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Challenges for Toxicology Testing 

 Significant increase of chemical 

exposure (number and quantity of 

chemicals) 

 The core experimental protocols of 

toxicity testing have remained nearly 

unchanged for more than 40 years 

Challenges of animal tests (Animal 

biology, high doses, low throughput, 

expensive, time-consuming, against 3R, et al) 
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The testing of substances for adverse 

effects on humans and the environment 

needs a radical overhaul if we are to meet 

the challenges of ensuring health and safety 

Hartung T. Nature. 2009, 460(7252):208-212 
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Toxicity Testing in the Twenty Fist Century 
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I. In vivo II. Tiered in vivo III. In vivo and in vitro IV. In vitro 

TT21C：US 

NRC Report, 

June 2007 
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 Fundamental role of mitochondria in energy 

metabolism and cell signaling transduction 

 Proper mitochondrial function are critical for 

cell proliferation/growth/survival in both 

physiological and pathological conditions 

 Mitochondria are one of the main and/or 

preferential targets for chemical insult 
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Mitochondria: an Important Targets for 

Chemical-Induced Injury 
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Mitochondrial Biogenesis: Coordination 

by mtDNA and Nuclear DNA 

Nuclear DNA 
mtDNA 

Mitochondrial 

biogenesis  

Coordination 

Maintaining mitochondrial 

number and function 

Repairing/recovering 

mitochondrial injury 
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Mitochondrial Toxicity and Drug-Induced 

Adverse Effect in Clinic 

These drugs were received “Black Box ”Warnings by the US 

FDA and were found to induce Mitochondrial toxicity 

Antivirals: Abacavir, 
didanosine, lamivudine, 
nevirapine, tenofovir, 
zalcitabine, zidovudine;  

 Anti-Cancer: Flutamide, 
tamoxifen;  

Antibiotics: Isoniazid, 
ketocomazole; 

CNS: Divalproex, nefazodone, 
valproic acid 

Antipyretic analgesic: 
acetaminophen 

Anthracyclines: Doxorubicin, 
daunorubicin, epirubicin, idarubicin;  

NSAIDs: Celecoxib, diclofenac, 
ibuprofen, indomethacin, mefenamic 
acid, meloxicam, naproxen, 
piroxicam, sulindac; 

Antic-cancer: Arsenic trioxide, 
tamoxifen 

Beta-blocker: Atenolol 

Antiarhythmic: Amiodarone 

CNS: Amphetamines 

Anaesthetic: Bupivacaine 

Diabetes: Pioglitazone, rosiglitazone 

Hepatic  toxicity Cardiac Toxicity 

Drug 

Hepatoxicity 

Cardiotoxicity 

Mito 
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Characterization of Mitochondrial Toxicity  

Any adverse alteration of 

mitochondrial morphology, 

density, ultrastructural, 

and/or integrity 

Mitochondrial dysfunction 

Any disruption or 

disturbance of normal 

mitochondrial function 

Mitochondrial structural damage 

swelling, shrinkage, 

vacuolization, cristae / 

membrane disruption, et al 

ATP depletion, mitochondrial 
membrane potential loss, 
biogenesis disruption, inhibition 
of mitochondrial complexes, 
excess ROS generation, et al 

Mitochondrial toxicity: direct impairment of  mitochondria 

leading to structural and/or functional injury manifested at a 

subcellular, cellular, tissue, organ or systemic level of observation 
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Mechanisms of Mitochondrial Toxicity 

oxidative 

stress 

mtDNA 

ROS 

Impaired 

Biogenesis  

Chemical 

Dykens JA, Will Y. Drug Discovery Today. 

2007, 12: 777-82 



Possible Toxicity Pathways Involved in 

Mitochondrial Toxicity 
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Adverse Outcome Pathway for Mitochondrial Toxicity: a conceptual 

framework that portrays existing knowledge concerning the linkage between a direct 

molecular initiating event which induces mitochondrial toxicity and an adverse 

outcome, at the individual or population level relevant to risk assessment 

 Protein/lipid binding 

 Inhibition of ETC 
complexes 

 Disturbed MPTP 

 Pathway perturbation 

 Antioxidant defense 

 …… 
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Assessment of Mitochondrial Toxicity 

Morphology 

Electron microscopy; 

specific probe, 

mitochondrial content 

leakage (cyto C) 

Function 

ATP, MPT, MPTP, O2 

consumption, OXPH 

Complex 

Mitochondrial toxicity 

Biogenesis pathway 

PGC-1a, NRF-1/2, 
TFAM, targeted 

downstream gene 
(MnSOD) 

Antioxidant pathway 

Nrf-2, Keap-1, 

antioxidant genes 

(CAT, GSHpx, SOD, 

GR, et al) 

