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Introduction
The use of traditional animal models and 
assays to assess the potential human and 
ecological hazards and risks posed by tens 
of thousands of chemicals that are currently 
being evaluated both in Europe and the 
United States would be prohibitively costly 
and time consuming, and vastly increase the 
number of testing animals needed (Rovida 
and Hartung 2009). As a result, toxicology 
has shifted from standard empirical testing 
to a pathwaybased vision relying on in vitro 
systems and predictive models [National 
Research Council (NRC) 2007]. Although 
the challenges differ, a pathwaybased 
vision is equally applicable to ecotoxicology 
(Villeneuve and GarciaReyero 2010).

As regulatory toxicology increases its reli
ance on predictive approaches, the historical 
distinction between human and ecological 
toxicology is increasingly blurred. These disci
plines should no longer be defined by the ani
mal models they employ. Greater emphasis 
should be placed on understanding chemical 
perturbation(s) of pathways at key junctures, 
including activation or inactivation of specific 

receptors, enzymes, or transport proteins 
(molecular initiating events) that in many 
instances are conserved across species.

Our increasing knowledge of pathway con
servation facilitates the use of non traditional 
species as toxicological models. Extrapolation 
across species, and selection of testing organ
isms, can be improved by focusing on the simi
larity (or lack thereof) of biological pathways 
among species, as opposed to direct compari
sons of apical responses alone via species sen
sitivity distributions. Fundamental pathways 
underlying development (Adamska et al. 2007; 
Martindale 2005; Vallee et al. 2008), repro
duction (Ankley and Johnson 2004), and stress 
response (Simmons et al. 2009) are highly 
conserved in meta zoans. Non mammalian 
models such as zebrafish have been found to 
possess orthologs for 62% of all human genes 
(Howe et al. 2013). Species as phylogenetically 
remote as Drosophila possess pathways impor
tant in human disease and development such 
as, for example, the lateral inhibition path
way involved in lung cancer and sleep regula
tion (Chen et al. 1997; Foltenyi et al. 2007). 
Numerous studies have identified conserved 

pathways for diseases in non mammalian verte
brates and invertebrates, further supporting the 
use of alternative models for toxicity testing 
(Embry et al. 2010; Hill 2005). Although cau
tion is still needed in extrapolation, the simi
larities between humans and non traditional 
species provide great potential for improving 
efficiencies in hazard assessments.

Embryos offer alternatives to in vivo testing 
with adult animals, but embryos may not have 
a complete organ system (e.g., reproductive) 
or metabolic capacity (Embry et al. 2010). 
Nevertheless, transcriptional analysis of zebra
fish embryos exposed to ethinylestradiol or 
genistein have detected alterations to genes 
and pathways involved in estradiol response, 
steroid biosynthesis, and neurodevelopment, 
demonstrating that the developing embryo has 
potential in screening for endocrinedisrupting 
chemicals that affect reproduction (Schiller 
et al. 2013; Vosges et al. 2010). Zebrafish 
embryos can also be predictive of in vivo 
chemical effects in both adult fish and rats, 
depending on the pathway involved. Knöbel 
et al. (2012) found that chemical toxicity to 
zebrafish embryos was predictive of acute tox
icity in adult fish, with the possible exception 
of chemicals requiring metabolic activation. 
Enough pathway conserva tion is present in 
24 hr post fertilized zebrafish embryos that the 
toxicity of 60 chemicals was well correlated to 
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toxicity in rats (Ali et al. 2011). This correla
tion was also dependent on the chemical class 
examined where carboxylic acids, glycosides, 
and alkaloids were more toxic to zebra fish, 
whereas alcohols were more toxic to rats than 
zebrafish. Zebrafish embryos also have com
plete pathways for thyroid hormone synthesis 
(Thienpont et al. 2011), heart development 
and more (Hill 2005). While it remains to 
be shown that embryo tests are fully predic
tive of effects in other species, evidence to date 
supports the view that fish embryos can be 
protective of both adult alternative species and 
mammals when used in a pathway context.

Here we postulate that, using a pathway
based hazard assessment approach, data from 
multiple species and nonanimal alternative 
models are equally valuable for both ecological 
and human health hazard assessment. Using the 
adverse outcome pathway (AOP) framework 
(Ankley et al. 2010), we provide examples of 
how data from humanfocused assays can be 
useful in identifying key initiators and predict
ing effects in non mammalian species. Likewise, 
we describe how alternative models can be 
predictive of effects of human health concern 
(e.g., endocrine disruption) and link chemicals 
to toxicity pathways, or modes of action, in 
both mammals and ecological species. Finally, 
we demonstrate how dosedependent effects 
in alternative models can be translated using 
a pathwaybased measure to chemical hazard 
levels that are similar to those generated using 
mammalian species in chronic tests. These 
examples highlight the scientifically credible 
foundation that supports the predictive applica
tion and/or extrapolation of pathwaybased 
toxicological data across species.

Use of Alternative Species 
and in Vitro Assays in an AOP 
Framework
A mechanistic understanding of the effects of 
pathway perturbation is required to accurately 
relate chemical impacts across species. Adverse 
outcome pathways provide a framework that 
organizes mechanistic and/or predictive rela
tionships between initial chemical– biological 
interactions (i.e., molecular initiating events, 
or MIEs), pathways, and adverse phenotypic 
outcomes relevant to hazard assessment. Using 
an AOP framework allows the use of alter
native models by informing extrapolation of 
chemical impacts across species.

