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ABSTRACT 

 
 Two or more factors can simultaneously make their combined effects on the biological objects. This study 

has focused on theoretical approach to synergistic interaction due to the combined action of radiation and 

another factor on cell inactivation. A mathematical model for the synergistic interaction of different 

environmental agents was suggested for quantitative prediction of irreversibly damaged cells after combined 

exposures. The model takes into account the synergistic interaction of agents and based on the supposition that 

additional effective damages responsible for the synergy are irreversible and originated from an interaction of 

ineffective sublesions. The experimental results regarding the irreversible component of radiation damage of 

diploid yeast cells simultaneous exposed to heat with ionizing radiation or UV light are presented. A good 

agreement of experimental results with model predictions was demonstrated. The importance of the results 

obtained for the interpretation of the mechanism of synergistic interaction of various environmental factors is 

discussed. 

 

INTRODUCTION 

 

Organisms are always simultaneously exposed to a number of external factors. High 

temperature can enhance radiation sensitivity of various biological systems both in vitro and 

in vivo. Heating above 40C are now used to increase the cellular sensitivity to ionizing 

radiation, the greatest synergistic effect being observed when heat and irradiation are given 

simultaneously [1].  

This inhibition was related to a decrease of both the rate and extent of recovery which can 

be interpreted as being due to either the impairment of the recovery process itself or to the 

production of more severe irreversible lethal damage which cannot be repaired. The latter 

case was proved to be realized for the combined treatment of heat and ionizing radiation on 

yeast [2] and cultured mammalian cells [3] as well as for the exposure of yeast cells to heat 

and UV light [4]. A simple mathematical approach has been earlier proposed to predict and 

optimize the synergistic interaction of hyperthermia and ionizing radiation [5]. This model 

suggests that the synergistic interaction of ionizing radiation and hyperthermia is expected to 

result from an additional effective damage arising from the interaction of sublesions induced 

by both agents. These sublesions are considered non-effective after each agent taken alone. 

The main goals of this study were (a) to develop a mathematical model of synergistic 

interaction taking into account the production of irrepairable damage; (b) to adopt this model 

for prognosis of the portion of irreversible damage produced after combined exposures; (c) to 

test the validity of the model to describe experimental results.  
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MATHEMATICAL APPROACH 

Suppose that the additional effective damages, responsible for the synergy, are arisen 

from the interaction of sublesions induced by both agents and these sublesions are ineffective 

when each agent is applied separately. It would be reasonable to assume that one sublesion 

produced by an agent applied with heat interacts with one sublesion from heat to produce an 

additional effective damage. This assumption is not crucial since we do not define their 

nature concretely. It seems also plausible to suppose that the number of sublesions is directly 

proportional to the number of the effective damages. To follow to our previous publications 

[5], we use here index 1 for the agent applied together with heat (index 2). Let 1p  and 2p  be 

the numbers of sublesions that occur for one effective damage and 1N  and 2N  be the mean 

numbers of the effective damages in a cell produced by these agents. According to these 

assumptions, the synergistic effect is attributed to the formation of some additional effective 

damage 3N . Then the synergistic enhancement ratio k  may be expressed as 
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A number of additional damages 3N  arising from the interaction of sublesions produced by 

the two agents may be given as 
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In fact, this equation shows that the additional effective damage is a minimal value from two 

variable quantities: 11Np  and 22Np , which are the mean number of sublesions produced by 

the corresponding agent. Taking into account Eq. 2, the expression for synergistic effect (Eq. 

1) can be written as 
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This equation has two parameters ( 1p  and 2p ) to be estimated from experimental data. It is 

evident from here that the effectiveness of the synergistic interaction will be determined by 

the least value from the two functions: 
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relationship (Eq. 3) between the synergistic enhancement ratio and the ratio of 12 / NN  shows 

an increase in the synergistic enhancement ratio with 12 / NN  to a maximum, followed by a 

subsequent decrease at higher 12 / NN  . The absolute value of this maximum as well as the 

ratio of 12 / NN  at which it is attained are obviously of great interest not only in 

thermobiology but for environmental protection consideration as well. Since 1f  decreases 

while 2f  increases with increasing 12 / NN , the greatest synergistic effect will be obtained 

when 21 ff  , i.e. 
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It enables the determination of the condition of the highest synergistic interaction 

achievement: 

2112 // ppNN  .                                                      (5) 

It means that the highest synergistic interaction occurred when both agents produce equal 

numbers of interacting sublesions: 2211 NpNp  . For a particular case 21 pp  , the highest 

synergistic interaction occurred when the both agents produce almost equal number of 

effective damages, i.e. 21 NN  . Combining equations (3) and (5), one can deduce the value 

of the highest synergistic enhancement ratio which can be given by  
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It is evident that the value of the highest synergistic effect doesn’t depend on the ratio of 

12 / NN  and is completely determined by the basic parameters of the model.  

