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Abstract Work�ow Dose-dependent Response to H2O2: 
Necrosis Versus Apoptosis

Simulation and Discussion Conclusions

Oxidative stress is the result of an imbalance between the free 
radical load and the adaptive quenching mechanisms present in 
a cell. An important component of the adaptive response 
involves the nuclear actions of Nrf2 and NFκB through 
up-regulation of several defense proteins. However, excess of 
free radicals may swamp the adaptive mechanisms and lead to 
adverse consequences such as lipid peroxidation, altered 
enzyme activity, cell proliferation, di�erentiation, apoptosis or 
necrosis. Therefore, understanding Nrf2 and NFκB mechanisms 
is critical in predicting the response of a cell to oxidative stress 
and potentially using this information in safety assessments.

Free radicals:
  Superoxide, H2O2, OH radical, NO, peroxynitrite 
Sites of generation:
  Microsomes, peroxisomes, mitochondria, etc
Free radical quenching:
  • Catalase
  • SODs
  • Glutathione
  • Protein thiols
  • Thioredoxin, glutaredoxin, peroxiredoxin
  • Tocopherol, ascorbate

Inputs:

ROS: 
In cytosol

In mitochondria

Enzyme activities:
γGCS
GPx
GR

Complex 1
Complex 2

Outputs:

GSH, GSSG
4HNE, MDA

ATP
Single-stranded DNA
Mitochondrial pore 

opening 

Cell death
- Apoptosis
- Necrosis

The Network

Model Components Processes Major Themes Modeled Role of NFκB in oxidative stress

• Multi-site free radical generation 
• Generation of secondary radicals, Haber-Weiss, Fenton reactions
• The GSH, γGCS, GPx, GR System
• Lipid peroxidation and recovery
• Protein oxidation and recovery
• Glycolysis and oxidative phosphorylation
• Mitochondrial pore opening
• ASK1, JNK-caspase activation
• Cell death: apoptosis, necrosis

•  Cell-based assays in HepG2 upon compound treatment 
•  Assay results input to the model
•  Model simulates the homeostatic feedback processes for
   redox control in vivo
   Indicates the pathways involved
   Predicts adaptive vs. adverse outcomes
   Relates outcomes to dose and exposure

Assumptions

• Cell death is mainly caspase-mediated apoptosis for  
  lower doses (25 and 50 μM), while it is increasingly  
  necrotic for higher doses

• Apoptosis is proportionate to the activity of caspase

Yellow and green bars show our computed values for 
apoptosis and necrosis based on data in [1]

In [1] cells were treated with several concentrations of H2O2 in the range 
25-500 μM. Observations:

• Increase in caspase-8 activity till 50 μM H2O2, followed by its decline for    
      higher H2O2 concentrations due to oxidation of caspase itself
• Increase in cell death with a shift in profile: Increase in necrosis (both  
      absolute and relative to apoptosis) with higher concentrations of H2O2

Simulation results:
• Simulation results are comparable for caspase-8 and cell death profiles
• A dose-dependent up-regulation of Nrf2 (an adaptive response)   
 can be seen in the simulations; this is not recorded in [1]
 

Simulations Overview

1. Dose-dependent stress response to H2O2: necrosis versus 
apoptosis

2. Priming of cells with a small dose of H2O2 enables the cell 
adapt better to a larger subsequent dose

3. Role of NFκB in modulating oxidative stress following H2O2 
exposure

Model can achieve homeostasis as well as mimic varying perturbed states 
of oxidative stress.

We discuss 3 case studies of perturbation to show the following:

In [3], Ewing’s sarcoma cells transfected with an IκBα-encoding vector were 
challenged with TNFα. These cells suffer from NFκB deficit because of 
excess IκB. Cell death and lipid peroxidation measured in these cells were 
significantly higher than their control counterparts.

Simulation Results:
Lipid peroxidation and cell death estimates in simulations are comparable 
to those in [3]. 