Extrapolation across species may occur at 
several different levels once an AOP, or even 
elements of one, has been defined. The simplest 
is at the molecular initiating event level where 
sequences or structures of proteins can be com
pared. More complex extrapolations occur at a 
pathway level, from molecular initiating event 
to adverse outcome including the sequence of 
events and the dose or threshold concentra
tions required to activate these events. Pathways 

can be explored either as discrete pathways or 
as networks using crossspecies comparative 
genomics. [For a brief review, see Burgess
Herbert and Euling (2011).] Ultimately, the 
most realistic approach is to translate effects 
through systemslevel models where dynamic 
events are incorporated, such as chemical con
centrations, homeostasis, effects over time, and 
speciesspecific parameters related to absorp
tion, distribution,  metabolism, and excretion.

Extrapolation at the molecular initiating 
event level facilitates prediction of potential 
adverse effects. Crossspecies comparisons 
focused on conserved events permit anchoring 
an AOP in a non mammalian species to those 
relevant to rodents or humans through the 
identification of common biological machin
ery, under the assumption that evolutionarily 
conserved proteins may have conserved func
tions. Identification of a protein ortholog for 
a known chemical molecular target can be 
used to infer possible effects, especially where 
an AOP exists. Numerous human drug tar
gets are conserved across ecologically rele
vant verte brate and non vertebrate species 
(Gunnarsson et al. 2008; Huggett et al. 2003; 
Kostich and Lazorchak 2008). Assigning func
tions via sequence similarity should be done 
with caution because genome duplication in 
species such as zebrafish has resulted in multi
ple orthologs for 15% of human genes (Howe 
et al. 2013). Duplicated genes are generally 
free to evolve and acquire new functions, 
which can confuse functional attribution by 
sequence similarity.

Recent concerns regarding the poten
tial of pharmaceuticals to harm non target 
aquatic organisms illustrate how extrapola
tion of humanfocused data can be used to 

infer potential ecological effects for prioritiz
ing pharmaceutical chemicals/classes for haz
ard assessment purposes (Boxall et al. 2012; 
Schreiber et al. 2011; Tarazona et al. 2007). 
For example, although the estrogen receptor 
(ER) is well conserved across vertebrate spe
cies (Baker 2011), a functional ortholog has 
not been found in invertebrate species (Baker 
et al. 2008; Thomson et al. 2009). Therefore, 
chemicals that bind to the ER should affect 
vertebrates more than invertebrates, regardless 
of dose—a prediction confirmed in compara
tive studies (Goto and Hiromi 2003; Jukosky 
et al. 2008; Santos et al. 2007).

Using humanfocused molecular initiat
ing event assays to predict higherlevel effects 
across species. Most, if not all high through
put screening (HTS) programs designed 
to assess the toxicity or biological effects of 
chemicals are centered on molecular initiating 
events known to be relevant to human health 
(Collins et al. 2008). Where these events are 
conserved across species, the HTS data could 
be relevant to ecological hazard assessment 
(Kavlock et al. 2012). This is demonstrated 
by examination of 309 chemicals tested in 
the U.S. Environmental Protection Agency 
(EPA) ToxCast™ phase I project (Knudsen 
et al. 2011) and of 40 chemicals for which 
fathead minnow 21day shortterm repro
duction assay data have been reported in 
the peerreviewed literature. Both HTS and 
fathead minnow reproduction data exist for 
nine chemicals [atrazine, bisphenol A (BPA), 
fenarimol, fipronil, methoxychlor, prochloraz, 
propiconazole, prometon, and vinclozolin; 
Table 1]. In general, significant responses 
in HTS assays for each of the nine chemi
cals (Knudsen et al. 2011; see Supplemental 

Table 1. Extrapolation of MIEs predicts adverse outcomes in other species: Comparison of human in vitro 
screening of nine chemicals for potential MIEs related reproductive toxicity (ToxCast™ MIE) to in vivo 
effects of the same chemicals on reproductive end points in female fathead minnows.

ToxCast In vivo, female fathead minnows

MIE linked to reproductive 
toxicity in fisha Plasma E2 Plasma Vtg

Cumulative 
fecundity

Prochlorazb Inhibition of CYP19A1 and 
AR binding

Sig ↓, 0.3 mg/L Sig ↓, 0.1 mg/L Sig ↓, 0.1 mg/L

Propiconazolec Inhibition of CYP19A1 Sig ↓, 0.5 mg/L Sig ↓, 0.5 mg/L Sig ↓, 0.5 mg/L
Bisphenol Ad Interacted with ER and 

also with the AR at 
higher concentrations

Sig ↓, 10 μg/L Sig ↓, 10 μg/L

Fenarimolb None Sig ↓, 1.0 mg/L Sig ↓, 1.0 mg/L Sig ↓, 1.0 mg/L
Vinclozoline None No effect Sig ↓, 0.4 mg/L Sig ↓, 0.1 mg/L
Fipronilf None No effect (≤ 1 mg/L) No effect (≤ 1 mg/L) No effect (≤ 1 mg/L)
Prometong None No effect (≤ 5 μg/L) No effect (≤ 5 μg/L) No effect (≤ 5 μg/L)
Methoxychlorh None No effect (≤ 5 μg/L) No effect (≤ 5 μg/L) Sig ↓, 5 μg/L
Atrazinei,j None No effect (≤ 50 μg/L)j No effect (≤ 50 μg/L)j Sig ↓, 0.5 μg/Li 

No effect (≤ 50 μg/L)