It is curiously but the model considered doesn’t demand a knowledge of absolute values 

of 1N  and 2N  but only their dimensionless ratio, 12 / NN , which can be derived for cell 

inactivation (the main end point used in this study) from the ratio of slopes of the 

corresponding curves 

2112 // oo DDNN  ,                                                       (7) 

where oD  being a measure of the time for survival to be reduced to e/1  on the exponential 

portion of survival curve.  

If irradiated cells are held in a liquid non-nutrient media at 30C before plating on to a 

growth medium, their survival is increased reflecting the process of LHR [6]. When samples 

were plated at different times after the treatment, the number of viable cells increased due to 

the LHR as a function of time, reaching a plateau after about 2-3 days. The availability of the 

plateau reflects the existence of the irreversible component of radiation damage which cell is 

incapable to recover from. In accordance with the definition [7], the irreversible component 

can be quantitatively estimated as the ratio of the number of irreversible damage to the total 

number of damage produced. The ratio shows the portion of damage which cannot be 

repaired. Each type of the effective damage ( 321 ,, NNN ) can be characterized by its own 

value of irreversible component ( 321 ,, KKK , respectively). Then for the synergistic 

interaction of two agents the irreversible component ( K ) might be presented as 

321

332211

NNN

NKNKNK
K




 .                                                 (8) 

Taking into account Eq. (2) and the basic postulates of the model, Eq. (8) can be rewritten as  
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where 1K  is the irreversible component after separate exposure to the agent combined with 

heat, 2K  is the irreversible component after thermal treatment applied alone and 3K  is the 
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irreversible component of additional damages responsible for the synergy. As was mention 

above, this additional damage is irreversible, i.e. 3K  = 1. For convenience calculation 

ability this equation may be given by  
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It is plausible to assume that biological damage produced by each acting agent ( 1N  and 2N ) 

during combined action can be repaired in the same extent and with the same probability as 

they were observed after application of these agents individually. One can estimate 1K  and 

2K  values from experiments with separate action of each agent used in combination.  

If the observed biological effect is largely induced by heat  2211 NpNp   then taking into 

account Eq. 3, the parameter 1p  can be expressed as 

   1211 /11 NNkp  ,                                             (11) 

where 1k  is the value of the  synergistic enhancement ratio observed in experiments 

performed in this condition. On the contrary, if the observed biological effect is mainly 

induced by another agent applied with heat  2211 NpNp  , we have 

   ,/11 2122 NNkp                                            (12) 

where 2k  is the experimental value of the synergistic enhancement ratio observed for the 

condition 2211 NpNp  . Knowing experimental values of 1k  and 2k  derived from two real 

experiments in which the cell inactivation was due to the preferential contribution of one of 

the two agents applied, we can make an empirical estimation of the basic model parameters 

1p  (Eq. 11) and 2p  (Eq. 12). To provide more precise description of experimental data, a 

direct estimation of these parameters from the entire set of data regarding to a given 

biological object might also be possible [5]. Knowing 1p  and 2p , one can predict the value 

of the synergistic enhancement ratio for any 12 / NN  (Eq. 3), the greatest value of the 

synergistic enhancement ratio (Eq. 6) and the condition under which it can be achieved (Eq. 

5). 

 

MODEL VALIDATION 

 

Tests were done on the applicability of the model for quantitative description, prediction 

and optimization of the synergistic interaction observed for various biological objects and test 

systems. Our most numerous findings have been obtained with diploid yeasts – the simplest 

specimen of eukaryote cells. As was shown previously [5], in diploid yeast cells thermally 

enhanced sensitivity to ionizing radiation may due to both the inhibition of repair from 

potentaially lethal damage and/or the enhancement of expression of lethal damage. The 

reduction of shoulder suggested that hyperthermia also interferes with repair of sublethal 

damage. Having used these published results, we estimated here the fraction of irreversibly 

damaged cells (irreversible component), which was determined as a value inversely 

proportional to the dose-modifying factor that is as the ratio of the oD  after delayed and 

immediate plating. The calculation showed that the fraction the irreversible component was 

equal 0.34 at 20 and 40 С; 0.50 at 45 С; 0.77 at 50 С; 0.86 at 52.5 С and 0.94 at 55С. It 
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is apparent that the cell ability to recover radiation damage is inversely proportional to the 

temperature at which the exposure was delivered. Yeast cells exposed to ionizing radiation at 

