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TABLE 1

Toxicity Testing Tools and their Application in Risk Assessment

Tool

Application

% High-throughput screens

Stem cell biology

+ Functional genomics

* Bioinformatics

Efficiently identify critical toxicity pathway
perturbations across a range of doses and
molecular and cellular targets

Develop in vitro toxicity pathway assays
using human cells produced from directed
stem cell differentiation

Identify the structure of cellular circuits
involved in toxicity pathway responses to
assist computational dose-response
maxdeling

Interpret complex multivariable data from
HTS and genomic assays in relation to
target identification and effects of
sustained perturbations on organs and
tissues

(Césne Toxicology Testing in the 215t Century

£007 NRC publication

AEight invited commentaries in Toxicological
Sciences in 2009 to discuss multiple aspects
of implementing vision of new technologies

and models in toxicology field

% Systems biology

Computational systems
hiology

PBPK models

Structure-activity relationships

* Biomarkers

Organize information from multiple cellular
response pathways o understand
integrated cellular and tissue responses

Describe dose-response relationships based
on perturbations of cell circuitry
underlying toxicity pathway responses
giving rise to thresholds, dose-dependent
transitions, and other dose-related
biclogical behaviors

ldentify human exposure situations likely to
provide tissue concentrations equivalent to
in vitro activation of toxicity pathways

Predict toxicological responses and
metabolic pathways based on the chemical
properties of environmental agents and
comparison to other active structures

Establish biomarkers of biological change
representing critical toxicity pathway
perturbations




A Field of Molecular and Cellular Toxicology
€ is Rapidly Evolving to Address Challenges

Many limitations in use of novel predictive in vitro and ex vivo
models, technologies - examples

1. 2d vs. 3d models vs. tissue slices; all have pros/cons but none representative of whole
animal or human

2. Validation: Resistance to change - New models should be extensively validated against
0gol d st an devend $aid assaysaaye®rror-prone (i.e. Ames); Need regulatory
acceptance.

3. PK/ PD: Exposure, biotransf or mantviirocotox modeld e a
be used for anything other than rank-ordering compounds?

4. |s data decision-making? How to best use data?

5. Overall lack of molecular characterization of models: Selection of appropriate in vitro
models with conserved mechanisms in vivo for utilized endpoints i Not every in vitro/ex vivo
model is equal for every type of prediction; intuitive that endpoints should be validated in each
model ébut not al ways done.

NEssentially, al/l model s ar

Box and Draper, 1987



:i;ff Presentation Outline

1. Characterization of mechanism of acetaminophen (APAP)
and a-naphthylisothiocyanate (ANIT) toxicity in rat liver

2. Comparison of gene expression in livers from control rats
and untreated primary rat hepatocytes

3. Comparison of gene expression/pathways analysis from
APAP & ANIT treated rats and primary hepatocytes

4. Example of using mechanism of toxicity conserved
between intact liver and primary hepatocytes to validate In
vitro assay (Reactive Metabolite Cytotoxicity Assay) for
discovery project support



A In Vivo and In Vitro Experimental
$®™ Design: APAP and ANIT Treatments

Mifferentiate two prototypic hepatotoxic compounds on mechanism of toxicity:
Acetaminophen (APAP) 1 centrilobular hepatocellular necrosis, a-naphthyl
iIsothiocyanate (ANIT) T biliary hyperplasia

An Vivo Experiment - 15 rats: 2 cmpds x 2 doses x n=3/group + 3 control animals, liver,
single oral administration, 24 hour timepoint)

AClinical chemistry, liver histopathology, liver samples flash-frozen for RNA extraction and
toxicogenomic/pathways analysis

An Vitro Experiment i High and low dose APAP and ANIT, technical triplicates in rat primary
hepatocytes, 24h timepoint, cytotoxicity and toxicogenomic/pathways analysis

Group | Treatment | Dose Level
i 1 Control 0
2 APAP 500mg/kg
In Vivo 7 3 APAP 1500mg/kg
4 ANIT 50mg/kg
L 5 ANIT 150mg/kg
6 Control 0
7 APAP 1.25mM
In Vitro 8 APAP 10mM
9 ANIT 6.251M
10 ANIT 25n
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In Vivo Study Results i Liver
Histopathology Summary
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-----------------------
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Group/Dose (mg/kg) 1/Vehicle 2/500 3/1500 4/50 5/150
APAP? APAP ANITP ANIT
Number of Animals 3 3 3 3 3
Liver
Centrilobular hepatocellular single cell necrosis 0° 3(1) 22 0 0
Centrilobular hepatocellualar necrosis 0 0 1(3) 0 0
Centrilobular mononuclear inflammatory infiltrate 0 3 3(2 0 0
Bile duct necrosis 0 0 0 3 (3) 3 (3)
Perioportal inflammatory infiltrate 0 0 0 3(2) 3(2)
Periportal interstitial edema 0 0 0 3(2) 3(2)