Abbreviations: E2, estradiol; MIE, molecular initiating event; sig ↓, significantly decreased; Vtg, vitellogenin.
aIndicates whether activity was observed in one or more ToxCast assays (Knudsen et al. 2011) corresponding to 
molecular initiating events previously associated with reproductive toxicity in fish (Ankley et al. 2010). Specific MIEs of 
interest included androgen receptor (AR) agonism, estrogen receptor (ER) antagonism, and inhibition of steroidogenic 
enzyme activities, particularly aromatase (CYP19A1). bAll effects are after 21 days of continuous exposure. See 
Ankley et al. (2005). cFrom a 96-hr range finding study, all other data are from a 21-day exposure (Skolness et al. 
2013). dMeasured after 96 hr continuous exposure (Villeneuve et al. 2012). eMartinović et al. 2008. fBencic et al. 2013. 
gVilleneuve et al. 2006. hAnkley et al. 2001. iTillitt et al. 2010. jBringolf et al. 2004.
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Material, Figures S1–S9) were predictive of 
the response in the fathead minnow (Table 1) 
when the HTS assays were relevant to estab
lished AOPs involving fish reproduction 
(Ankley et al. 2010).

Reproductive effects of BPA in female 
fish were consistent with the ER interactions 
identified in HTS assays, (Table 1; see also 
Supplemental Material, Figure S1). Likewise, 
the two chemicals identified as aromatase 
(CYP191A) inhibitors (prochloraz and propi
conazole; see Supplemental Material, Figures 
S2 and S3) caused reproductive and endo
crine effects in the fathead minnow (Table 1) 
consistent with aromatase inhibition. This 
was true even when multiple molecular tar
gets, including many with lower AC50 (half
maximal activity concentration) values than 
those related to reproduction, were affected 
(see Supplemental Material, Figures S1– S9), 
indicating that the most sensitive assay 

may not be driving the toxicity outcome. 
Interestingly, the three chemicals that had 
either no impact (fipronil and prometon; 
Table 1) or inconsistent impacts on reproduc
tion (atrazine; Table 1) had the least activity 
in HTS assays (see Supplemental Material, 
Figures S4–S6). No ER activity was detected 
in HTS with methoxychlor, a chemical for 
which metabolites of the parent chemical are 
thought to be largely responsible for its endo
crine activities (Bulger et al. 1978; see also 
Supplemental Material, Figure S7). However, 
an interaction with the androgen receptor 
(AR) was one of the few activities detected 
for vinclozolin, another chemical with endo
crineactive metabolites (Kelce et al. 1994; 
see Supplemental Material, Figure S8). For 
only one of the nine chemicals (fenarimol) 
was there an apparent disagreement between 
the HTS results and fish reproduction results 
that was not readily explainable. In vivo results 

suggested ER antagonism as a mode of action 
(Ankley et al. 2005) (Table 1). However, 
HTS results did not identify interactions with 
the ER as a likely event (see Supplemental 
Material, Figure S9). The reason for the dis
crepancy remains unclear but raises the pos
sibility that the hypothesized in vivo mode of 
action may be inaccurate.

Clearly, human or mammalfocused HTS 
assays targeting conserved molecular initiating 
events can be useful in predicting potential 
higherlevel effects in other species. The fail
ure to identify a relevant molecular initiating 
event for methoxychlor in HTS assays dem
onstrates the current limitations of in vitro 
screening in predicting in vivo activities of 
chemicals that are metabolically activated. 
Nonetheless, currently available data sup
ports the application of mammalian molecular 
screening data to assessing chemical hazards 
for a range of non mammalian species, pro
vided that relevant toxicity pathways are rea
sonably conserved and understood. Data on 
the binding kinetics of chemicals to receptors 
from multiple species, in addition to toxico
kinetic and toxico dynamic information, will 
be necessary to begin quantitatively predicting 
effects across species using HTS data.

Pathway conservation also enables assess
ment of toxicity in alternative species based 
on mammalian AOP models. Where ortholo
gous pathways occur, pathwaybased data 
can often be extended well beyond the phylo
genetic group from which it was derived. For 
example, hexahydro1,3,5trinitro1,3,5trizine 
(RDX) causes seizures and other indicators of 
neurotoxicity in species as varied as human, 
rat, quail, and earthworm (GarciaReyero 
et al. 2011) (Figure 1). Williams et al. (2010) 
screened for RDX binding to different neuro
logical receptors and found that RDX binds 
to the picrotoxin binding site in the chlo
ride channel of the γaminobutyric acid A 
(GABAA) receptor, an interaction associated 
with the onset of seizures in rats. The picro
toxin binding site in the GABAA receptor is 
highly conserved from humans to earthworms, 
indicating that binding the GABAA receptor is 
a likely molecular initiating event in multiple 
species (GarciaReyero et al. 2011) (Figure 1). 
Given the conserved role of GABAergic sig
naling, results of assays assessing impacts on 
this pathway are likely to be informative of 
potential effects across a similarly broad range 
of species and can provide a reasonable basis 
for extrapolating mammalian health data to 
other species.

