in develop-
ment, the HESI database is somewhat overrepresented
by anti-infective agents and underrepresented by anti-

cancer agents; in comparison with marketed drugs, there
is some overrepresentation of neurologic and respiratory
classes and some underrepresentation of cardiovascular
and immunological classes. Although unlikely, it cannot
be excluded that this may be due, in part, to the varied
vintage of the compounds submitted. None of the discrep-
ancies would be sufficient to seriously distort the overall
conclusions of this survey.

The Workshop concluded that the project had been of
real value in bringing together scientists from the
pharmaceutical industry, academia, and government
regulatory agencies to discuss the strengths and weak-
nesses of the current nonclinical toxicology strategies.
It was agreed that it was desirable that the project
should proceed to a second phase, essentially to
broaden and extend the present database to ideally add
measures of true negative and false positive rates for
preclinical toxicology. Lessons learned in this first
phase, discussed above in response to Q.1, would be
applied to make the next data collection more informa-
tive and open to additional questioning. Additionally,
in a future exercise one would be assured that the data
submitted were representative of current pharmaceu-
tical research activity. Other companies wishing to
participate are invited to contact Karluss Thomas, one
of the authors of this paper.

ACKNOWLEDGMENTS

We recognize the contributions of the cochairs of the six breakout
groups to the HESI Workshop in providing organization and leadership
at the workshop sessions. They are Dr. Louis Cantilena, Armed Forces
Institute of Pathology; Dr. Gabre-Mariam Mesfin, Pharmacia & Up-
john; Dr. Ralph Heywood, Independent Consultant; Dr. Fred Radzia-
lowski, Monsanto/Searle Laboratories; Dr. Anthony Dayan, University
of London; Dr. Nasir Khan, Monsanto/Searle Laboratories; Dr. Neal
Shear, Sunnybrook Health Science Center; Dr. Joseph Vos, National
Institute of Public Health and the Environment (The Netherlands); Dr.
Francois Ballet, Rhone Poulenc Rorer; Dr. Paul Watkins, University of
Michigan Medical School; Dr. Marc Bonnefoi, Rhone-Poulenc Rorer;
and Dr. Pamela Cyrus, Bayer Corporation. Summary reports of each
breakout session topic are available upon request from Karluss Thomas
(HESI). Acknowledgments are also extended to the management of all
sponsor companies for providing input into the database used in this
survey. Participating companies included Abbott Laboratories, Bayer
Corporation, Boehringer-Ingelheim Pharmaceuticals Inc., Eli Lilly &
Company, Janssen Research Foundation, Monsanto/Searle Laborato-
ries, Novartis Pharmaceutical Corporation, Pfizer Pharmaceuticals,
Pharmacia & Upjohn Inc., Rhone-Poulenc Rorer Inc., Sanofi Pharma-
ceuticals Inc., and Zeneca Pharmaceuticals. Additionally, acknowledg-
ments also are extended to all HESI Workshop participants for provid-
ing input and critique of the database and the survey instrument, to
improve the planned Phase 2 survey.

REFERENCES

Ashton, G. A., Lobo, L. I., Griffiths, S. A., and McAuslane, N. (1998).
Activities of the international pharmaceutical industry in 1997:
Pharmaceutical investment and output. Centre Med. Res. CMR
98-104R.

Brimblecombe, R. (1990). The importance of retrospective compari-
sons. In CMR Workshop—Animal Toxicity Studies: Their Rele-





PHARMACEUTICAL TOXICITY IN HUMANS AND ANIMALS 67

vance for Man (C. E. Lumley and S. W. Walker, Eds.), pp. 15-19.
Quay, Lancaster, UK.

Calabrese, E. J. (1984). Suitability of animal models for predictive
toxicology: Theoretical and practical considerations. Drug Metab.
Rev. 15, 505-523.

Calabrese, E. J. (1987). Principles of Animal Extrapolation. Wiley,
New York.

CMR (1999). CMR News, Vol. 17. Centre for Medicines Research
International, Epsom, Surrey, UK.

Fletcher, A. P. (1987). Drug safety tests and subsequent clinical
experience. J. R. Soc. Med. 71, 693—-696.

Garratini, S. (1985). Toxic effects of chemicals: difficulties in extrap-
olating data from animals to man. Annu. Rev. Toxicol. Pharmacol.
16, 1-29.

