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ABSTRACT

US EPA’s Toxicity Forecaster (ToxCastTM) is a tool with potential use in evaluating safer consumer products, conducting
chemical alternatives analyses, prioritizing chemicals for exposure monitoring, and ultimately performing screening-level
risk assessments. As a case study exploring a potential use of ToxCast, we evaluated ToxCast results for ortho-phthalates
focused on the well-established toxicological endpoints of some members of this class. We compared molecular
perturbations measured in ToxCast assays with the known apical toxicity endpoints of o-phthalates reported in the open
literature to broadly reflect on the predictive capability of the high-throughput screening (HTS) assays. We grouped the
ToxCast assays into defined sets to examine o-phthalate activity and potency. This study revealed several links between
key molecular events assayed in vitro and chemical-specific hazard traits. In general, parent o-phthalates are more active
than their monoester metabolites. The medium-chain length o-phthalate group is also more active than other o-phthalate
groups, as supported by Toxicological Priority Index ranking and statistical methods. Some HTS assay results correlated
with in vivo findings, but others did not. For example, there was a notable lack of assay activity to explain the known male
reproductive toxicity of these compounds. Ultimately, HTS data resources such as ToxCast may inform us of sensitive
upstream toxicity endpoints and may assist in the rapid identification of environmental chemical hazards for screening
and prioritization. However, this case study shows that the absence of positive results in ToxCast in vitro assays cannot be
interpreted as absence of related in vivo toxicity, and limited biological coverage by the assays remains a concern.

Key words: ToxCast; phthalates; high-throughput screening; hazard traits.

The current paradigm for evaluating consumer products and
environmental chemicals for potential human health effects is
inefficient, costly, and relies heavily on animal testing. The vast
majority of chemicals in commerce have not been tested for
toxicity largely due to the complexity and expense of current
toxicity testing approaches as well as the weakness of current
federal law governing industrial chemical management. To ad-
dress these concerns, alternative approaches have been pro-
posed that would employ in vitro methods, namely the
utilization of high-throughput screening (HTS) assays, to screen
a large number of chemicals in commerce (Shukla et al., 2010).

The US Environmental Protection Agency (EPA) has pursued
this approach through the Toxicity Forecaster (ToxCast) pro-
gram. The ToxCast program uses hundreds of in vitro HTS
assays to screen thousands of chemicals in an effort to develop
predictive signatures of in vivo response. This effort seeks to
ground-truth the assay battery for use in screening and priori-
tizing chemicals with very limited data for further testing
(Judson et al., 2010).

There are many environmental compounds that could re-
ceive attention by regulatory authorities. Among these, the
ortho-phthalates (hereafter referred to as “phthalates”) are
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relatively well-characterized toxicologically and the available
literature on these chemicals provides information to explore
the performance and coverage of the HTS ToxCast assays for
specific members of this class. The in vivo toxicological end-
points observed for phthalates include reproductive toxicity, de-
velopmental toxicity, endocrine disruption, and cancer. The
extensive data for several phthalates in this class (CHAP, 2014;
Foster, 2006; Saillenfait et al., 2009) make them excellent chem-
icals for comparing in vivo and in vitro bioactivities. By compar-
ing the in vitro ToxCast assay activities with in vivo toxicology
data for a defined class, researchers could potentially develop
read-across approaches for inferring toxicity of poorly studied
chemicals in vivo from chemicals well studied toxicologically
in vivo. We included phthalates for which significant toxicology
information is available as well as phthalates that are less
studied.

METHODS
ToxCast dataset

We selected publicly available in vitro data from the US EPA
ToxCast database of HTS assays (http://www.epa.gov/ncct/tox
cast/data.html) (released 12/2014; accessed 4/2015). The
ToxCast chemical library is comprised of over 1000 distinct
chemicals evaluated across 821 endpoints, with assays from the
following sources: ACEA Biosciences (ACEA), Attagene (ATG),
Apredica (APR), BioSeek (BSK), Odyssey Thera (OT), Novascreen
(NVS), and the Tox21 multi-agency program (Phuong et al.,
2014). The assays can be categorized as cell-free or cell-based.
The cell-free assays measure enzyme activity and receptor
binding. The cell-based assays include cell-imaging, multi-
plexed gene expression, multiplexed transcription reporter, and
real-time cell growth kinetics. Detailed assay information has
been previously documented (Houck et al., 2009; Huang et al.,
2011; Martin et al., 2010).

ToxCast assays were run at multiple concentrations. The re-
sulting concentration-response data were automatically fitted
with three different models (Hill, gain-loss, and constant). US
EPA selected the model with the lowest Akaike information cri-
terion value to determine activity (Filer, 2014). Of the available
activity concentration (AC) values calculated from the concen-
tration-response data, we chose to use the AC50 for this study,
which is the half-maximal response of a chemical in a given
assay. We assigned compounds deemed inactive for a specific
assay an arbitrarily high AC50 value of 106 to indicate inactivity
(Knudsen et al., 2011).

For this exploratory analysis, we focused on all ortho-substi-
tuted phthalates included in US EPA’s chemical category
“phthalate” (Table 1). o-Phthalates are esters of 1,2-benzenedi-
carboxylic acid, and they are the most widely used plasticizers
globally (Tullo, 2015).