Pathway conservation enables prediction 
of potential endocrine activity across species. 
The hypothalamus–pituitary–gonad (HPG) 
axis is one example of a system highly con
served across vertebrates (Norris 2007). 
Conservation of molecular initiating events 
across species should enable non mammalian 

Figure 1. Cross-species similarity of GABAA receptor (GABAAR) and RDX toxicity in an AOP framework. 
(A) Schematic of pathway. (B) Schematic view of a GABAAR heteropentamer with the channel in the center 
formed of two copies of an α subunit (α1–α6), two copies of a β subunit (β1, β2, or β3), and a third subunit 
of γ or δ protein (adapted from Olsen 2006). (C) Cytoplasmic end of the transmembrane channel for two β-3 
subunits, indicated by closed circles in (B) in GABAAR, showing the residues that form the binding site for 
picrotoxin (PTX) and RDX [closed circles in (C): residues numbered 1’–23’ from the N-terminal bottom; open 
circles represent residues that are not part of the binding site]. (D) Sequence alignment of the PTX/RDX 
binding site for several species: Danio rerio, Tetraodon nigroviridis, Homo sapiens, Pan troglodytes, Rattus 
norvegicus, Mus musculus, Gallus gallus, Xenopus tropicalis, Anolis carolinensis, Anopheles gambiae, 
Daphnia pulex, and Caenorhabditis elegans.
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vertebrate models to be used in determining 
the potential for chemicals to interact with the 
HPG axis in any vertebrate species (including 
humans), despite the fact that actual apical 
responses associated with endocrine disruption 
may differ across species.

Direct consideration of this hypothesis 
can be done using data from the U.S. EPA 
Endocrine Disruptor Screening Program 
(EDSP), which uses multiple in vivo tests with 
rats and fish as screening tests (Tier 1) to iden
tify substances with the potential to interact 
with the estrogen, androgen, or thyroid hor
mone system which are then characterized 
in depth using Tier 2 in vivo assays (Marty 
et al. 2011). The rat tests include a) the 3day 
uterotrophic assay, which detects ER agonists 
through increases in uterine weight; b) the 
10day Hershberger assay, which detects AR 
agonists or antagonists through changes in 
weights of several androgenresponsive tis
sues; and c) two pubertal assays with males 
and females, 20–30 days in length, which 
detect impacts on ER and ARmediated 
responses, including sex steroid synthesis. 
The EDSP Tier 1 fish test is a 21day fathead 
minnow reproduction assay featuring a range 
of biochemical, histological, and apical end 
points that capture chemical effects on mul
tiple HPG pathways, including activation and 
antagonism of ERs and ARsas well as inhi
bition of sex steroid synthesis (Ankley et al. 
2001). Because fecundity is a general indicator 
of reproduction, the fish assay can detect a 
broader range of chemical effects including 
those acting via non endocrine mechanisms.

Ankley and Gray (2013) examined results 
from method validation studies with 12 model 
endocrineactive chemicals, which act via 
several different molecular initiating events, 
that were tested both in the fathead minnow 
and one or more of the rat EDSP assays; they 
confirmed that effects on a highly conserved 
toxicological pathway in one species are pre
dictive of effects in the other species (Table 2). 

For example, both species were responsive to 
ethinylestradiol and methoxychlor, which are 
known to activate ERmediated pathways, 
although estrogenic activity in fish was mani
fested as induction of vitellogenin and in rats 
as changes to relative weights of estrogen
responsive tissues (uterotrophic and female 
pubertal assays). Responses of the fish and 
female rat EDSP tests to a third weak ER ago
nist (BPA) were more variable, demonstrat
ing a lesser effect in the rats that was likely 
due to firstpass hepatic metabolism associated 
with oral dosing and highlighting the fact that 
metabolism and route of exposure need to be 
considered in crossspecies extrapolation, in 
addition to pathway conservation.

Similar results were seen in rodent and 
fish assays for AR agonists and antagonists 
[methyltestosterone, 17βtrenbolone, 
1,1dichloro2,2bis(pchlorophenyl) ethyl
ene (p,p´DDE), flutamide, and vinclozolin; 
Table 2]. That is, although the apical end 
points that were affected differed, changes 
in the end points in the two species reflected 
the conserved molecular initiating event. 
Chemicals inhibiting sex steroid synthesis 
(ketoconazole, fadrozole, and prochloraz) were 
also consistently detected in both the fish assay 
and one or more rat assays (Table 2). A fourth 
sex steroid synthesis inhibitor (fenarimol) was 
detected in the fish assay but not with in vivo 
rat assays (Table 2). Although not detected 
with in vivo tests, fenarimol has been identi
fied as a sex steroid synthesis inhibitor using 
the mammalbased H295R in vitro assay 
(Villeneuve et al. 2007). In the context of 
the 12 model chemicals examined, the fat
head minnow assays were essentially predic
tive of pathwayspecific responses in the four 
rodent assays. The Tier 1 tests were focused 
on sensitively detecting the potential to cause 
effects, rather than accurate quantification 
of hazard thresholds. Therefore, the ability 
of non mammalian models to quantitatively 
predict hazard effects in mammals requires 

further examination and development. This 
analysis demonstrates that apical effects 
can be predicted across species if conserved 
molecular initiating event and pathways exist 
and, as such, supports hazard screening and 
assessment for HPGactive chemicals appli
cable both to mammalian and non mammalian 
(verte brate) species.