& APAP - acetominophen

® ANIT i alphanaphthyl isothiocyanate

¢ Number of animals affected with microscopic change
(#) = mean sverity, average of the severity scor@sinimal =

— Control

ALiver section collected for RNA extraction, Affymetrix RG-230_2 arrays run,
pathways analysis performed using GeneGo ToxHunter platform

_APAP 1500mg/ke

1, mild = 2, moderate = 3, marked = 4, severediijed by the number of animals affected




NRF2 Regulation of Oxidative Stress Pathway is
Top Impacted Pathway by 1500mg/kg APAP

l Arop ranked pathway
< o suggests induction of

PI3K cat class IA 27.1.153
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In Vivo ANIT Treatments Perturb Genes Related to
Liver Inflammation and Bile Duct Injury

| ! 2 3 4 0 _-log(pValue)

1 1. Liver-bile duct hyperplasia

2 2. Liver-hyperplasia
A : - 8 3. Liver-regeneration

iver inflammation may - @ = _ _ _ o o o . . -
be related to known 4 3 | 4. Liver-inflammation
mechanism of ANIT s BT 1111 | S o
toxicity T infiltration of =~ — s—— . 5. Liver-bile duct injury
neutrophils/inflammatory 6 6. Liver-necrosis
response S ETTTT T I
7. Liver-subcapsular necrosis

ﬁBlIe_duct injury confirmed s - 8. Liver-subcapslar injury
by histopathology

9 B 9. Liver-centrilobular inflammatory
ANo observed BDH i gene . cellinfiltrate, mixed cell
expression changes may o o L - e

- : 10. Liver-relative weight loss
be occurring prior to onset iver taxic pathology biomarkers
of pathology |
unique similar common
ANIT 50mg/kg 118

ANIT 150mghkg 347 NN/
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| Pattern of Phase Ill (Transporter) Xenobiotic Gene
Expression Changes Contributes to Mechanistic

Understanding of ANIT Hepatobiliary Toxicit

Signal P wvalue .00 T %%
. . . Generic binding  FEELERRIRIIHS ]
Abchih WMOR1_RAT Multidrug resistance pratein 1 2 orotein § 500 ﬁ o
Abchd MORZ RAT Multidrug resistance protein 2 X Transparter 2.7291 0.007 =
Slelbal BOT1_RAT Monocarboxylate transporter 1 X Transporter 2.2199 8 20.00 —
alclBas WOTS_RAT honocarboxylate transporter 3 X Transparter 1.8588 _g 15.00
olcdal o29A0 RAT Equilibrative nucleoside transporter 2 X Transparter 1.6117 E '
Abcd3 ABCDS RAT ATP-hinding cassette sub-family D N Generic channel  BEIEELS &110.00 —
member 3 g
Abcch MRPE_RAT | Multidrug resistance-associated protein 5 3% Transporter -1.628 3: 5.00 -
Abcdl Abcdl_predict | ATP-binding cassette, sub-family D (ALDY, X Transparter -2.054
ed member 1 {predicted) 0.00 e
Slcolb3 SD1BY_RAT | Solute carrier organic anion transporter X Transporter 2.152 .
family member 162 \Q§
Abcc? MEPZ BEAT | Canalicular multispecific arganic anion X Transparter -2.167 0*@
transporter 1 A
alc3al o294A1 RAT Equilibrative nucleoside transporter 1 X Transparter 3.024 *p <0.01

OAFP AP (500mo ko)
mAPAP (1500 rmo ko)
OAMIT (S0mofk o
OAMNIT (150rmoy k)

Anduction of MDR1 and MDR2 suggests efflux of ANIT from hepatocytes
ARepression of SO1B2 and MRP2 suggests impaired biliary transport
Anhibition of MRP2 associated with hyperbilirubinemia (Klaassen, 2010)




Rat Primary Hepatocytes as a
Model System for Rat Liver

Comparison of Gene Expression
Patterns in Untreated Rat Livers and
Primary Hepatocytes



1. -log(pValue)

5 2. Xenobiotic metabolism. Phase Ill__

| i liver
3 T 3. AhR mediated regulation_liver
4 T ——— 4. Xenobiotic metabolism. Phase I_liver
5 T T T —— | 5. CAR mediated regulation_liver
6 6. Xenobiotic metabolism. Phase Il_

]

| i liver

7. PXR mediated regulation_liver

7
IDrug and Xenobiotic metabolism - Liver

Ao significant enrichment any GeneGo ToxHunter Drug and Xenobiotic Metabolism
ontology in untreated primary hepatocytes




, , , 4 =—log{pValue]

Necrosis, development

Fibrosis, development liver

1
2
3 .Phospholipidosis, development_ liver
4 Hypoxia, development

5

Apoptosis via Mitochondrial membrane
dysfuncticn

& .Progression of oxidative stress

Peroxiscmal proliferaticon, induction_
liver

8.Cell cycle progression of Mitosis

9 Steatosis, development_liver

10

10 FXR mediated regulation liver
Liver toxicity endpolnt processes

|

AJntreated primary hepatocytes at 48h post-plating show gene expression changes
significantly enriched in ToxHunter necrosis ontology. Primary hepatocytes have
|l i mited | i fespan in cultureée




-------------------
--------------------

--------------------

Cytoskeletal and Adhesion Pathways

....................