Assay grouping and categorization

We adapted two groupings of the ToxCast assays from previous
work: a gene set grouping and a bioactivity set grouping. A gene
set is a combination of ToxCast assays with the same target
gene according to US EPA’s assigned “intended target gene sym-
bol” (USEPA, 2015). Since phthalates are known to be associated
with reproductive toxicity in vivo (Table 2) , we adapted the gene
set groups for this general endpoint from (Martin et al. 2011),
and included additional gene sets relevant to phthalate toxicity
such as peroxisome proliferator-activated receptor (PPAR)

activity (Hurst and Waxman, 2003; OEHHA, 2004). We used the
following gene set groupings: PPAR, androgen receptor (AR), es-
trogen receptor (ER), pregnane X receptor (PXR), thyroid hor-
mone receptor (TR), aromatase receptor (CYP19A1), and aryl
hydrocarbon receptor (AhR).

We also determined the gene score for each chemical-gene
pair. The gene score is a measure of the potency of a particular
chemical in a gene set of assays and is derived based on the
arithmetic mean of the �log (AC50)s of all active assays within a
gene set (Martin et al., 2011). Using a previously reported ap-
proach (Judson, 2014), we set a cut-off of gene scores�7 to iden-
tify chemical-gene pairs of most interest for further exploration.
Additional information on the gene set groupings and the gene
score calculations can be found in Supplementary Table 1.

In addition to the gene sets, we defined “bioactivity set”
groupings for endpoint types reported previously (Kleinstreuer
et al., 2014): acute inflammation, chronic inflammation, im-
mune response, tissue remodeling, and vascular biology. The
assays in these sets are conducted in primary human cells: ven-
ular endothelial cells, peripheral blood mononuclear cells,
endothelial cells, bronchial epithelial cells, coronary artery
smooth muscle cells, fibroblasts, and keratinocytes. These
assays are from the BioMAP culture system by BSK and add-
itional assay-specific details can be found in Supplementary
Table 2. We assessed phthalate assay activity in this set by look-
ing at the total number of active assays for each grouping. We
also used assay activity percentages to further depict the
phthalate chemical activity. These were calculated by dividing
the number of active assays for each chemical by the total num-
ber of assays for each set (Supplementary Tables 3A and 3B).

To rank phthalate activity in all ToxCast assays, we used the
Toxicological Priority Index (ToxPi) software (described in fur-
ther detail below). For this study, we grouped the ToxCast
assays for each chemical examined into “biological process tar-
gets” defined by US EPA (USEPA, 2015): cell death (31 endpoints),
cell cycle (24 endpoints), cell proliferation (30 endpoints), recep-
tor binding (77 endpoints), regulation of catalytic activity (166
endpoints), cell morphology (2 endpoints), regulation of gene
expression (149 endpoints), regulation of transcription factor ac-
tivity (114 endpoints), oxidative phosphorylation (12 endpoints),
mitochondrial depolarization (7 endpoints), and protein stabil-
ization (20 endpoints). In addition, we developed ToxPis for the
gene sets described above that reflect endocrine receptor activ-
ity: ER pathway (18 endpoints), the TR pathway (4 endpoints),
and the AR pathway (11 endpoints).

Hazard trait identification and classification

We compared the HTS results with the hazard traits for phthal-
ates published in the scientific literature or reported in reliable
secondary sources, such as carcinogenicity and male develop-
mental toxicity. Some of these traits are well established for
some phthalates (eg, DEHP). The hazard traits considered were
adapted from California’s Green Chemistry Hazard Traits (22
CCR §§ 69401–69407.2) regulation. This regulation specifies haz-
ard traits for use in evaluating chemicals used in consumer
products. In addition to the general hazard trait of carcinogen-
icity, specific endpoints such as hepatic tumors were identified.

We used primary and secondary literature sources to classify
the presence or absence of each hazard trait for each chemical.
We highlighted hazard traits lacking toxicological information.
A list of the literature sources for these hazard traits is provided
in the Supplementary material.
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TABLE 1. Ortho-Phthalates Tested in ToxCast

Chemical (CAS-RN) Acronym Common use Chemical structure

Short-chain (�3 carbons) phthalates
Dimethyl phthalate
(131-11-3)

DMP Paint, coatings, rubber, nitrocellulose,
solvent for cosmetics and personal care
products, household cleaners, encapsu-
lation of electrical wiring, children’s
toys, and insect repellent (EPA, 2010;
NICNAS, 2008; Godwin 2010)

Monomethyl phthalate
(4376-18-5)

MMP Metabolite; environmental degradation
product

Diethyl phthalate
(84-66-2)

DEP Fixative in cosmetics; detergents and in-
secticides; plasticizer in medical and
consumer products; solvent for cellu-
lose acetate used in food packaging
(Contzen, 2006; Fuji, 2005)

Diallyl phthalate
(131-17-9)

DAP Particle board in furniture and walls; plas-
ticizer in polyesters; molding, electrical
parts, laminating compounds; impreg-
nation of metal castings (NTP, 1986;
Saillenfait, 2008)

Diisopropyl phthalate
(605-45-8)

