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Toxicology Testing in the 21st Century

Å2007 NRC publication

ÅEight invited commentaries in Toxicological 

Sciences in 2009 to discuss multiple aspects 

of implementing vision of new technologies 

and models in toxicology field
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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 

ógold standardô assays ïeven if said assays are error-prone (i.e. Ames); Need regulatory 

acceptance.

3.  PK/PD: Exposure, biotransformation, clearance, PPB, distributionécan in vitro tox models 

be used for anything other than rank-ordering compounds?

4.  Is 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 ïNot every in vitro/ex vivo 

model is equal for every type of prediction; intuitive that endpoints should be validated in each 

modelébut not always done.

ñEssentially, all models are wrong, but some are usefulò
Box and Draper, 1987



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



In Vivo and In Vitro Experimental 

Design: APAP and ANIT Treatments
ÅDifferentiate two prototypic hepatotoxic compounds on mechanism of toxicity: 

Acetaminophen  (APAP) ïcentrilobular hepatocellular necrosis, a-naphthyl 

isothiocyanate  (ANIT) ïbiliary hyperplasia

ÅIn Vivo Experiment - 15 rats: 2 cmpds x 2 doses x n=3/group + 3 control animals, liver, 

single oral administration, 24 hour timepoint)

ÅClinical chemistry, liver histopathology, liver samples flash-frozen for RNA extraction and 

toxicogenomic/pathways analysis

ÅIn Vitro Experiment ïHigh and low dose APAP and ANIT, technical triplicates in rat primary 

hepatocytes, 24h timepoint, cytotoxicity and toxicogenomic/pathways analysis

Group Treatment Dose Level

1 Control 0

2 APAP 500mg/kg

3 APAP 1500mg/kg

4 ANIT 50mg/kg

5 ANIT 150mg/kg

6 Control 0

7 APAP 1.25mM

8 APAP 10mM

9 ANIT 6.25mM

10 ANIT 25mM

In Vivo

In Vitro



In Vivo Study Results ïLiver 

Histopathology Summary

Group/Dose (mg/kg) 1/Vehicle 

 

2/500 

APAP
a
 

3/1500 

APAP 

4/50 

ANIT
b
 

5/150 

ANIT  

Number of Animals 3 3 3 3 3 

Liver       

   Centrilobular hepatocellular single cell necrosis 0
c
 3 (1) 2 (2) 0 0 

   Centrilobular hepatocellualar necrosis 0 0 1 (3) 0 0 

   Centrilobular mononuclear inflammatory infiltrate 0 3 (1) 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) 
a
 APAP - acetominophen 

b
 ANIT ï alpha-naphthyl isothiocyanate 

c
 Number of animals affected with microscopic change 

(#) = mean severity; average of the severity scores (minimal = 1, mild = 2, moderate = 3, marked = 4, severe = 5) divided by the number of animals affected 

ÅLiver section collected for RNA extraction, Affymetrix RG-230_2 arrays run, 

pathways analysis performed using GeneGo ToxHunter platform

Control APAP 1500mg/kg ANIT 150mg/kg



NRF2 Regulation of Oxidative Stress Pathway is 

Top Impacted Pathway by 1500mg/kg APAP 

ÅTop ranked pathway 

suggests induction of 

oxidative stress as 

mechanism of toxicity

ÅInduced genes include 

GST, Glutathione 

Synthetase, Glutamate-

Cysteine Ligase, heme

oxygenase, NQO1, and 

Thioredoxin reductase

ÅPattern of gene 

expression changes 

suggests reactive 

metabolite formation and 

hepatocellular 

antioxidant response



In Vivo ANIT Treatments Perturb Genes Related to 

Liver Inflammation and Bile Duct Injury 

ÅLiver inflammation may 

be related to known 

mechanism of ANIT 

toxicity ïinfiltration of 

neutrophils/inflammatory 

response

ÅBile duct injury confirmed 

by histopathology

ÅNo observed BDH ïgene 

expression changes may 

be occurring prior to onset 

of pathology

ANIT 50mg/kg

ANIT 150mg/kg



Pattern of Phase III (Transporter) Xenobiotic Gene 

Expression Changes Contributes to Mechanistic 

Understanding of ANIT Hepatobiliary Toxicity

ÅInduction of MDR1 and MDR2 suggests efflux of ANIT from hepatocytes

ÅRepression of SO1B2 and MRP2 suggests impaired biliary transport

ÅInhibition of MRP2 associated with hyperbilirubinemia (Klaassen, 2010)
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Rat Primary Hepatocytes as a 

Model System for Rat Liver

Comparison of Gene Expression 

Patterns in Untreated Rat Livers and 

Primary Hepatocytes



Comparison of In Vivo and In Vitro Controls ï

Minimal Impact on Biotransformation Enzymes

ÅNo significant enrichment any GeneGo ToxHunter Drug and Xenobiotic Metabolism 

ontology in untreated primary hepatocytes



Comparison of In Vivo and In Vitro Controls ï

Isolating and Plating Primary Hepatocytes Perturb 

Genes In Necrosis Process

ÅUntreated primary hepatocytes at 48h post-plating show gene expression changes 

significantly enriched in ToxHunter necrosis ontology.  Primary hepatocytes have 

limited lifespan in cultureé



Comparison of In Vivo and In Vitro Controls ï

Plating Primary Hepatocytes Perturbs Genes 

Cytoskeletal and Adhesion Pathways



Induction of Cytoskeletal and Integrin Genes in 

Untreated Primary Hepatocytes vs. Control Rat 

Liver

ÅInduction of: 

-collagen IV 

-multiple integrins

-laminin

-alpha-actinin

-cytoskeletal actin

-fibrin

-c-Jun 

in untreated primary 

rat hepatocytes

ÅUninduced changes 

in cytoskeletal and 

adhesion pathways 

leads to difficulty in 

characterizing 

changes in these 

pathways caused by 

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

Rat Liver Rat Liver - ANIT

RPH ïAPAP 10mM

Rat Liver ïAPAP 1500mg/kg

RPH ïAPAP 1.25mM

Rat Liver ïAPAP 

500mg/kg + Controls

RPH ïANIT + Controls

ÅANIT 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

In Vitro - APAP 1250mM

In Vivo - APAP 1500mg/kg

ÅMost significantly 

enriched 

ontologies by 

common APAP 

gene expression 

are NRF2 

Regulation of 

Oxidative Stress 

Response and 

GSH metabolism



APAP Regulates Anti-Oxidant and Phase II 

Biotransformation Genes Similarly in Both Intact 

Liver and Isolated Hepatocytes

ÅSimilarly regulated 

genes include 

GSTa3, GSTP, GCL-

reg, GCL-cat, 

TXNRD1, and Heme

oxygenase 1

ÅPrimary hepatocytes 

may be good model 

for identifying óAPAP-

likeô reactive 

metabolites (i.e. 

quinone imines) 

which conjugate 

glutathione



Phase III (Transporter) Xenobiotic Genes Are 

Regulated Differently by ANIT in Intact Liver and 

Primary Hepatocytes

ÅTransporters involved in transit of ANIT from hepatocytes to bile duct 

(MDR1, MDR2, and MRP3) are induced in vivo but not in primary 

hepatocytes ïLoss of conservation of mechanism of toxicity
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