 Toxicity pathways 

Oxidative stress 

ROS production; lipid, 

protein, mtDNA damage; 

antioxidants (MnSOD) 

Biogenesis 

Mitochondrial number; 

mtDNA number; 

mtDNA-encoded gene 

Mechanisms 



12 

Toxicity Testing Strategy in 21st Century: 

Chemical Induced Mitochondrial Toxicity 

  HepaRG 

  AC 16 

  HepG2 

Mitochondrial 

toxicity 

assessment 

Toxicity pathway 

Intervention 

PGC-1a/Nrf-2 

Acetaminophen 

(Paracetamol) 

Doxorubicin 

GOALS 

Applying TT21c in 

assessment of 

chemical-induced 

mitochondrial toxicity 

Understanding the 

linkage between 

perturbation of critical 

pathways and chemical 

mitochondrial toxicity 

COLLABORATIONS 

Unilever Safety and Environmental 

Assurance Centre, UK 
The Hamner Institute for 

Health Sciences, USA 



Doxorubicin 
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Oxidative stress 

Mitochondrial 

biogenesis disruption 

mtDNA 

ROS 

Mitochondria 

DOX 

 Doxorubicin (DOX): a potent anticancer drug  widely used in 

chemotherapy, such as leukemia and solid tumors 

 Adverse effects: cardiotoxicity 

 Mechanism of DOX-induced cardiac mitochondrial damage: 

mitochondrial oxidative phosphorylation / disruption of biogenesis 
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Acetaminophen 

 Acetaminophen (Paracetamol, APAP): analgesic and 

antipyretic, an non-steroidal anti-inflammatory drug (NSAID) 

 APAP toxicity is the foremost cause of acute liver failure  

 Mitochondria are one of the main targets of APAP leading to 

hepatotoxicity 
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Hypothetical AOP for DOX-Induced 

Cardiac Mitochondrial Toxicity 

 Protein/lipid binding 

 Inhibition of ETC 
complexes 

 Disturbed MPTP 

 Pathway perturbation 

 Antioxidant defense 
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Role of PGC-1a Pathway in Regulating 

Mitochondrial Biogenesis and Oxidative Stress 

 

 ETC: electron transport chain 

 MMP: mitochondrial membrane potential 

 MnSOD: magnase superoxide dismutase 

 mtDNA: mitochondrial DNA 

 NRF-1/2：nuclear respiratory factor 1/2 

 

 PGC-1α: peroxisome proliferator-activated 

                     receptor γ coactivator 1α 

 ROS: reactive oxygen species 

 TFAM: mitochondrial transcription factor A 

 UCP-2: uncouple protein 2 

PGC-1a 

MMP 

TFAM mtDNA 

NRF-1/2 

UCP-2 

MnSOD 

ATP Mito-ROS 

Biogenesis 

Chemical 
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Application of High Content Analysis (HCS) in 

Determination of DOX-Induced Toxicity 
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Content Analysis of DOX Toxicity 
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Mitochondrial 

ROS and Cell 

Outcome 

 Mitochondrial ROS are generated as 

inevitable by-products of oxidative 

phosphorylation 

 Mitochondrial ROS can function as 

important signaling molecules  

 Mitochondrial ROS directly damage 

mitochondrial components and 

induce mitochondrial dysfunction 

Physiological and Pathological Roles of 

Mitochondrial ROS 

Homeostasis 

Adaptation to 

stress 

Damage/death 

Mitochondrial 

ROS level 

Sena LA, et al. Molecular Cell. 2012, 158 -67. 
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DOX Increases Mitochondrial Superoxide 

Generation and Decreases MMP 
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 Mitochondrial superoxide was indicated by MitoSOX  

 Mitochondrial membrane potential (MMP) was indicated by TMRM 
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PGC-1a Deficiency Enhances DOX Effects 

on Mitochondrial ROS and MMP 
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PGC-1a Silencing Aggravates DOX-

Induced Decrease of ATP Level  
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Concentration-Dependent Effects of DOX 

on Mitochondrial Biogenesis 
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Effect of DOX on the Protein Expression of 

Antioxidants, MnSOD and UCP-2 
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Chemical Induced Mitochondrial Toxicity 

Profile: An Example of DOX 

100% 

DOX Concentration /Exposure time 

Toxic effect  
No  

effect 
Adaptation 



In Vitro Data and Risk Prediction in Human 
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Risk / safe 

dose  

Heart tissue 

concentration (µM) 

In vitro adaptive/adverse 

threshold concentration in 

human cells (µM) 

Exposure mg/kg/day 
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Plan of AOP Development in China  

Collaboration Nationally and 

Internationally 

Establishment of Society of Toxicity Testing 

and Alternatives 

Training and Workshops 
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