DIPP General plasticizer

Medium-chain (4–6 carbons) phthalates

Dibutyl phthalate
(84-74-2)

DBP Plasticizer in resins and polymers, soft-
ener in adhesives, lacquers, perfume
solvent and fixative, suspension agent
in aerosols, lubricant, anti-foamer, skin
emollient, cosmetics, explosives, and
rocket propellant (NICNAS, 2008; NTP
1995)

Monobutyl phthalatea (131-
70-4)

MBP Metabolite; environmental degradation
product

Diisobutyl phthalate
(84-69-5)

DIBP Solvents, additives, plasticizers in polyvi-
nyl chloride (PVC), nitrocellulose, and
cellulose ether, wires, cables, coatings,
paints, and flooring material
(Saillenfait, 2006)

(continued)
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TABLE 1. Continued

Chemical (CAS-RN) Acronym Common use Chemical structure

Butyl benzyl phthalate
(85-68-7)

BBP Vinyl tiles, traffic cones, food conveyor
belts, artificial leather, carpet backing,
and vinyl foams (CERHR, 2003a;
Saillenfait, 2008)

Monobenzyl phthalate
(2528-16-7)

MBzP Metabolite; environmental degradation
product

Dipentyl phthalate (131-
18-0)

DPP Plasticizer in PVC

Dihexyl phthalate (84-75-
3)

DHP Plastisols in automobile parts, flooring
PVC, canvas tarps, notebook covers,
traffic cones, toys, vinyl gloves, weather
stripping, flea collars, shoes, and con-
veyor belts (CERHR, 2003b; OEHHA,
2007)

Dicyclohexyl phthalate
(84-61-7)

DCHP Plasticizer for polymers including nitro-
cellulose, ethyl cellulose, chlorinated
rubber, polyvinyl acetate and polyvinyl
chloride, heat sealer for cellulose, adhe-
sive manufacturing, and in screen
printing inks (NICNAS, 2008b)

Long-chain (�7 carbons) phthalates

Di(2-ethylhexyl) phthal-
ate (117-81-7)

DEHP Plasticizer in PVC, building and construc-
tion materials, car products, footwear,
food packaging, children’s products,
and medical devices (CERHR, 2000)

Mono(2-ethylhexyl) phthal-
ate (4376-20-9)

MEHP Metabolite; environmental degradation
product

Dioctyl phthalate
(117-84-0)

DOP Plasticizer, flooring materials, carpets,
tarps, pool liners; indirect food additive
as a component of seam cements, bot-
tle cap liners, and conveyor belts
(CERHR, 2003d)

(continued)
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Ranking overall chemical activity in ToxCast assays

We used the ToxPi software to rank each phthalate for activity
in all ToxCast assays. ToxPi was developed at the Carolina
Center for Computational Toxicology at the University of North
Carolina at Chapel Hill. Details about the ToxPi software and al-
gorithm have been previously described (Judson et al., 2013; Reif
et al., 2010). In this analysis, each ToxPi slice represents a group
of ToxCast assays (“biological process targets” and “endocrine
receptors”, defined above). The ToxPi images were generated in-
dependently with the software such that each figure includes
ToxPi images that are relative only to one another. AC50 values
for phthalates active in assays and values of 106 for phthalates
inactive in assays were used as the input data and the scaling
type �log10 (AC50)þ 6 was used. These are the intended inputs
and scaling type for ranking ToxCast data, as described in the
ToxPi User Manual (UNC, 2012). Each ToxPi slice length is pro-
portional to the normalized potency of the assay value
(�log10 (AC50)þ 6) of the component assays included in that
slice. In this study, the ToxPi slices are equally weighted and
thus have the same width, regardless of the number of

measured endpoints. The central core of the ToxPi indicates the
amount of missing assay data for the chemical in a given slice;
the darker the shading of the central core, the more assay data
are missing.

Statistical analyses

We tested for significant differences in both phthalate activity
and potency in the ToxCast assays. Phthalate activity pertains
to the sum of the number of active assays divided by the sum of
the total number of assays for which the phthalate was tested
and meant to capture the biological range of activity a phthalate
has in vitro. We assessed activity differences between the
phthalate groupings with different statistical tests. For parent
phthalates and their metabolites, we used a Student’s t test,
and for phthalates of different side chain lengths, we used a
one-way analysis of variance (ANOVA) and Tukey’s test.

We evaluated phthalate potency relative to the potencies of
other chemicals based on the AC50 values for all ToxCast chem-
icals. The AC50 values for all chemicals active in a given assay
were transformed with �log3 (AC50/103), where AC50 values are

TABLE 1. Continued

Chemical (CAS-RN) Acronym Common use Chemical structure

Di(isononyl) phthalate
branchedb (68515-48-0)

DINP PVC plasticizer, automotives, building
materials, consumer products, and toys
(CERHR, 2000; Kavlock, 2002)

Octyl decyl phthalate
(119-07-03)

ODP Plasticizer for vinyl resins, and indirect
food additive as a component of
adhesives

Diisodecyl phthalateb

(68515-49-1)
DIDP PVC plasticizer, rubbers, resins, and non-

polymer uses including anti-corrosion
paints, anti-fouling paints, lacquers,
inks, adhesives and sealants (CERHR,
2003c; EU, 2003; Kato, 2007)