55С almost completely fail to show recovery on delayed plating. It would be of tempting to 

test the ability of the model considered to predict the extent of the recovery after the 

combined action of heat and ionizing radiation (Eq. 10). We can reasonably believe that the 

irreversible component induced by ionizing radiation alone 1K  = 0.34 (irradiation at room 

temperature). Since in all our experiments with yeast cells no LHR was observed after 

hyperthermia alone, we consider that 2K  = 1.0. It means that all thermal damages are 

irreversible. Using these results and Eq. 10, we calculated the irreversible component K 

expected after simultaneous action of ionizing radiation and hyperthermia for 3 various 

values of 3K  – irreversible portion of damage responsible for the synergy. Averaging the 

results published before [5], we considered that for the strain used in these experiments 1p  = 

2.5 and 2p  = 3.4.  From the results of calculation together with experimental data of the 

proportion of irreversible damage after simultaneous action of heat and ionizing radiation, it 

can be seen that the values predicted on the basis of Eq. 10 for 3K  = 1.0 show the best 

correspondence with experimental findings. On the contrary, the values predicted for 3K  = 

0.5 and 3K  = 0 are not consistent with the observed experimental data.  

Similar calculations of the irreversible component K  have been fulfilled for the same 

diploid yeast cells exposed to ultraviolet light (254 nm) at different temperatures. 

Experimental values of K  have been taken from our recently published work [4]. The 

calculation showed that the fraction the irreversible component was equal 0.56 at 20 С; 0.60 

at 53 С; 0.69 at 54 С; 0.77 at 55 С; 0.92 at 56 С and 1.00 at 57С. It is apparent that the 

cell ability to recover UV light damage is also inversely proportional to the temperature at 

which the exposure was delivered. It may be considered that the irreversible component 

induced by UV light alone 1K  = 0.56 (irradiation at room temperature) and 2K  = 1.0.  Using 

these results and Eq. 10, we calculated the irreversible component K  expected after 

simultaneous action of UV light and hyperthermia for 3 various values of 3K  – irreversible 

portion of damage responsible for the synergy. The basic parameters of the model for the 

strain used in these experiments were as follows: p1 = 1.6   p2 = 3.5. The results of our 

calculation together with experimental data of the proportion of irreversible damage after 

simultaneous action of UV light and hyperthermia are collected in Table 2. It can be seen that 

the values predicted on the basis of Eq. 10 for 3K  = 1.0 show the best correspondence with 

experimental findings. On the contrary, the values predicted on the basis of Eq. 10 for 3K  = 

0.5 and 3K  = 0.0 are in most cases not consistent with experimental data.  

 

DISSUCCIONS 

Synergistic interaction of ionizing radiation with other chemical and physical agents 

results in the inhibition of cellular repair mechanisms. The inhibition was revealed in a 

decrease of both the rate and extent of recovery. Such lesions might not be reparable. 

Alternatively, the damage might be similar, but the repair enzymes might be modified so that 

their ability of repair is changed. The most likely explanation for these results is that heating 

after irradiation modified the damage so that enzymes could then not deal with the lesions.  

In the present study, a novel mathematical approach was developed for quantitative 

description and prognosis of the synergistic effect and cell recovery after the combined 

exposures to environmental agents. To test the approach, the results of experimental research 
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of diploid yeasts cells survival after simultaneous action of heat combined with 
60

Со ionizing 

radiation [2] or 254 nm UV light [5] have been used here. The cell ability to the liquid 

holding recovery decreased with an increase in the temperature, at which the exposure was 

occurred. A good agreement of experimental results with model predictions was 

demonstrated only if the initial supposition about the irreversible character of additional 

damage holds.  

 

CONCLUSIONS 

 

The mathematical model can predict the greatest synergistic interaction, condition under 

which it can be achieved and the portion of the irreversibly damage resulted from the 

combined exposures. The mechanism of the synergistic interaction of hyperthermia with 

radiation after the simultaneous treatment is not related to the impairment of the recovery 

capacity itself and it may be attributed to an increased yield of irreversible damage. 
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