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Current System is Antiquated and 

Inefficient
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Acute toxicity studies 
(LD50) developed to 

standardized batches of 
pharmaceuticals

Genotoxicity
assays developed

Draize test 
introduced for eye 

irritants

Rodent cancer 
bioassay 

introduced

Continuous 
breeding studies 
for reproductive 

toxicity

... and cannot efficiently assess safety of all the existing 

chemicals or keep pace with those being developed

Current testing paradigm does not incorporate advances in 

technology and does not provide mechanistic data
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In 2007, NRC Transformed 

Toxicology with a Future View

I envision the future of safety 
testing... in vitro assays... 
human cells... toxicity 
pathways... 
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Let’s Start from a Common 

Understanding

HTS! AOPs!

It’s All 
Noise!

Exposure!

Omics!

TK!



5

It is All About High-Throughput 

Screening (ToxCast)…

1,800 Chemicals in 
Concentration Response

~300 Phase I
~700 Phase II

~800 E1K

~700  Biochemical and Cell-
based High-throughput 

Screening Assays

(327 genes and 293 pathways)

HTS!

http://www.olympusmicro.com/galleries/abramowitz/pages/3t3cells1large.html
http://www.olympusmicro.com/galleries/abramowitz/pages/3t3cells1large.html
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What Did High-Throughput Screening 

Tell Us?

Thomas et al., Tox Sci., 2013
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In Vitro Assay Selectivity as a Starting 

Point for Chemical MOAs/AOPs

Selectively Activated In 
Vitro Assays

Selective Chemical

Define
Mode-of-Action

Confirm Human 
Relevance and Derive 

Point-of-Departure

Key Events

0.01 0.1 1 10
0.0

0.2

0.4

0.6

0.8

1.0

Minimum AC50 / 10th Percentile

C
u

m
u

la
ti

v
e

 F
re

q
u

e
n

c
y

Concentration to Activate First Assay

Concentration to Activate 10% of  Assays

C
u
m

u
la

ti
v
e
 F

ra
c
ti
o

n
 o

f 
C

h
e
m

ic
a
ls

~80% with < 3-fold ratio

Nonselective

Selective

AOPs!



8

Combining Results from In Vitro Assays 

to Assess Estrogen-Related Activity
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Judson et al., Unpublished Data
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Pathway-Based Modeling to Assess 

Specific Activity Versus Interference

Assays                                                           “Receptors”

Judson et al., Unpublished Data
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Pathway-Based Modeling to Assess 

Specific Activity Versus Interference

Heat Map of Model Scores for 

Reference Chemicals
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Assay Interference Pathways

Judson et al., Unpublished Data
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What Have We Learned About the 

Non-Selective Chemicals?

?????????

Nonselective Chemical

Define Point-of-
DepartureBMR

BMDBMDL
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Non-Selectivity Closely Aligned with 

Cytotoxicity

• Potentially related to non-selective 

interactions with multiple biological 

targets

• Leads to potential false positive 

activity

• Quantitated using Z-score (# of SD 

from burst center)
- High Z: more likely to be specific

- Low Z: less likely to be specific

±3 SD for burst
Cytotox assays

Histogram 
counting hits

AC50s for ER 
assays

Relatively narrow concentration range going 
from no biological activity to lots of 

activity/cytotoxicity

Could we identify region of no biological 
perturbation and use that to define a point 

of departure?
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Evaluating ToxCast Assays for Dose-

Response of Nonselective Chemicals

Blood Concentrations at 
Steady State

Reverse Dosimetry

Oral 
Exposure

Plasma 
Concentration

ToxCast AC50 Value

Oral Dose Required to 
Achieve Steady State 

Plasma Concentrations 
Equivalent to In Vitro

Bioactivity

~600 In Vitro ToxCast
Assays

Most Sensitive Assay

Rat Liver 
Metabolism

Rat Plasma Protein 
Binding

Computational 

IVIVE Model
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D
B

Subset of 59 Chemicals from 
ToxCast Phase I

Wetmore et al., Tox Sci., 2013
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Region of No Biological Activity 

Provides a Conservative POD

Wetmore et al., Tox Sci., 2013
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Minimum In Vitro Rat Oral Equivalent Dose (mg/kg/d)

Log Ratio ToxRef Min LEL:ToxCast

Min Oral Equivalent Dose

Distribution Summary Statistics

Median                    1.82    (66.07)

Upper Quartile       2.55  (354.81)

Lower Quartile       0.95       (8.91)

10-2 10-1  100 101 102 103 104 105

5.7% below line

Spanned 38 In Vivo Endpoints across Multiple Tissues, Organ Systems, 
and Study Types (Repro, Chronic, and Dev)
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Integrating Human 

Dosimetry and Exposure

Reverse Dosimetry

Oral 
Exposure

Plasma 
Concentration

ToxCast AC50 Value

Oral Dose Required to 
Achieve Steady State 

Plasma Concentrations 
Equivalent to In Vitro
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~600 In Vitro ToxCast
Assays

Least Sensitive 
Assay
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What are humans 
exposed to?

?

?

?