Pathway conservation enables effec
tive resource use in prediction of thyroid and 
develop mental effects on both mammalian and 
non mammalian species. Pathways asso ciated 
with the hypothalamic–pituitary– thyroidal 
(HPT) axis are common and important fea
tures of embryonic development and meta
bolic control in all vertebrate species (Paris 
and Laudet 2008). Early development in ver
tebrates is typically characterized by transient 
elevations of thyroid hormone (TH) that elicit 
speciesspecific physiological and morpho
genetic responses with lasting develop mental 
consequences as seen in the metamorphosis of 
freeswimming tadpoles into juveniles (Dodd 
1976; Leloup and Buscaglia 1977), reorgani
zation of the flatfish body (Power et al. 2001), 
and a THdependent shift in physiology in 
salmonids during migration (Dickhoff et al. 
1978). Further, vertebrate postembryonic 
neurodevelopment is THdependent in that 
deviations from normal TH concentrations 
can result in neurological defects and deficits 
(Zoeller and Rovet 2004). As a result, chemi
cal disruption of THdependent pathways 
in vertebrates can have significant adverse 
impacts (Zoeller 2007).

Disruption of TH activity can result from 
several established events (Crofton 2008; 
Figure 2). Of these, thyroid peroxidase and 
sodium iodide symporter are key proteins in 
the metabolic pathway of TH. Both thyroid 
peroxidase and sodium iodide symporters 
from numerous species are inhibited by the 
same chemicals resulting in readily predict
able reductions in circulating TH, though 
downstream effects may be species specific. 
Other molecular initiating events affecting TH 
activity (i.e., enhanced phase II metabolism 
of THs via glucuronosyl or sulfo transferases, 
enhanced cellular transport of thyroid hor
mone, deiodinase inhibition, and interference 
with thyroid receptor function) are found pri
marily in peripheral tissues where chemical 
effects and subsequent consequences are highly 
variable among species, as is the effectiveness of 
crossspecies extrapolation using these mecha
nisms. For example, these other events can 
lead to thyroid hypertrophy, hyperplasia, and 
thyroid follicular tumors in rats, which are 
not relevant to the mode of action of concern 
for humans (Capen 1997; Hill et al. 1998) 
(Figure 2, pathway 1). Conversely, in frogs, 
these same events can lead to decreased serum 
TH, decreased tissue TH, decreased tissue 
mRNA and protein synthesis, and disruption 

Table 2. Conservation of endocrine-active chemicals effects in rats and fish (fathead minnow). 

Pathway Chemical

Assay

Rat 
uterotrophic

Rat 
Hershberger

Rat pubertal 
female

Rat pubertal 
male

Fathead 
minnow

Estrogen agonist 17α-Ethynylestradiol + NT + NT +
Methoxychlor + – + –/+ +
Bisphenol A + – – NT +

Androgen agonist Methyltestosterone + + NT + +
17β-Trenbolone NT + NT NT +

Androgen antagonist Flutamide NT + NT + +
Vinclozolin NT + NT + +
p, p´-DDE – + NT + +

Steroidogenesis Ketoconazole NT NT + + +
Fadrozole NT NT + NT +
Fenarimol NT NT – NT +
Prochloraz + NT NT + +

Abbreviations: NT, not tested. +, positive result. –, negative result. An overview of comparative responses of the various 
U.S. EPA Endocrine Disruptor Screening Program Tier 1 in vivo assays to chemicals representing different pathways 
within the vertebrate HPG axis. Modified from Ankley and Grey (2013).
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of development [which is relevant to the mode 
of action of concern for humans (Degitz et al. 
2005) (Figure 2, pathway 2)].

Rodent studies have long been a standard 
way to assess the impact of chemicals on thy
roid function (Capen 1997). Alternative spe
cies are useful in evaluating the risks, both to 
humans and other vertebrates, associated with 
chemicals that perturb the HPT axis. The 
African clawed frog, Xenopus laevis, is a well
documented developmental and physiologi
cal model used to assess thyroid disruption 
(Degitz et al. 2005; Miyata and Ose 2012; 
Pickford 2010). A comparison of amphibian 
and mammalian models for detecting thyroid 
disruption found good concordance in that 
both detected the majority of 32 environmen
tal chemicals (Pickford 2010). An advantage 
of the assays using X. laevis, when compared 
with mammals, is that effects on thyroid dis
ruption can be observed via distinct, relatively 
specific changes in development (i.e., meta
morphosis) as opposed to the more subtle 
changes in humans and other mammals, such 
as behavioral and neural developmental effects 
requiring extensive resources to assess (Grim 
et al. 2009; Nieuwkoop and Faber 1994). An 
additional advantage of the amphibian model 
is that there is no serum protein sink/buffer to 
bind TH as is found in rodents to complicate 
the toxicokinetics of TH responses.

Like other vertebrates, X. laevis responds 
to low levels of TH by release of thyroid 
stimulating hormone (TSH) from the pitui
tary to upregulate TH synthesis and release 
by the thyroid gland through a negative feed
back loop. Adverse outcomes occur when 
the degree of inhibition of TH synthesis and 
release exceeds the ability of the feedback loop 
to maintain TH levels. As a result, serum TH 
levels are a reliable predictor of HPT axis dis
ruption across species. Methods to measure 
circulating TSH in X. laevis have been recently 
developed and successfully applied in a toxico
logical context (Korte et al. 2011; Tietge et al. 
2012). Zebrafish embryos have also been used 
to directly quantify thyroid disruption effects 
through immunodetection of TH levels in 
intrafollicular cells (Thienpont et al. 2011). 
Receptor function can be examined in vivo 
through use of transgenic X. laevis thyroid 
receptoractivated promoter reporter systems 
(Terrien et al. 2011). These alternative species 
models clearly provide data relevant to both 
human and ecological risk assessment when 
analyzed in a pathway context, yet allowing 
refinement for followon studies if needed 
(Figure 2).