Diisoundecyl phthalate
(85507-79-5)

DIUP Plastic packaging materials, unlamented
film and sheet, flame-resistant plastic,
petrochemicals, resin, and synthetic
rubber, automotive sealant/adhesives,
and in electrical, electronic, rubber, and
plastic products (NICNAS, 2008d)

The chemical names, chemical abstract service registry numbers (CAS-RN) reported by ToxCast, acronyms, common uses, and chemical structures of each of the

20 o-phthalates tested in ToxCast are given. Literature sources for chemical use information are provided in the Supplementary material. Phthalates are grouped by

chain-length size, with metabolites, indicated in italics, grouped with parent compounds. aMBP is a metabolite of both BBP and DBP, and appears in the table only

once. bDINP and DIDP have multiple CAS numbers, but only the one listed here has been tested in ToxCast to date.
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given in lM units. Inactive assays were reported in ToxCast as
having AC50 values of 1000 lM resulting in log transformed val-
ues of 0. As described by (Martin et al. 2011), a log3 transform-
ation was used to improve the scoring range between high- and
low-potency chemicals, and to decrease the numerical distance
between active and inactive chemicals. The transformed AC50

values for all chemicals tested in a given assay were then
checked for normality with a goodness-of-fit test. Assay-spe-
cific high- and low-potency cutoffs were generated based on the
normalized distribution of transformed AC50 values for each
assay. The high-potency cutoffs were one standard deviation
above each assay-specific mean whereas the low-potency cut-
offs were one standard deviation below each assay-specific
mean. For each phthalate-assay pair, we assigned a categorical
value from the transformed AC50 values using a given assay’s
potency cutoff with transformed AC50s�high-potency cutoff, a
value of 3; transformed AC50s between high- and low-potency
cutoffs, a value of 2; and transformed AC50s< low-potency cut-
off, a value of 1. These ordinal values reflect the chemicals’ rela-
tive potencies. The potency values for each phthalate were
summed and divided by the number of active assays to generate
the average chemical potency.

We tested for differences in the average potency between
parent phthalates and their metabolites using a Student’s t test,
and between phthalates grouped by side chain length using a
one-way ANOVA and Tukey’s test. All statistical tests were per-
formed in R (http://www.r-project.org/).

RESULTS
Phthalate Activity in ToxCast Assay Sets

We grouped ToxCast assays into gene sets and bioactivity sets
and used the group associations to describe the perturbations in
specific molecular targets and/or pathways phthalates ex-
hibited in vitro.

Gene sets

The phthalate chemical activities in the ToxCast gene sets along
with their gene scores are shown in Table 3. DEP is the only
phthalate inactive in all gene sets. Fifteen of the 19 phthalates
evaluated are active in the PXR gene set with gene scores�7.
Five phthalates are active in the PPAR gene set, with an add-
itional 8 showing low-activity (gene scores<7). MEHP has the
highest number of active PPAR assays (twice as many as its par-
ent DEHP) and a gene score�7. DCHP and DEHP have the same
number of active PPAR assays, but because they have different
potencies in the assays, they have different gene scores (DCHP
has gene score�7; DEHP has a gene score<7). Thus, the gene
score can inform the magnitude of impact a chemical has on
the perturbation of a particular pathway. Relatively few phthal-
ates were active in the AhR pathway—DIPP, MBP, and DCHP—al-
though they had gene scores�7.

In the endocrine pathways, there are 8 active phthalates in
the ER gene set with gene scores>7, and an additional 6 show-
ing some activity. BBP, DBP, and DAP had the highest number of
active ER assays and high gene scores, indicating activation of
the ER pathways. The findings provide some support for an as-
sociation between the ER pathway and the toxicity of other
phthalates as well. The phthalate chemical class does not have
much overall activity in the AR gene set with only 2 phthalates
active in the set with a gene score�7. DIDP exhibits the stron-
gest AR pathway association with the highest number of active

assays and a high gene score. DCHP is also active for the AR
gene set, but its structurally linear analogue DHP is not. DAP
and DIBP also exhibited some AR activity. Neither DEHP, MEHP,
nor DINP showed activity in any of the assays in the AR gene
set. Five phthalates are active in the aromatase CYP19A1 set
(MMP, DBP, DCHP, DEHP, DIDP) with gene scores�7 and 3
phthalates were active in the TR set (DBP, DCHP, and DIDP), also
with high gene scores. DEP and MBzP are not active in any gene
sets. DCHP had a gene score�7 for all 7 gene sets in Table 3.
Further information from published in vitro studies on associ-
ations between phthalates and these toxicity pathways can be
found in Supplementary Table 4.