[3] Djavaheri-Mergny M, Javelaud D, Wietzerbin J, Besancon F. NFκB 
activation prevents apoptotic oxidative stress via an increase of both 
thioredoxin and MnSOD levels in TNFα-treated Ewing sarcoma cells. FEBS 
Lett 2004; 578:111-115

The model simulates the oxidative stress response systems 
qualitatively and to a reasonable extent quantitatively

Since the reference experiments [1-3] were performed on 
cell lines other than human hepatocyte, it is natural to expect 
the simulations to deviate quantitatively from literature

Therefore, we are currently performing the same 
experiments on liver cells to compare the responses

Eventually, we expect to tune the model to reproduce in vivo 
behaviors

The protective role of NFκB response when challenged with TNFα is demonstrated 
in this experiment in [3] as well as in simulation

In [2], cells were treated with 50 μM of H2O2 for 20 min; after a 2-hr 
recovery period, the same cells were challenged with 100 μM H2O2 for 120 
min. The results were compared with controls that were given only the 
challenge dose. Important observations were:
•  Increase in GST conjugation of 4-HNE
•  Increase in the elimination of 4-HNE
•  Lesser JNK activation
•  Lower cell death rates 
for 50 μM H2O2- primed cells when compared to the controls.

Simulation results:

All the important observations were well-captured qualitatively in the 
simulations.

Role of Priming for an Adaptive Response

Note:
The values for conjugation and elimination are quite different in [2] when compared with 
our simulation. The reason can be that experiments in [2] are done on human leukemia 
and lung cancer cells, while our model is of human liver cells. Therefore, our results are 
comparable only qualitatively

[2] Ji-Zhong Cheng et al, Accelerated metabolism and exclusion of 4-hydroxynonenal 
through induction of RLIP76 and hGST5.8 is an early adaptive response of cells to heat and 
oxidative stress, J. Biol. Chem. 2001, 276:41213-41223

Simulation Discussion

Simulations provide the insight that the initial priming of cells with a 
small dose of H2O2 brought in several adaptive changes as follows:

•  GSH fall, protein oxidation and Nrf2 content in the nucleus are all       
   lower after the challenge dose in primed cells

•  Nrf2 in the nucleus was lower post challenge since a good Nrf2     
   response during priming stage equipped the cells for the                   
   subsequent challenge dose 

Note: The graph shows the 
min value attained by GSH 
and the max value by the 
other two parameters.

In this study, we present a comprehensive computational model of 
cellular mechanisms that participate in oxidative stress disposition. 
This includes free radical quenching mechanisms, oxidative 
phosphorylation, lipid peroxidation, protein oxidation, mitochondrial 
pore opening and ASK1-JNK pathways. We demonstrate 
quantitatively how cellular mechanisms adapt to oxidative stress 
through Nrf2 and NFκB mechanisms. In particular, we show how 
priming a cell initially with a low dose of free radicals can enable it to 
handle a much larger oxidative stress without adverse consequences. 
We also show that with increasing levels of oxidative stress, the cell 
transitions from an adaptive to an adverse regime and eventually from 
apoptosis to necrosis. The model can be used for understanding the 
impact of varying oxidative stress levels along with Nrf2 and other 
target modulation.
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• Glutathione as the primary oxidative stress quencher
• Protein thiols for secondary defense, TRx helps in recovery
• Lipid peroxidation as a natural spill-over of oxidative stress
• Nrf2 as an adaptive response to increasing oxidative stress
• Delayed recruitment of NFκB
• Improved cellular response to free radicals post priming
• Cell fate determined by:
          TRx-ASK1-JNK-caspase
          Mitochondrial pore opening
• Necrosis dominates over apoptosis with increasing free radical load
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Nrf2 and NFkB Upregulation

SimulationSimulation

Experimental Results [1]

[1] Mark B. Hampton, Sten Orrenius, Dual regulation of 
caspase activity by hydrogen peroxide: implications for 
apoptosis, FEBS Letters 414 (1997) 552-556

Other E�ects of Priming

Lipid Peroxidation Cell Death