Use of alternative species as models to 
define and refine adverse effects of chemicals. 
Alternative species provide models that can 
be manipulated to assess effects on subtle 

outcomes such as motor and sensory behav
iors and cognitive function (Levin and 
Tanguay 2011; MacPhail et al. 2009), vali
date in vivo predictions and provide useful 
in vivo data for human health hazard assess
ment. Alternative models are especially use
ful in understanding the specific mechanisms 
and pathways through which chemicals cause 
toxicity to mammals, thereby reducing and 
refining the use of mammalian models. For 
example, thalido mide has been identified as 
a prenatal developmental toxicant and vascu
lar disrupting compound based on potential 
molecular initiating events identified through 
HTS results (Kleinstreuer et al. 2011; Sipes 
et al. 2011). Although thalidomide is a well 
known developmental toxicant and terato
gen in humans, in vitro studies in zebrafish 
embryos have helped define that it causes limb 
malformation and other developmental defects 
through the thalidomidebinding protein cere
blon, a protein important in limb outgrowth, 
and the fibroblast growth factor, Fgf8, which 
disrupts vascular development (D’Amato et al. 
1994; Ito et al. 2010; Yabu et al. 2005).

Perfluorooctane sulfonate (PFOS), a break
down product of perfluorinated surfactants, 
has also been identified as a develop mental 
toxicant and vascular disrupting compound 
via HTS. Effects seen in alternative models 
are consistent with this prediction and also 

Figure 2. Major AOPs for thyroid disruption with example toxicants and alternative models applicable to both human and ecological hazard assessment. The 
thick black outlined box indicates the critical event of serum level concentrations of thyroid hormones. Pathway 1: rat pathway leading to tumors via thyroid 
hyperplasia. Pathway 2: principle pathway of concern affecting humans. Abbreviations: IQ, intelligence quotient; 4-MC, 4-methylbenzylidene camphor; OMC, octyl 
methoxycinnamate; T3, triiodothyronine; T4, thyroxine; TR, thyroid receptor. Figure modified from Crofton (2008).
aQuantification of plasma TSH levels in Xenopus tropicalis (Korte et al 2011). bDirect quantification of intrafollicular concentrations of T4 in zebra fish embryos (Thienpont et al. 2011). 
cDetection of developmental defects with X. laevis metamorphosis assay (Degitz et al. 2005; Organisation for Economic Co-operation and Develop ment 2004). dDetection of developmental 
defects using zebrafish embryos. eReporter gene (eGFP) detection of TR activity (Fini et al. 2007). 
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predictive of effects observed in mammals, 
including humans. PFOS has been shown to 
impair cardiac development in marine medaka 
embryos (Huang et al. 2011); cause altered 
cardiac function, behavior, and develop mental 
toxicity in zebrafish embryos (Huang et al. 
2010); and alter lipid metabolism in salmon 
larvae (Arukwe et al. 2013). In mammals, 
PFOS has been shown to cause develop mental, 
reproductive, neuroendocrine, and hepatic 
steatosis effects (Austin et al. 2003; Bijland 
et al. 2011; Thibodeaux et al. 2003). PFOS has 
also been linked to altered cholesterol levels in 
human epidemiological studies (Eriksen et al. 
2013). In addition, demonstration of thyroid 
disruption by environmentally relevant levels 
of PFOS in X. laevis (Cheng et al. 2011) con
firms early observations that PFOS may impact 
thyroid function in humans (Organisation for 
Economic Cooperation and Develop ment 
2002). Used in a pathway context, non
mammalian vertebrates and embryo tests can 
clearly show similar effects to chemicals as 
found in mammals.

Extrapolation of dose–response relation
ships between species for hazard assessment. 
Alternative models offer significant advan
tages to answering questions requiring a well
characterized constant, controlled exposure to 
test chemicals where lowdose and compen
satory effects are important considerations. 
For example, Ankley et al. (2009) conducted 
several intensive studies to characterize dose/
time–dependent changes in the fathead min
now HPG function relative to direct effects, 
compensation, and recovery to collect robust 
data sets with a) temporally intensive sam
pling of several hundred animals over a short 
period, and b) use of controlled, aqueous 
exposures for highly consistent and predict
able dosimetry (Ankley et al. 2009). The 
aqueous exposures used in fish tests provide 
constant exposure levels not found in the oral 
and dermal exposure methods commonly used 
in mammalian studies that result in fluctuat
ing internal doses rather than a truly constant 
exposure. So, although relevant to realworld 
exposures in human health, oral and dermal 
exposure routes complicate understand
ing system dynamics because of the complex 
interplay between biology (e.g., signaling, 
feedback) and varying chemical intensity.

Used in a pathway context,  non
mammalian vertebrates and embryo tests can 
show effects similar to those found in mam
mals; however, the concentrations needed to 
cause an effect and the mechanisms of com
pensation may be different. Both commonali
ties and differences underlying response effects 
can be extrapolated between species using tran
scriptomics and proteomics to identify genes 
and signaling pathways in one species that can 
then be mapped to functional pathways that 
are conserved across species (BauerMehren 

et al. 2009). Concentrations required to acti
vate pathways and pathway data can be linked 
to adverse effects either by known functional 
linkages (key signaling cascades, metabolism, 
or experimental demonstration) or de novo 
linkages (data driven approaches such as net
work analysis or functional genomics with gene 
knockout and rescue experiments). Mapping 
of concentrationresponsive genes to pathways 
would allow use of pathway and concentra
tion data in more traditional risk frameworks 
that use no observable effect level (NOEL), 
no observed adverse effect level (NOAEL), 
or benchmark concentration methods to cal
culate a point of departure of a biomarker or 
phenotype related to an adverse effect in an 
exposed animal group from that of a control 
animal group. Because regulatory agencies use 
such a point of departure, modified by uncer
tainty factors, to set safe levels for chemical 
exposures (Gaylor and Aylward 2004), dose–
response effects could potentially be translated 
into values more amenable to current risk or 
hazard frameworks.