Bioactivity sets

The phthalate chemical activities in the ToxCast bioactivity sets
are presented in Figure 1 (see also Supplementary Tables 3A
and 3B). The number of assays in these sets is much greater
than that for the gene sets. DEHP, DBP, DPP, DHP, and DIBP have
activity across all bioactivity sets. DEP, DIDP, DMP, and MBzP
show no activity in any set. DCHP, DINP (branched), DIPP, DIUP,
and ODP were not tested in these sets and are not included in
Figure 1. Six out of the remaining 15 phthalates are active in the
acute inflammation set with DPP and DIBP activating the most
assays in this set. These 2 phthalates are also the most active
for the chronic inflammation set, which has a total of 10 active
phthalates. DPP also has the most active assays for the immune
response set, which has 9 active phthalates. DPP, DEHP, and
MEHP have the most active assays for the vascular biology set,
which has 10 active phthalates. Although 9 phthalates are ac-
tive in the tissue remodeling set, the number of assays activated
by each phthalate is relatively low compared with the number
of active assays for the other bioactivity sets. BBP is notably
more active than its metabolites across all sets. Different from
its activity in the gene sets, DAP is not very active in the bio-
activity sets.

Certain trends are observed with cell-specificity (data not
shown) across the bioactivity sets. DEHP is active across all 8

cell types, while its metabolite MEHP is active in only 5. The me-
tabolite MBP is only active in 2 cell types, but both cell types are
also active for MBP’s 2 parent phthalates, BBP and DBP. These
observations may reflect the cell type-specificity in ToxCast
assay activity. Further information on specific cells used in
these assays can be found in Supplementary Table 2.

Phthalate Hazard Traits

Table 2 shows the hazard traits for the phthalates. Hazard traits
found for at least one member of the class are: developmental
toxicity, male reproductive toxicity, female reproductive tox-
icity, endocrine toxicity, neurotoxicity, respiratory toxicity, hep-
atotoxicity, nephrotoxicity, and genotoxicity. The hazard traits
most often identified for these phthalates are developmental,
reproductive, hepatic toxicities, and cancer. Neoplasia that ap-
pear for the carcinogenicity hazard trait are hepatic, nephrotic
and urinary tract, pancreatic, adrenal, and male and female re-
productive system tumors, as well as hematopoietic neoplasia.
From our review, DEHP, BBP, and DINP have the most identified
hazard traits. We did not locate data supporting either the pres-
ence or absence of hazard traits for DIPP, ODP, or the metabolite
MMP.
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Phthalate Assay Activity in ToxCast Biological Process
Targets

ToxPi ranking of phthalates
The ToxPi ranking of the 20 phthalates for biological process
target activities is shown in Figure 2. DIBP is the highest ranked
phthalate and the most active for assays targeting cell death,
cell cycle, oxidative phosphorylation, and mitochondrial de-
polarization. DIBP and DPP, the 2 highest ranked, are the only
chemicals active in assays targeting oxidative phosphorylation.
DIBP, DPP, DBP, DHP, BBP, and DEHP, the 6 highest ranked, are
all active in assays targeting cell death, cell proliferation, regula-
tion of gene expression, regulation of transcription factor activ-
ity, and protein stabilization. MBzP, DIUP, DINP, DIDP, and ODP,
the 5 lowest ranked, are active in few assays, those targeting
cell proliferation and regulation of transcription factor activity.

The ToxPi ranking of the phthalates for endocrine receptor
pathway activities is shown in Figure 3. The top ranked phthal-
ate, DCHP, is more active in all three pathways relative to the
other phthalates. The other top ranked phthalates show rela-
tively strong activity in 1 or 2 pathways. DCHP, DIBP, DAP, and
DIDP are the only phthalates displaying any activity in assays
targeting the AR pathway, with DAP and DIBP showing low

activity, consistent with their activity in the AR gene set. DCHP
and DBP, the 2 highest ranked phthalates, are also the only
phthalates exhibiting activity in the TR pathway. BBP is the
most potent phthalate in assays targeting the ER pathway, con-
sistent with its high estrogenicity gene set score. ODP, DMP,
MBzP, MMP, DINP, and DEP, are the 6 lowest ranked, and are not
active in any assays targeting these 3 endocrine receptor
pathways.

Parents and metabolites
The ToxCast assays in which the 4 parent phthalates-metabol-
ite pairs are active are presented in Venn diagrams, with the
assays categorized by the biological process targets (Figure 4).
Parent phthalates are active in significantly more ToxCast
assays than their metabolites (P< .05). BBP has three active
assays in common with its metabolite MBP, but has more active
assays overall than this metabolite (Figure 4A). BBP does not
have any common active assays with its other metabolite MBzP,
which is only active in 2 assays that target cell death. DBP is ac-
tive in more assays than MBP and the 2 phthalates have 5 active
assays in common (Figure 4B). DBP, BBP, and their common me-
tabolite, MBP, are active in 3 common assays: assays evaluating
the upregulation of the response elements of genes PPAR

TABLE 3. Correlation of ToxCast Activity with Effects Reported in Animal Studies

Active assays per gene set Endpoints

PPAR
(n ¼ 12)

AR
(n ¼ 11)

ER
(n ¼ 18)

PXR
(n ¼ 3)

TR
(n ¼ 4)

CYP 19A1
(Aromatase)
(n ¼ 3)

AhR
(n ¼ 2)

Developmental
toxicity

Endocrine
toxicity

Reproductive
toxicity (male)

Reproductive
toxicity
(female)