3 6 9 12 15
I I I I F—log(pValue)
1 1.Cytoskeleton remodeling_Cytoskeleton
i i remodeling
2 2 Cytoskeleton remcdeling TGF, WNT and

cytoskeletal remodeling

3.Cell adhesion Chemokines and adhesicn

4 Cytoskeleton remodeling Regulation of
actin cytoskeleton by Rho GTPases

5 Cytoskeleton remcdeling_Integrin
outside—-in signaling

6 .Translation _Regulation of EIF4F
activity

7 Development_FEndothelin-1/EDNRA
signaling

8 G—protein signaling G-Protein alpha-
12 signaling pathway

9 Immune response _CCR3 signaling 1in
eosinophils

n

10.Cell cycle_Influence of Ras and Rho
proteins on G1/S Transition

10

Maps



Induction of Cytoskeletal and Integrin Genes in
;;f"" Untreated Primary Hepatocytes vs. Control Rat
Liver

G\ T G Anduction of:

® 0000000 -collagen IV
4 e a0 -multiple integrins
-laminin
-alpha-actinin
-cytoskeletal actin
-fibrin
-c-Jun
N in untreated primary
\ L 4 ; rat hepatocytes
1 = @e ‘?H i if IH AJninduced changes
(30 o0 . 33le-g4 %’ in cytqskeletal and
e ' . adhesion pgthways
o000 0 ¢t % \ leads to difficulty in
I T o o N - i characterizing
.% .; <« o<« - changes in these
&Q_@ fn _ i | g eyl pathways caused by
™ 0 wdf] =i treatments




Example: Conservation of
Mechanisms of Toxicity from Rat
Liver to Rat Primary Hepatocytes

APAP vs. ANIT



PCA Using Top 1000 Most Significantly Perturbed Genes
Shows Separation of Rat Liver from Primary Hepatocytes

Rat Primary Hepatocytes

\\\\ ‘ m——

/

/
G

\ Ra
Rat L

\ Rat Liver - ANI

N A
'u%nl/ r
o

—
e

o~/ =

AANIT treatments in primary hepatocytes show gene expression pattern
similar to controls




APAP Regulates Genes in NRF2-Mediated
Oxidative Stress Pathways in Both Intact Liver and
Isolated Hepatocytes

1 2 38 4 5 6
| ! ! ! -Iog(pValue) unique similar common
b 1. NRF2 regulation of oxidative stress L34l P n// 87
i response
i | | 2. Glutathione metabolism B InVitro - APAP 1250mM
L DL L B inVivo - APAP 1500mg/kg
b 3. Immune response_|FN alpha/beta
— o
| signaling pathway
4. CAR-mediated direct regulation of
u— xenobiotic metabolizing enzymes / A\/IOSt S|gn|f|cant|y
| Rodent version en riched
5. CAR-mediated direct regulation of OntOIOQieS by
e xenobiotic metabolizing enzymes / common APAP
Human version -
1 gene expression
b 6. Transcription_Transcription
= . neen | are NRF2
| regulation of aminoacid metabolism RegUIation of
b 7. D.evse-lrlg?rment_Anglotensm signaling Ox'datlve StI’ESS
via s
Response and
b 8. Development_Growth hormone signaling .
_— S STAT and PLO/IPA GSH metabolism
b 9. Transcription_Role of AP-1 in
F . .
| regulation of cellular metabolism
—_— 10. Signal transduction_AKT signaling
“liver maps )



APAP Regulates Anti-Oxidant and Phase |
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DJ-1 stabilizes MRF2 protein
by promoting MRF2 dissociation
from KEAP1 and thus escaping
proteasomal degradation during
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f';' Biotransformation Genes Similarly in Both Intact
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Protection of the cell from reactive oxygen
species and the products of peroxidation




| Phase Ill (Transporter) Xenobiotic Genes Are
;;j""'; Regulated Differently by ANIT in Intact Liver and
Primary Hepatocytes

ATransporters involved in transit of ANIT from hepatocytes to bile duct
(MDR1, MDR2, and MRP3) are induced in vivo but not in primary
hepatocytes i Loss of conservation of mechanism of toxicity
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