Choosing a key event in a pathway as a 
point of departure is currently difficult (Miller 
et al. 2009; Woodruff et al. 2008). An alterna
tive is to use a pathwaybased point of depar
ture derived from the lowest concentration at 
which a functionally enriched, coregulated 
cluster of transcripts is significantly different 
from controls. Ideally this pathway would be 
significantly linked to an adverse effect so that 
pathways related to compensation or secondary 
effects are not mistaken for toxicity. However, 
even changes proceeding from, or indirectly 
related to, adverse effects may be indicators of 
sensitivity to a chemical and therefore useful in 
hazard assessment and prioritization (Thomas 
et al. 2011). For example, treatment of zebra
fish embryos from 0 to 24 hr after fertiliza
tion with flusilazole, a known developmental 
toxicant, caused a concentration dependent 
response in morphological effects (Hermsen 
et al. 2012). Developmental delays, peri cardial 
edema, and malformations of head and heart 
were observed at concentrations > 28 µM, 
whereas 2.8 µM flusilazole was the lowest 

concentration where functionally enriched, 
coregulated clusters were observed. Retinol 
metabolism, a pathway highly conserved across 
vertebrates, was the most significant function 
changed at 2.8 µM. Because deregulation of 
this pathway is linked to developmental skele
tal deformities and the mechanism is conserved 
in both zebrafish and mammals (Laue et al. 
2011), a pathwaybased NOEL of 1.35 µM 
and a lowest observable effect level of 2.8 µM 
flusilazole could be reasonably derived from 
the point at which the retinol metabolism 
pathway significantly departed from the con
trol. Use of key events upstream as conser
vative points of departure has been widely 
used in mammalian toxicology (Hill et al. 
1998; NRC 2005).

A disadvantage to extrapolation based on 
experimental data is that it is limited to the 
range of concentrations or doses used. As an 
alternative, benchmark dose or concentra
tion modeling, which estimates the point at 
which chemically treated groups diverge from 
a control group by regression modeling of 
response curves, can be used to identify low 
concentration effects below those concentra
tions empirically tested (Crump 1995). This 
approach has been applied to toxicogenomic 
and HTSbased pathway data to derive quanti
tative hazard values from shortterm in vivo rat 
exposures and humanfocused in vitro assays 
(Burgoon and Zacharewski 2008; Judson et al. 
2011; Thomas et al. 2011). When applied to 
toxicogenomic data from flusilazoleexposed 
zebrafish embryos, benchmark concentration 
modeling identified retinol metabolism as the 
most sensitive pathway, with a pathway based 
benchmark concentration no effect level much 
lower than the pathwaybased NOEL and 
closer to observed values in adult fish and val
ues predicted by ToxCast™ analyses (Table 3). 
This data could potentially be used as a thresh
old level of sensitivity or as a no observable 
pathway effect level that could be extrapolated 
across species using speciesspecific toxico
kinetic and toxicodynamic modeling.

Determination of speciesspecific dose 
and kinetic parameters. Toxicokinetic and 

Table 3. Dose– and concentration–response values can be compared across species and in vitro 
models using pathway-based measures and reverse toxicokinetics to derive a common hazard value for 
 prioritization.

Animal model
Dose/concentration 

reference point Toxicity value
Human lower oral 

equivalent (mg/kg/day)
Dog Chronic oral, NOEL 0.20 mg/kg/daya 0.002a

Zebrafish embryo 24 hr, pathway NOEL 1.35 µMb

Zebrafish embryo 24 hr, pathway BMCL 0.310 µM 0.037
ToxCast™ in vitro Most sensitive assay, BPAD 0.023 µM 0.003c

Fathead minnow 252-day flow through, NOEL 0.073 µMd 0.009
Rainbow trout 96-hr acute toxicity, NOEL 0.010 µMe 0.001

No observable effect levels (NOEL), biological pathway altering dose (BPAD), and pathway-based bench mark concen-
tration lower level (pathway BMCL) values from flusilazole exposures in animal and in vitro models were converted to 
human oral 95% lower bound dose equivalents using human reverse toxicokinetics (Wetmore et al. 2012). The pathway 
BMCL for zebrafish was derived from gene expression data (Thomas et al. 2011).
aU.S. EPA 2007. bHermsen et al. 2012. cWetmore et al. 2012. dEuropean Commission 2007. eFood and Agricultural 
Organization of the United Nations 2008.
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toxico dynamic modeling is an important step 
in extrapolating from pathway or effectsbased 
concentration–response values to wholeanimal 
chemical hazards. The absorption, distribu
tion, metabolism, and elimination of chemi
cals have been studied extensively in humans 
and, increasingly, in alternative models. 
Huggett et al. (2003) predicted pharmaco
logical responses in fish utilizing human 
therapeutic plasma concentrations [measured 
maximum concentration (Cmax)] normalized 
to predicted steadystate fish plasma concentra
tions to determine whether further toxicity 
testing may be warranted. In another study, 
Berninger and Brooks (2010) found that the 
ratio of acutely toxic drug dose to therapeutic 
drug dose in mammals has the potential to 
be predictive of chronic responses to pharma
ceuticals in fish. Other methods, such as the 
wellstirred liver homogenate model, have been 
useful in predicting hepatic clearance measures 
of a chemical in trout as a means to estimate 
metabolism and bioaccumulation (Han et al. 
2007). A logical next step will be to determine 
whether readily available human toxicokinetic– 
toxicodynamic information can be predictive 
of the action of a chemical in select aquatic 
species, or vice versa.

