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DIRECT AND INDIRECT ACTION OF RADIATION 
  

Å If the atoms of the target (DNA) are ionized by the radiation, this is referred to as 

DIRECT ACTION of radiation.  It is the dominant process for high LET radiation. It 

cannot be modified by chemical sensitizers and protectors. 

 

Å If the radiation interacts with other cellular molecules (particularly water) to 

produce free radicals that migrate to and damage the target, this is called the 

INDIRECT ACTION of radiation.  About 2/3 of the biological damage by X-rays is 

due to indirect action, which can be modified by sensitizers and protectors. 
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FREE RADICAL ï A free radical is an atom or molecule 

that contains an unpaired electron. These species tend to be 

highly reactive 
 

 The hydroxyl radical is the important oxidizing agent in 

aqueous systems.   

It can react in one of three ways: 

1. addition     R + ÅOH  ­  ROHÅ 

2. hydrogen abstraction   RH + ÅOH  ­  RÅ + H2O 

3. electron transfer    R + ÅOH  ­  RÅ + OH- 

 



The other kind of free radical  



OXYGEN, RADIOSENSITIZERS, CHEMICAL FIXATION  

 

Effect of Oxygen and Radiosensitizers  

Oxygen reacts rapidly with the more long lived radicals 

produced in biomolecules to produce peroxide radicals and 

hydroperoxides: 

 

 R  +  O2     RO2  RO2H 

 

This process is referred to as DAMAGE FIXATION.  

Radiosensitizers, such as nitroimidazoles, can "mimic" 

oxygen by causing damage fixation. 
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Adams GE et al., Radiat Res 1976 



Effect of Thiols  
Thiols can protect either by (i) scavenging primary 

free radicals, including hydroxyl radicals, but this 

requires relatively high concentrations of scavenger, 

or  

(ii) hydrogen atom donation to radicals produced in 

the target biomolecules: 

 

 R  +  SH         RH  +  S 

 

The latter process is often referred to as CHEMICAL 

REPAIR.  In cells, glutathione and proteins 

associated with chromatin have been implicated as 

mediators of this process.  
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Importance of cell nucleus as target for cell 

killing by radiation  

Munro TR, 1970 



Prise et al. 2002 



Survival of cells irradiated with a single or an exact 
number of 90 keV/ɛm Ŭ-particles targeted to the nucleus 

or cytoplasm  

NUMBER OF a PARTICLES 

Nucleus                                           Cytoplasm  

Hei T. K. et.al. PNAS 1997;94:3765 -3770 

Wu L. et.al. PNAS 1999;96:4959 -4964 



Chromosomal DNA is the principal target for cell killing  (E.J. Hall) 
 

The evidence implicating the chromosomes, specifically the DNA, as the primary target for 

radiation-induced lethality may be summarized as follows: 

 

1.Cells are killed by radioactive tritiated thymidine, incorporated into the DNA.  The radiation 

dose is due to short-range ɓ-particles and is therefore very localized. 

 

2. Certain structural analogs of thymidine, particularly the halogenated pyrimidines, are 

selectively incorporated into DNA in place of thymidine when substituted in cell culture growth 

medium.  This substitution dramatically increases the radiosensitivity of the mammalian cells. 

Substituted deoxyuridines, which are not incorporated into DNA, have no such effect on 

cellular radiosensitivity. 

 

3. Factors that modify cell lethality, such as a variation of the type of radiation, oxygen 

concentration, or dose rate, also affect the production of chromosome damage in a fashion 

qualitatively and quantitatively similar.   

 

4. Early work showed a relationship between virus size and radiosensitivity; later work 

showed a better correlation with nucleic acid volume.  The radiosensitivity of a wide range of 

plants has been correlated with the mean interphase chromosome volume, which is defined 

as the ratio of nuclear volume to chromosome number.  The larger the mean chromosome 

volume, the greater the radiosensitivity. 

 

5. A direct correlation has been observed in hamster cells between aberrant chromosomes at 

the first postirradiation division and the failure of the cell to form a colony.  



DNA double helix  



Hall EJ, 1988 

Direct and 

Indirect Action 

of Radiation  



Types of DNA damage    

ÅBase modification - including base 
loss 

ÅDeoxyribose phosphate modification 

ÅSingle and double-strand breaks 

ÅInter and intrastrand DNA crosslinks 

ÅDNA-protein crosslinks 

ÅClustered damage vs isolated 
damage 
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Hydroxyl radical attack of bases  

Å The relative sensitivity of the four bases to radiation-induced 

modification is T>CºG>A 

 

Å~80% of the reactions involve addition to the double bonds especially 

5,6-double bonds of pyrimidines. 

 

ÅBase modification often results in loss of base-pairing ability and loss 

of planarity, which leads to distortion of DNA helix 

Thymine glycol 



Thymine glycol: loss of aromaticity and planarity  



Radiation -induced pyrimidine lesions  