Short-chain (<3 carbons) phthalates
DMP 0 0 0 1 0 0 0 – –

MMP 0 0 0 0 0 1 0
DEP 0 0 0 0 0 0 0 þ þ þ
DAP 2 1 8 2 0 0 0 þ þ – þ
DIPP 1 0 5 2 0 0 1
Medium–chain (4–6 carbons) phthalates
DBP 1 0 9 2 2 1 0 þ þ þ þ
DIBP 2 1 7 1 0 0 0 þ þ þ
BBP 2 0 13 1 0 0 0 þ þ þ þ

MBzP 0 0 0 0 0 0 0 þ
MBPb 1 0 1 1 0 0 1 þ þ

DPP 1 0 6 2 0 0 0 þ þ þ þ
DHP 3 0 4 2 0 0 0 þ þ þ þ
DCHP 2 2 7 2 1 1 1 þ 6 þ –
Long–chain (>7 carbons) phthalates
DEHP 2 0 2 2 0 1 0 þ þ þ þ

MEHP 4 0 2 1 0 0 0 þ þ
DOP 1 0 1 1 0 0 0 6 – – –
DINP (branched) 0 0 0 2 0 0 0 þ 6 þ þ
ODP 0 0 0 1 0 0 0
DIDP 3 5 1 0 1 1 0 þ þ 6 þ
DUP 0 0 1 0 0 0 0

Assays included in each gene set grouping can be found in Supplementary Table 1. n indicates the number of assay endpoints in each gene set. Chemical-gene set pairs

with no active assays are indicated by gray cells. Chemical-gene set pairs with a gene score<7 are coded in lighter hue blue cells and indicate low activity. Chemical-

gene set pairs with a gene score�7 are coded in darker blue cells and indicate higher activity, and are chemical-gene sets of most interest. Steps for gene score

calculation can be found in Supplementary Table 1. For animal in vivo endpoints, a “þ” notation indicates that in vivo and/or in vitro data are available to support chem-

ical activity for the hazard trait; a “-” indicates that the chemical was tested in vivo and the hazard trait was not observed. Blank cells indicate a lack of in vivo or in vitro

animal data. All literature data came from animal studies or animal cell-based studies; epidemiology data were not included. Reproductive effects from in utero expos-

ure were not differentiated from those from adult animal exposure.
aAnimal studies included both in vivo and in vitro studies.
bMBP is also a metabolite of DBP.

Gene assay sets derived from Martin et al. (2011). Assays used in the grouping can be found in Supplementary Table 1. 0 designates no active assays for the chemical-

gene pair. 1Gene score<7; not enough active assays to support chemical association to gene. 2Gene score>7; chemical-gene set of interest.
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(ATG_PPRE_CIS_up) and PXR (ATG_PXRE_CIS_up), and an assay
measuring the inhibition of human CYP2C19. DEHP and MEHP
are active in a similar number of assays, with many assays tar-
geting the regulation of gene expression (Figure 4C). DMP is the
only parent phthalate that activates fewer assays than its me-
tabolite, MMP (Figure 4D). DMP and MMP have just 1 active assay
in common, which evaluates POU2F1-mediated transcriptional
activity (ATG_Oct_MLP_CIS_up).

Chain length
Figure 5 shows the ToxPi ranking of 16 parent phthalates for
biological process target activities grouped by side chain length.

Phthalates of medium (4–6 carbons) side chain length are active
in significantly more ToxCast assays than phthalates with short
(�3 carbons) or long (�7 carbons) side chains (P< .01). The short-
and long-chain phthalate groups do not significantly differ from
each other with regard to the number of active assays (P¼ .99).
Using the assay potency cutoff approach described in the
“Methods” section, we found no difference between the average
potencies of the phthalates across the chain length categories
in the assays in which they are active (P¼ .55).

Figure 6A shows the ToxPi ranking of 6 symmetrical linear
phthalates for biological process target activities. Among these
chemicals, DBP, DPP, and DHP are active in ToxCast assays

FIG. 1. Phthalate chemical activity in bioactivity sets. Chemical assay activity was graphed by the 5 categories of the bioactivity sets and by phthalate. Only phthalates

tested in the vendor platform are listed on the x-axis. The total number of active assays per chemical is listed on the y-axis.

FIG. 2. ToxPi ranking of 20 phthalates based on ToxCast biological process target activities. The ToxPi images are arranged from most (top left) to least (bottom right)

active. The ToxPi images indicate a graphical representation of biological process targets across all the phthalates tested. The legend indicates the number of assays

included within each category.
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targeting most biological processes, while DMP, DEP, and DOP
are less active and in fewer biological process targets. Figure 6B
lists the specific active assays for DBP, DPP, and DHP. While the
3 chemicals share many common active assays, there are dis-
tinct differences in targets. DHP activates more assays targeting
the regulation of gene transcription, while DPP has more active
assays targeting the regulation of gene expression, and DBP has
highest numbers of active assays targeting both receptor bind-
ing and regulation of catalytic activity.