Speciesspecific toxico kinetic–toxico
dynamic modeling, pathwaybased point 
of departures, and modeling of uncertainty 
and population variability can be combined 
to translate dose responses in one species to 
NOELlike dose values for another species. 
Judson et al. (2011) used the concept of bio
logical pathway–altering concentration as a 
measure of the lowest chemical concentration 
at which an in vitro assay in a pathway is sig
nificantly changed. Once defined, the biologi
cal pathway–altering concentration was then 
extrapolated using reverse toxico kinetic model
ing to estimate the external dose required to 
achieve the internal dose that is equal to the 
biological pathway–altering concentration, 
ultimately yielding a human dose equivalent 
that is required to cause toxicity. A reverse 
toxicokinetics model, suitable for chemicals 
that are mainly eliminated through metabolism 
and renal excretion, can be used to obtain a 
concentrationtodose scaling factor in micro
moles per milli gram per kilogram body weight 
per day (Wetmore et al. 2012). The advantage 
of this approach is that simple assays exist for 
the rate of disappearance of parent chemical 
via hepatic metabolism and the fraction of 
chemical bound (or conversely unbound) to 
plasma proteins and allows one to tailor these 
parameters to specific species, including sensi
tive ecological species or humans (Han et al. 
2007; Pacifici and Viani 1992).

Quantitatively, extrapolation across species 
can be illustrated by applying pathwaybased 
benchmark concentration modeling in com
bination with the human reverse toxicokinetic 

modeling of Wetmore et al. (2012) to the flusi
lazole concentrationresponsive retinol metabo
lism pathway of zebrafish embryos, described 
above. When the pathwaybased benchmark 
concentration lower limit for flusilazole and 
zebrafish embryos is extrapolated using the 
human dose scaling factor determined for 
flusilazole (Wetmore et al. 2012), an oral 
dose equivalent required to cause an effect in 
humans is derived. In the case of flusilazole, 
values extrapolated from zebrafish embryos are 
within an order of magnitude of no effect level 
values derived from mammalian data and high 
throughput chemical hazard assessment val
ues for prioritization derived from ToxCast™ 
assays (Table 3). Reverse toxicokinetics can 
also be used to extrapolate no effect levels from 
acute and chronic adult fish tests yielding val
ues similar to those from in vitro assays and 
mammalian data (Table 3). These observa
tions are consistent with a high conservation 
of flusilazole’s mechanism of action, includ
ing concentration sensitivity, among vertebrate 
species, such that effects seen in one species 
can be predictive of effects on another perhaps 
even to the extent of quantitatively identifying 
 chemical hazard levels.

Conclusions
As we move from largely empirical approaches 
in chemical safety assessment toward a more 
predictive paradigm focusing on perturbation 
of wellconserved pathways and processes, 
toxicologists should have greater flexibility in 
the selection of model organisms for testing. 
As part of this review, we have cited a body 
of literature documenting the effective use of 
non mammalian vertebrates and invertebrates 
for studying mechanisms and pathway per
turbations relevant to human disease. Using 
the AOP context, we provide evidence for the 
suitability and practicality of such models for 
applications such as neurotoxicology and for 
identifying endocrineactive chemicals, iden
tifying AOPs, and extrapolating concentra
tion–response effects to mammals. In turn, we 
illustrate how rich sources of humanoriented 
effects data can be efficiently employed to 
address pertinent ecological risk challenges 
such as prioritizing pharmaceutical contami
nants in terms of potential effects in non target 
species. For both types of hazard assessments, 
data can be efficiently employed to address 
pertinent ecological risk challenges, such as 
prioritizing data from “alternative species.”

The use of alternative species and path
waybased approaches for hazard assessment 
is still evolving; therefore, caution should be 
used when applying these approaches so that 
ample scientific evidence is presented to sup
port extrapolations and other conclusions. In 
some cases such as pathwaybased benchmark 
concentrations, we do not yet understand 
the relationship between the chemically most 

sensitive pathway and a specific toxicological 
outcome. In other cases, rapidly evolving tech
nologies such as next generation sequencing or 
biological network analysis do not have firmly 
established, reliable, and accurate analysis 
methods or standards. Although each approach 
and alternative model is likely to have limi
tations, the availability of numerous options 
at different levels of biological organization 
should compensate and enable more accurate 
 assessment while using fewer animals.

In summary, the movement of toxicology 
and hazard assessment toward a pathwaybased 
paradigm opens numerous opportunities in 
applying non traditional approaches for haz
ard screening and understanding the risks of 
chemi cal exposures. Alternative species can 
provide valuable and relevant information 
more rapidly, and at lower cost, than tradi
tional species used for human chemical risk 
assessment. In a pathway centric world, all spe
cies can provide information to protect other 
species, each with different advantages in use, 
sensitivity, and accessibility. Given this per
spective, the distinctions between the disci
plines of human health and eco toxicology are 
blurring and heading towards a more unified 
and integrated application of toxicological data.
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