Chemical

In Vitro
Bioactivity

Most
Sensitive Assay

Human Liver 
Metabolism

Human Plasma 
Protein Binding

Population-Based  

IVIVE Model

Upper 95th Percentile Css
Among 100 Healthy 

Individuals of Both Sexes from 
20 to 50 Yrs Old

309 EPA ToxCast Phase I 
Chemicals

Rotroff et al., Tox Sci., 2010
Wetmore et al., Tox Sci., 2012

TK & 
Exposure!
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Margins-of-Exposure Can Identify 

Chemicals of Greatest Concern
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A total of 9.9% of the chemicals tested in ToxCast program have in vitro biological activity at oral equivalent 
doses that overlap the most highly exposed subpopulation.
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Then Came ToxCast Phase II…
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High-Throughput Exposure Models 

Filling in Critical Data Gaps

(Bio) 
Monitoring

Dataset 1

Dataset 2

…

e.g., CDC 
NHANES 
study

Wambaugh et al., Env Sci Technol., 2013

Predicted 
Exposures

…

Model 1

Model 2

Inferred 
Exposures

Pharmacokinetic 
Models

+
Simple Indicator of 
Consumer/Indoor 

Use

Established Fate and 
Transport Models

Estimate 
Uncertainty

Calibrate 
models

In
fe

rr
e

d
 E

xp
o

su
re

Joint Regression on Models

R2 = 0.15, p = 0.017
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High-Throughput Exposure Models 

Filling in Critical Data Gaps
O

ra
l E

q
u

iv
al

en
t 

D
o

se
 o

r 
Ex

p
o

su
re

Oral Equivalent Doses Provided by Barbara Wetmore
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12 Chemical Use Categories

Antimicrobials

Chemical Industrial Process

Consumer

Dyes and Colorants

Fertilizers

Food Additive

Fragrances

Herbicides

Personal Care Products 

Pesticides 

Petrochemicals

Other

CASRN Category 1 Category 2 … Category 12

65277-42-1 0 1 … 0

50-41-9 1 1 … 0

… … … … …

CASRN Category 1 Category 2 … Category 12

65277-42-1 0 10 … 1

50-41-9 31 7 … 3

… … … … …

Binary matrix 

Refining Exposure Model With 

Additional Chemical Use Categories

Table: Hits per use category for a given chemical  

Repeat Modeling Exercise

Five parameters best describe the data
Industrial  No Consumer Use
Industrial and Consumer Use

Pesticide
Pesticidal Inert

Production Volume

R2 ~ 0.5
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Second Generation High-Throughput 

Exposure Models Have Less Uncertainty
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What About ‘Omics?

Thomas et al., Tox Sci., 2011
Thomas et al., Mut Res., 2012
Thomas et al., Tox Sci., 2013

Omics!

Short-term Animal 
Studies

Derive Safe Exposure 
Level

BMDL10

100,000
RSD

BMDL
UFs

RfD

BMR

BMDBMDL

Fit Each Gene with 
Statistical Models

Identify Point of Departure 
(i.e., BMD)

Transcriptional 
Responses

TP53

NFkB

Group Genes By 
Signaling Pathway

Most Sensitive 
Pathological 

Response Considered 
Adverse

Subchronic and 
Chronic Animal 

Studies

BMR

BMDBMDL

Fit Data with 
Statistical Models

Identify Point of 
Departure (i.e., BMD)

Transcriptional POD

A
p

ic
al

 P
O

D

Compare In Vivo 
Apical and 

Transcriptional 
PODs
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In Vivo Transcriptomics Provides 

an Accurate Estimate of the POD

Thomas et al., Tox Sci., 2013

0.1

1

10

100

1000

10000

0.1 1 10 100 1000 10000

L
o

w
e
s
t 

A
p

ic
a
l 

B
M

D
 (

m
g

/k
g

/d
)

Lowest Pathway Transcriptional BMD (mg/kg/d)

r = 0.830 (p = 0.0016)

Median Log2 Ratio Apical:Transcriptional

BMD = 0.168 (1.12) 

Bladder

Liver

Thyroid

Rat

Mouse

Lung

0.1

1

10

100

1000

10000

0.1 1 10 100 1000 10000

T
u

m
o

r 
B

M
D

 (
m

g
/k

g
/d

)

Lowest Transcriptional BMD (mg/kg/d)

Median Log2 Ratio Apical:Transcriptional

BMD = 0.628 (1.55) 

r = 0.943 (p = 0.0001)

Noncancer Endpoints Cancer Endpoints



24

Piecing Together What That Elephant 

May Look Like…

HTS! AOPs!

It’s All 
Noise!

Exposure!

Omics!

TK!
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Tier 1 Testing
In Vitro Assays for 

Bioactivity

Selective Interacting 
Chemicals

Nonselective Interacting 
Chemicals

Classify Chemicals Based 
on Selectivity

Define Tentative 
Mode-of-Action

Human In Vitro
Pharmacokinetic Assays and 

IVIVE Modeling

Conservative First Order 
Human Exposure 
Characterization

Define First Order 
Margin-of-Exposure

Thomas et al., Toxicol Sci, 2013

An Initial View of the Elephant

Application to Risk-Based 
Priority Setting in EDSP

Development of 
Screening Level PODs for 

Select Agency Needs

Development of 
Screening Level PODs for 

Select Agency Needs
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Tier 1 Testing
In Vitro Assays for 

Bioactivity

Selective Interacting 
Chemicals

Nonselective Interacting 
Chemicals

Define Tentative 
Mode-of-Action

Human In Vitro
Pharmacokinetic Assays and 

IVIVE Modeling

Conservative First Order 
Human Exposure 
Characterization

Define First Order 
Margin-of-Exposure

Thomas et al., Toxicol Sci, 2013

An Initial View of the Elephant

Short-term Rodent 
Transcriptomic

Studies Refined 
Pharmacokinetic 

Estimates

Refined Second Order 
Human Exposure 
Characterization

Define Second Order 
Margin-of-Exposure

MOE >100 to 
>1000 

Tier 2 Testing
Confirm In Vivo

Mode-of-Action and 
Human Relevance

MOE >100 to 
>1000

A practical, data-driven framework that can provide a near-term 
solution for making economical, efficient and health-protective 

decisions on chemicals 
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