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Tox21: Advancing 21st Century Tools to Evaluate & 
Understand Chemical Safety

• NIEHS has been a global leader in the strategic 
exploration, development and application of NAMs

– Tox21 Program, NIEHS grants, internal R&D

• In partnership with Tox21 partners (i.e., NCATS, 
US-EPA, US-FDA), Tox21 data for thousands of 
drugs/chemicals made publicly available

• Tox21 data widely used internationally (e.g., AI), 
yet limited adoption by regulatory agencies 

– Why?
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Limitations of Tox21, Evolution towards MPS

• Toxicologic Pathology not an initial focus for Tox21 
– Molecular targets & stress response pathways the focus
– NAMs often display limited physiological relevance

• Xenobiotic Metabolism
– Species differences not addressed without emulation of 

relevant metabolite profiles, adaptive pathophysiology 

• Biological Coverage
– Initial focus limited to available molecular assays for drug 

targets and stress response pathways with cancer cell lines

• Translation
– Likelihood for definable human health effects
– Intentionally focusing integrated NAMS into regulatory practice

• Uncertainties for Interindividual Susceptibility
– Lack of NAMs that model key factors in toxicological 

susceptibility (e.g., sex, age, pre-existing disease)
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For Tox21, in the beginning there were HepG2

Physiological architecture of liver

Tissues and Organs: a text of scanning electron microscopy, Kessel, RG and Kardon, RH, 1979.
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Micropatterned co-cultures

AkuraFlowTM Array of MPS Platforms Have Emerged 
in Biomedical Research
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Modeling Human Liver Toxicity with 3D Microtissues

MRP2
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• Human DILI Prediction
• Metabolically-activated hepatocellular toxicity

Live cell: CLF



Enhanced Modeling of Drug-induced Liver Injury 
with 3D microtissues
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Benzo(a)pyrene

• Compounds requiring metabolic activation via CYP450 enzymes 
respond differently in 3D vs. 2D liver tissue models

– Cyclophosphamide
– Valproic acid
– Benzo(a)pyrene
– Aflatoxin B1

• Clinically-relevant biological response pathways identified with 
human drug exposures in 3D that were not observed in 2D

• Enhanced transcriptomic pathway enrichment for known 
therapeutic targets & off-target effects with 3D liver spheroids 



Mechanistic exploration of free-floating 3D liver microtissues
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Applying Liver MPS: Botanical Safety & PFAS Mixtures



      

Expanding Biological Coverage:  human renal proximal tubuloids
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9 Commercial Liver MPS Collaborators

Courtney Sakolish

Ivan Rusyn



Tailoring NAM-based Data to the Needs of 
Regulatory Decision-making

Filling Data Gaps with Mechanistic Read-across



PFAS Mixtures Accumulation with MPS

Emulate Organ-on-a-Chip Microphysiological System

3D PHH
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PFAS Mixtures Exposures Over 28-days in PHH Spheroids
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• Longer-term exposures with some PFAS 
led to surprisingly robust ATP accumulation

– PFHxS, PFHxA, PFBS

• Longer-chain PFAS (e.g., PFOA, PFNA, 
PFOS) tended to show sharp declines in 
ATP with smaller increases

• Transcriptomic assays in progress



  

The Path Forward

• What are we trying to predict?
– Comprehensive safety?
– Hazard/risk for specific health effects? Which ones?

• NTP Histopathology Glossary: Mapping morphologies to liver MPS
– Diagnostic histology and clinical pathology equivalents within MPS
– MPS that display recognizable phenotypes of toxicity and disease

• Fatty liver disease, zonal-specific fibrosis, cholestasis
• 130 out of 411 total morphologies feasible with liver MPS
• Developing a ‘Rosetta Stone’ to relate imaging and assay data with liver 

MPS into recognizable findings for risk assessors 

• Blind spots with MPS: 
– How wrong are NAM-based potency range estimates for more 

vulnerable individuals?
• Sex differences
• Age ranges (e.g., neonatal, childhood, adult, geriatric) 
• Pre-existing disease states

• Expanding tissue coverage & establishing MPS functional 
benchmarks with the precious gifts of donated organs & tissues

– PFAS toxicity involves the liver-thyroid axis



Rationale for Prioritization of MPS Development for Chemical Safety

• Number of Pathology In Vivo Findings in EPA’s ToxRefDb Database
• Liver as the top priority for MPS supported by historical findings

Neoplastic Frequencies



It takes a village to raise the bar.
Predictive Toxicology Screening
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