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ETHYLENE OXIDE 

DNA Adducts 
N7G* (81%) 

N3A  (10%) 

N1A (7%) 

O6G (0.4%) 

N6 A  (small amt) 

N3C→N3U (small amt) 

N3T (small amt) 

                

 * N7G = marker adduct 

 
Li et al., 1992, Segerback, 1990 



EO: Alternate Mutagenic Mechanisms: 
(Indirect Mutagenesis) 

 

Oxidative Stress 

• Marsden et al. (2009) 

 High dose effect; mimicked by H2O2; produces N7HEdG adducts 

 

Mitogenesis 

• Recio et al. (2004) 

 lacI mutations in testes of mice after 48 wk inhalation exposure with background mutation spectrum 
 indicating amplification of pre-exisiting mutants. 

• Parsons et al. (2013 

 Ras mutations in lungs of mice after 4 wk inhalation exposures with background mutation spectrum 
 suggesting amplification of pre-existing mutants. 



EO: Pro-mutagenic adduct(s) in target 
tissue? 

 

 

N7-hydroxyethyl-dG is NOT A PROMUTAGENIC ADDUCT* 

 

• Tompkins et al. (2009) Mutation Research  

      (pSP189 shuttle vector replicated in human Ad 239 cells) 

 

• Philippins et al. (2014) DNA repair 

      (N7dG adduct in plasmids transformed into bacteria) 

 

* Nor do abasic sites accumulate (Rusyn et al., 2005) 



EO dose, DNA adducts and Mutation induction (Tompkins et al. 2009) 





N7HEdG Adduct is not mutagenic 

 

 

Phillippin et al. 2014 



Ethylene Oxide Mutagenicity 

 

• Although positive in many systems, EO is a weak mutagen. 
Genetic Activity Profile shows that average lowest effective exposure concentrations required to give positive results in vitro were between 1.0 

and 10.0 µg/ml (23 to 230 μM)* 

EO blood levels of this magnitude (~ 23 μM) require inhalation exposures > 150 ppm for four hours in mice** 

 

• Abundant evidence of non-linearity (thresholds) at low doses. 
Adducts:   

Marsden et al., (2009) 

Mutations: 

Nivard et al., (2003) Drosophila 

Walker et al., (2000) Hprt mammalian in vivo 

Recio et al., (2004) LacI mammalian in vivo 

Tompkins et al., (2009) Plasmid in vitro human cells 

LeBlond et al., (2012) MN mammalian in vivo  

 

*   = Waters et al., 1998 

** = Brown et al., 1998 

 

 







ETHYLENE OXIDE 

 

 

WEAK CARCINOGENICITY HIGHLY CORRELATED WITH WEAK 
MUTAGENICITY 

 

(Vogel et al., 1998) 



Vogel et al. (1998)  Mutation Res.  400:509-540 

Vogel et al.,, 1998 



DNA Adducts versus EO Dose:  (Marsden et al. 2009) 





        Mutation induction versus DNA adducts (Tompkins et al. 2009) 



Mutation induction versus DNA adducts (Tompkins et al., 2009)    



“Under refined reaction conditions using higher EO 
concentrations capable of inducing detectable levels of N1-
HEdA, O6-HEdG and N3-HEdU along with N7-HEG, there was a 
significant dose-related increase in relative mutation 
frequency above background (3.76- and 5.30-fold at 10 and 
30mM, respectively). EO treatment appeared associated with 
an elevated frequency of GC→CG mutations and the 
occurrence of substitutions at AT base pairs. Additionally, 
there was a distinct GC→TA mutational hotspot in the 10mM 
EO spectrum. Overall, the results suggest a certain level of 
promutagenic adducts must be attained before mutations 
become detectable above background, indicating that N7-HEG 
is not a promutagenic lesion,and support a role for the minor 
products of DNAhydroxyethylation in the generation of base 
substitutions by EO”. 
© 2009 Elsevier B.V. All rights reserved 

Tompkins et al. 2009:  excerpt from abstract 



Le Baron et al., 2012 



LeBaron et al., 2012 



LeBaron et al., 2012 





Table 6.  Ratio of observed to NEOTRANS2-EO model 
predicted Hprt mutant frequencies ( 10-6) for B6C3F1 
mice exposed by inhalation to ethylenea or ethylene oxide 

 
EO(ppm) 

Experimentally 
Observed Mean 

Model 
Predictedb 

 
Ratio 

0 2 2.1 0.95 

0.7a 2.2 2.1 1.05 

4.4a 1.1 1.31 0.84 

8.6a 1.7 1.57 1.08 

50 3.8 4.10 0.93 

100 6.8 7.15 0.95 

200 14.1 13.3 1.06 
 

 

 a EO equivalence       b Predicted mean 



EO Induced Hprt  Mutations in B6C3F Mice
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Figure 4.  NEOTRANS2-EO model predicted Hprt mutant frequency curve 

(with 95% confidence intervals) for B6C3F1 mice exposed by inhalation to 

EO (see also Figure 5).  Points = experimentally observed mutant 

frequency data.  Horizontal dashed (green) line represents the 

spontaneous background mutant frequency. 