Heywoood, R. (1990). Clinical toxicity—Could it have been predicted?
Post-marketing experience. In Animal Toxicity Studies: Their Rel-
evance for Man (C. E. Lumley and S. W. Walker, Eds.), pp. 57-67.
Quay, Lancaster, UK.

lgarashi, T. (1994). The duration of toxicity studies required to
support repeated dosing in clinical investigation—A toxicolo-
gists opinion. In CMR Workshop: The Timing of Toxicological
Studies to Support Clinical Trials (C. Parkinson, N. McAuslane,
C. Lumley, and S. R. Walker, Eds.), pp. 67-74. Kluwer, Boston/
UK.

lgarashi,T., Nakane, S., and Kitagawa, T. (1995). Predictability of
clinical adverse reactions of drugs by general pharmacology stud-
ies. J. Toxicol. Sci. 20, 77-92.

Jorkasky, D. K. (1998). What does the clinician want to know from
the toxicologist? Toxicol. Lett. 102-103, 539-543.

JPMA (1994). Seiyakukyo data No. 65. Translation of a report from
the Japanese Pharmaceutical Manufacturers Association, pro-
vided by Dr. T. lgarashi.

Lawrence, D. R., McLean, A. E. M., and Weatheral, M. (1984). Safety
Testing of New Drugs. Academic Press, New York.

Litchfield, J. T. (1962). Evaluation of the safety of new drugs by
means of tests in animals. Clin. Pharmacol. Ther. 3, 665-672.
Lumley, C. (1990). Clinical toxicity: Could it have been prevented?

Premarketing experience. In CMR Workshop—Animal Toxicity

Studies: Their Relevance for Man (C. E. Lumley, and S. W. Walker,
Eds.), pp. 49-56. Quay, Lancaster, UK.

Lumley. C. E., and Walker, S. R. (Eds.) (1990). CMR Workshop—
Animal Toxicity Studies: Their Relevance for Man. Quay, Lan-
caster, UK.

McLean, A. (1990). In CMR Workshop—Animal Toxicity Studies:
Their Relevance for Man (C. E. Lumley and S. W. Walker, Eds.),
pp. 79-82. Quay, Lancaster, UK.

National Technical Information Service (1999). COSTART: Coding
symbols for Thesaurus of Adverse Reaction Items, Version 5. Na-
tional Technical Information Service, Springfield, VA.

Olson, H., Betton, G., Stritar, J., and Robinson, D. (1998). The predic-
tivity of the toxicity of pharmaceuticals in humans from animal
data—An interim assessment. Toxicol. Lett. 102-103, 535-538.

Oser. B. L. (1981). The rat as a model for human toxicological
evaluation. J. Toxicol. Environ. Health 8, 521-642.

Owens, A. H. (1962). Predicting anticancer drug effects in man from
laboratory animal studies. J. Chron. Dis. 15, 223-228.

Parkinson, C., McAuslane, N., Lumley, C., and Walker, S. R. (Eds.)
(1994). CMR Workshop: The Timing of Toxicological Studies to
Support Clinical Trials. Kluwer, Boston/UK.

Prentis, R. A., et al. (1988). Pharmaceutical innovation by the seven
UK-owned pharmaceutical companies. Br. J. Clin. Pharmacol. 25,
387-396.

Rozencweig, M., et al. (1981). Animal toxicology for early clinical
trials with anticancer agents. Cancer Clin. Trials 4, 21-28.

Schein, et al. (1970). The evaluation of anticancer drugs in dogs and
monkeys for the prediction of qualitative toxicities in man. Clin.
Pharmacol. Ther. 11, 3—40.

Spriet-Pourra, C., and Auriche, M. (Eds.) (1994). SCRIP Reports.
PJB, New York.

Williams, P. D. (1990). The role of pharmacological profiling in safety
assessment. Regul. Toxicol. Pharmacol. 12, 238-252.

Zbinden, G. (1991). Predictive value of animal studies in toxicology.
Regul. Tox. Pharm. 14, 167-177.

Zbinden, G. (1993). The concept of multi-species testing in industrial
toxicology. Regul. Toxicol. Pharmacol. 17, 85-94.





		INTRODUCTION

		TABLE 1



		APPROACH TO DATA COLLECTION AND METHODS OF ANALYSIS

		FIG. 1



		RESULTS (PART 1)

		TABLE 2

		TABLE 3

		TABLE 4

		FIG. 2

		FIG. 3

		FIG. 4

		FIG. 5

		TABLE 5



		RESULTS (PART 2)

		FIG. 6

		FIG. 7

		FIG. 8



		DISCUSSION

		TABLE 6



		ACKNOWLEDGMENTS

		REFERENCES



mailto:Piper.Hunt@fda.hhs.gov

Toxicol, 2009. 47(4): p. 722-8.
User Confirmation Number: 13326