Straight chain and cyclic dihexyl phthalates

Figure 7A compares the chemical activity of the straight chain
DHP to its cyclic analogue DCHP. Both chemicals are active in
assays targeting cell proliferation, receptor binding, regulation
of gene expression, regulation of transcription factor activity,
mitochondrial depolarization, and protein stabilization. DCHP is
more active than DHP in assays targeting regulation of tran-
scription factor activity, mitochondrial depolarization, and pro-
tein stabilization. DHP is more active than DCHP in assays

FIG. 3. ToxPi ranking of 20 phthalates based on ToxCast endocrine receptor pathway activities. The ToxPi images are arranged from most (top left) to least (bottom

right) active chemical. The legend indicates the endocrine receptor pathway each ToxPi slice represents along with the number of assays included within each

category.

FIG. 4. ToxCast chemical-assay activity of parents and metabolites. The assays are color-coded to reflect the biological process targets previously defined in Figure 2.

The Venn diagrams display a qualitative comparison of the ToxCast in vitro HTS assay data for the parent metabolite pairs. A, A Venn diagram comparison of the

ToxCast assay activities between parent BBP and metabolites MBP and MBzP. B, A Venn diagram comparison of the ToxCast assay activities between parent DBP and

metabolite MBP. C, A Venn diagram comparison of the ToxCast assay activities between parent DEHP and metabolite MEHP. D, This diagram compares the ToxCast

assay activities between parent DMP and metabolite MMP.
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targeting cell proliferation and regulation of gene expression.
DHP is also active in assays targeting cell death and cell cycle.
Overall, DHP is evaluated in more assays than DCHP within the
ToxCast database, but DCHP is active in more assays than DHP
in platforms where both tested (Figure 7B). Many of the com-
mon assays target regulation of transcription.

DISCUSSION

Phthalates are a high-production chemical class with wide-
spread environmental exposure. Some phthalates have a
wealth of data available from the literature and a larger number
of phthalates have data from HTS studies. From this study, we
can compare the molecular perturbations as measured in
ToxCast assays with the known apical toxicity endpoints of
phthalates reported in the open literature to reflect on the pre-
dictive capability of the HTS assays. We investigated phthalate
activities in the suite of ToxCast HTS assays in 2 different ways:
comparing chemical activity across assay groupings, and com-
paring assay activity within and across chemical groupings. Our
results showed some consistencies as well as some inconsisten-
cies between the HTS findings and what is presented in the
literature.

Comparison of the ToxCast assay activities among the pre-
defined groups allows us to assess whether a chemical may
interact with target genes or pathways relevant to phthalate

toxicity. The scientific literature indicates associations between
in vivo exposures to DBP, BBP, DIBP, DCHP, DAP, and DPP and de-
velopmental, reproductive, and endocrine toxicity endpoints
(Agarwal et al., 1985; Hannas et al., 2011; Saillenfait et al., 2009;
Zhang et al., 2004). These phthalates activated at least one-third
of the ToxCast assays in the ER gene set, generally consistent
with their associations with the ER target in vivo and in vitro
(Jobling et al., 1995; Takeuchi et al., 2005). On the other hand, DEP
has been shown to have limited toxicity in reproductive system
development in vivo (Gray et al., 2000) and also did not activate
any gene sets associated with this endpoint. DEHP is a known
weak agonist for ER and PPAR in vivo and in vitro (Ito et al., 2007;
Kavlock et al., 2006) and also has a low number of active assays
in the associated ToxCast gene sets. In addition, patterns are
noted in the assays grouped by bioactivity sets offering hypoth-
eses of potential pathways of toxicity. For instance, exposures
to BBP, DHP, DBP, DPP, and DIBP are associated with develop-
mental and reproductive toxicity in the literature (Tonk et al.,
2012; Tsai et al., 2014) and we observe a high number of active
assays within the bioactivity sets specific to inflammatory, im-
mune, angiogenesis, and cellular migration pathways for these
phthalates.

While the ToxCast data can be somewhat consistent with
existing in vivo evidence for certain chemical-target associ-
ations, there are also inconsistencies between the ToxCast
assay results and what is reported in the literature. For instance,

FIG. 5. ToxPi ranking of 16 parent phthalates based on ToxCast biological process target activities. The phthalates are organized by chain length size (short, medium,

and long). The 4 metabolites are not included in this analysis. The ToxPi images are arranged from most to least active chemical.
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FIG. 6. ToxCast chemical assay activity of symmetrically linear phthalates. The assay activities of symmetrically linear phthalates are compared using different meth-

ods of visualization. A, The ToxPi ranking of 6 symmetrical linear phthalates based on ToxCast biological process target activities are arranged from smallest to longest

side chain length. B, The Venn diagram displays the specific active assays for three symmetrically linear phthalates. Assays are color-coded according to the color le-

gend for biological process targets.