EO Induced Hprt  Mutations in Mice
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Figure 5.  NEOTRANS2-EO model predicted Hprt mutant frequency curve (solid green 

curve) for B6C3F1 mice exposed by inhalation to EO.  Points = experimentally 

observed mutant frequency data.  The first threshold (2 ppm) is for intercellular 

signaling for protective bystander effects.  The threshold for induction of excess 

mutants by exogenous EO exposure = 17 ppm.  Blue dashed line represents the 

spontaneous background mutant frequency. 



Recio et al., 2004 





Complete Protection against Aflatoxin B1-
Induced Liver Cancer with a Triterpenoid: 

DNA Adduct Dosimetry, Molecular Signature, 
and Genotoxicity Threshold 

 
 
Natalie M. Johnson1, Patricia A. Egner1, Victoria K. Baxter2, Michael B. Sporn3, Ryan S. Wible4, 
Thomas R. Sutter4, John D. Groopman1, Thomas W. Kensler1,5, and Bill D. Roebuck3 

Cancer Res Prev 14(7): 658-665 



Extrapolation is the most contentious issue in cancer risk assessment. Two basic approaches are 

used in the extrapo lation of observational data from high-dose animal experiments to low-dose 

human exposure. One of these assumes that there is a threshold dose below which no effect is 

observed. The other approach assumes that there is no safe dose and that a single molecule is 

sufficient to increase risk for developing cancer. Our understanding of toxicologic mechanisms has 

advanced considerably since the linear-no- threshold model was adapted for cancer risk 

assessment. Knowledge of mechanism of action is critical for informing dose–response 

relationship below the experimental observable range. Johnson and colleagues (1) have used new 

technologies in analytical chemistry and molecular biology to characterize downstream biologic 

events in the exposure disease continuum. They showed that AFB1 is a classic genotoxic substance 

in that it binds covalently to DNA and induces mutations. In fact, DNA adduct formation exhibits a 

characteristic linear dose–response curve over a wide range. But ,further analysis demonstrated a 

threshold mode of action, with respect to internal dose of active metabolite and 

hepatocarcinogenesis. That is, there was substantial adduct formation and DNA damage without 

having any effect on development of hepatocellular carcinoma. AFB1 is apparently promoting 

carcinogenesis via a second mode of action downstream to adduct formation related to expression 

of signature genes involved in hepatocellular carcinogenesis (12) and signaling pathways mediated 

by nuclear factor erythroid 2-related factor 2 (Nrf2; ref. 13). 

Olden and Suryanarayana 2014 



Progression of events leading to mutations due to a DNA 
reactive chemical, i.e. direct, DNA reactive mutagenesis 

Internal/biologically 
effective dose 

DNA Damage Mutation 

Distribution±activation 

Detoxification 

                   Repair 

Fixation  

Direct measures 
  DNA Adducts 
  Abasic sites 
  Intercalations 
  DNA-DNA cross-links 
    (intra- and inter-) 
  DNA-protein cross-links 
  DNA strand breaks  
    (ss and ds) 
 
Indirect measures 
  Cytotoxicity 
  DNA repair 
  Sister chromatid exchange 

Gene mutations 
Chromosome mutations 



Progression of events leading to indirectly induced mutations 

Internal/biologically 
effective dose 

Primary 
toxicity* 

DNA Damage Mutation 

GSH depletion 
ROS production 
Lipid peroxidation 
Mitogenesis 
Protein interactions 
(spindle protein 
dysfunction) 

* = potentially rate limiting  

Distribution±activation 

Detoxification 

                   Repair 

Fixation  

Direct measures 
  DNA Adducts 
  Abasic sites 
  Intercalations 
  DNA-DNA cross-links 
    (intra- and inter-) 
  DNA-protein cross-links 
  DNA strand breaks  
    (ss and ds) 
 
Indirect measures 
  Cytotoxicity 
  DNA repair 
  Sister chromatid exchange 

Gene mutations 
Chromosome mutations 



Ethylene Oxide: An Endogenous Chemical 

 

• Ethylene oxide is a highly reactive chemical that reacts with biomolecules such as 
proteins and DNA - a property that renders it genotoxic.   

• Due to its endogenous production, living organisms are presented with a problem-- 
they must contend with containing the potential deleterious effects of a highly 
reactive chemical that they also produce by normal requisite metabolic processes.   

• Exposure is inescapable, whether from inhalation, ingestion, or dermal exposure to 
exogenous sources, from the ethylene gas that is ubiquitous in the natural 
environment or, critically, as a result of its endogenous production.  

• Living organisms cope with the continual presence of ethylene oxide by maintaining 
physiological homeostasis through detoxification.   

• Ethylene oxide’s in vivo toxicity, including its direct, DNA-reactive genotoxicity, 
becomes manifest only when exposures result in cellular concentrations that 
overwhelm these detoxification capacities.  

 

 