PHAM ET AL. | 297

Downloaded from https://academic.oup.com/toxsci/article-abstract/151/2/286/2241036
by Univ of Calif - San Francisco user
on 24 August 2018



FIG. 7. Straight-chain versus cyclic dihexyl phthalates. The chemical activity of the straight chain DHP is compared with its cyclic analogue DCHP using different meth-

ods of visualization. A, A ToxPi comparison of structural analogues DHP and DCHP based on ToxCast biological process target activities. B, A Venn diagram comparison

of the specific active ToxCast assays for the structural analogues.
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DEHP and DINP are well-characterized reproductive and devel-
opmental toxicants, but are not very active in the ToxCast gene
sets (Table 3). And although phthalate exposure is linked with
anti-androgenic effects in rat models (Foster, 2005, 2006; Gray
et al., 2000; Mylchreest et al., 1998; Saillenfait et al., 2008) and in
epidemiologic studies (Bornehag et al., 2005; Bustamante-
Montes et al., 2013; Swan et al., 2005), there is a surprising lack of
chemical activity in the ToxCast AR gene set. Phthalates have
also been reported to alter thyroid hormone levels, but there is
little to no activity noted across the chemical class for the TR
gene set. AhR levels are affected by BBP, DEHP, DIDP, and DBP
in vivo (Chen et al., 2012; Moral et al., 2007), but no activity is
observed for these chemical-gene set pairs in the ToxCast
assays. Some phthalates are known to activate PPAR in vitro
based on existing literature (Bility et al., 2004; Ito et al., 2007) yet
only show mild activity in the PPAR gene set (DEHP, BBP, MBzP).

We grouped the phthalates by parent/metabolite, chain
length, or chemical structure to compare ToxCast assay activity
across and within chemical sets and found several trends.
Overall, the parent phthalates investigated were active in more
assays than their metabolites. This is particularly interesting
because although MBP and MBzP have low ToxCast assay activ-
ity, they are both linked to developmental and reproductive tox-
icities (Saillenfait et al., 2008). MEHP is the most active phthalate
monoester within both the gene and biological sets consistent
with in vivo findings that it is a very active metabolite (CHAP,
2014). We also found that medium-chain length phthalates are
active in more ToxCast assays than either long- or short-chain
length phthalates, as evident in the ToxPi rankings for both the
biological process target assays as well as assays specific to
endocrine disruption activity (Figs. 3 and 5). There are also dif-
ferences in chemical activity in relation to structure. For in-
stance, both the cyclic and straight chain dihexyl phthalates,
DCHP and DHP, activate a similar number of assays, but the spe-
cific assays are different. DHP is more potent in vivo than DCHP,
particularly in embryolethality and teratogenicity (Saillenfait
et al., 2009) and in general, these findings are consistent with
in vivo literature (CHAP, 2014; Gray et al., 2006; NRC, 2008).

The discrepancies between previously published in vitro and
in vivo data on the phthalates and the ToxCast results may be
due to several factors:

• The assay groupings may exclude relevant assays or dilute other

assay findings pertinent to phthalate toxicity.
• Assay groupings may inappropriately combine agonist and

antagonist mechanisms of action.
• Large assay groupings may inadvertently limit the ability to

observe the effects of chemicals with specific molecular targets,

especially in visual representations such as ToxPi images.
• ToxCast may not include sufficient evaluation of some mechan-

isms relevant to phthalate toxicity, eg, inhibition of steroidogen-

esis. Exploratory work by the ToxCast program focusing on

chemical activity on steroidogenesis is ongoing.
• The ToxCast program does not conduct assays in cell types such

as Leydig or Sertoli cells; therefore, relevant cell-specific data

examining phthalate activities are not available.
• Certain phthalates were not tested across all assay platforms

leaving data gaps that may limit the ability to compare results

across the chemical class.
• Limited phthalate chemical activity under the test conditions

may be the result of technical issues such as inadvertent reactiv-

ity with other assay components, poor chemical solubility, deg-

radation, or impurities (Judson et al., 2010).

• Most importantly, many in vivo toxicities cannot be captured by

single molecular events and are the result of a combination of

molecular perturbations among multiple pathways which would

be optimally evaluated in an integrated biological system.

The integration of assay-level data into higher-order biolo-
gical processes remains a huge undertaking due to the broad di-
versity of chemical-biological activities in vitro and in vivo.
Although ToxCast data are derived primarily from human cell
lines, which is meant to increase its predictive potential for
human health effects, factors influencing toxicity such as
pharmacokinetics and metabolism, early-life susceptibility, and
genetic variability are not adequately assessed by ToxCast cur-
rently. Improved translational methodologies will be needed to
enable better prediction of hazard and potency from ToxCast
assays. Questions on how we relate short-term in vitro activity
to chronic toxicity remain unanswered.

Despite these limitations, the vast ToxCast database offers
new insight into the potential toxicity pathways of several se-
lected o-phthalates and provides support for some previously
hypothesized mechanisms of action. ToxCast cannot presently
be exclusively used to screen a prospective compound or class
for toxicity. This case study demonstrated that the absence of
positive results cannot be interpreted as the absence of related
toxicity in vivo. However, ToxCast results may help discern key
events leading to toxicity, which can be integrated with what is
already known in published animal studies. For chemicals for
which little toxicological data are available, ToxCast assay re-
sults may suggest the need for toxicity testing in whole animal
studies. For example, our analyses show high ToxPi rankings
for DPP and DIBP, making them higher priority for additional
toxicity testing. In addition, the ToxCast results for DCHP indi-
cate it is active across all the nuclear receptor gene sets, sug-
gesting the need for additional toxicity testing. Thus, ToxCast
and other HTS tools have the potential for the exploration of the
intricate relationships between environmental chemicals and
their suspected toxicities, but relying exclusively on ToxCast to
identify hazard appears premature.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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