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Abstract - The combined action of two factors on organisms can be either antagonistic,
non-effective, additive or synergistic. Although synergism is of biological importance,
the common features of synergistic interaction between harmful environmental factors
are largely unknown. The purpose of this study is to establish general rules describing
the response of various organisms to the combined action of heat with another inacti-
vating agent. Synergistic interaction due to the simultaneous treatment of hyper-
thermia with ionizing or non-ionizing radiation has been analyzed using the experi-
mental data mainly obtained with yeast cells. In addition, the results reported by
others for viruses, bacterial spores, cultured mammalian cells, plants and animals
were also analyzed to check the regularities revealed. The common rules of the syner-
gistic interaction obtained in this study can be summarized as follows. For any con-
stant rate of exposure, the synergy can be observed only within a certain temperature
range. An increase in exposure rate resulted in an increase of this specific temperature
and vice versa. For a constant temperature at which the irradiation occurs, synergy
can be observed within a certain dose rate range. As the exposure temperature is
reduced, the optimal intensity decreases and vice versa. A new conception taken into
consideration those regularities can make a clue for environmental disaster preven-
tive analysis of the synergy of radiation with the other factor.
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Table 1. Yeast species and strains used in the experi-

ments
Scientific name Strains Ploidy
Saccharomyces cerevisiae XS800 diploid

S. cerevisiae T1 diploid
Zygosaccharomyces bailli - haploid
Endomyces magnusii - diploid
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Fig. 1. Survival curves of Zygosaccharomyces bailii
haploid yeast cell: curve 1-heat treatment (45°C)
alone; curve 2-ionizing radiation (¢°Co) at about
10 Gy min~! and room temperature; curve 3-cal-
culated curve for independent action of ionizing
radiation and heat; curve 4-experimental curve
after simultaneous thermoradiation action.
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Fig. 2. Thermal enhancement ratio (TER, kr) (curve 1)
and synergistic enhancement ratio (SER, k;) (cur-
ve 2) of Saccharomyces cerevisiae (strain XS800)
as a function of temperature. The yeast cells were

irradiated with ¢°Co gamma-rays at 10 Gy min~1
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Fig. 3. The dependence of the synergistic enhancement ratio upon the exposure temperature for bacteriophage (A) and
bacterial spores (B). The synergistic enhancement ratios were calculated from the survival curves data reported by
Trujillo and Dugan 1972 (A), and Reynolds and Brannen 1973 (B).
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Fig. 4. The dependence of the synergistic enhancement
ratio upon the exposure temperature for diploid
Endomyces magnusii (curve 1), haploid Zygosacch-
aromyces bailii (curve 2) and diploid Saccharomy-
ces ellipsoideus (curve 3) yeast cells. The original
survival curves data were obtained by the authors.
Error bars show interexperiment standard errors.
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Fig. 5. The dependence of the synergistic enhancement
ratio upon the dose rate for bacterial spores Bacil-
lus subtilis exposed to ionizing radiation at 95°C
(A) and 105°C (B). To calculate this dependence,
the original survival curves data were taken from
the publication by Reynolds and Brannen (1973).
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Fig. 6. Correlation of exposure temperature with UV fluence rate and ultrasound intensity providing the highest synergis-
tic interaction under their simultanecus action on yeast cells.
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Fig. 7. Correlation of exposure temperature with the concentration of thio-TEPA [tris (1-aziridinil)-phosphine sulfide]
and cis-DDP [cis-diamminedichloroplatinum] providing the practically attainable highest synergistic interaction
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A& o) A] A3 T4 (linear relationship)E +}eh
i st meﬂ B9 Aoe wd 4P
o QlolA 24H A} 9
l Aok mhebd b S 2ARE
245 NFEE 2ok A
At 71 E 5 A He
FHA o] ol &3 Wapo] olgle) Bl siatd
a9lo) 93 ARt = 4" 4 UeAE FHES)
7] 98 223 A2 A (Petin and Komarov 1989; Petin
et al. 1997) 18] 31 A A} = (Petin et al. 1999; Petin et al.
20009 o8 &% M=o T 2&TEF FAMAT
g_wurﬂ sfzgs}ogc}. Fig. 694 Bx ule} 7o] o)
Nzos B o £xsh B4 2919 3
% Atolol= AFA ABBAA 7 FAHD S AF

P
)\O}OO

adA BAA A3 AW SER 3k
2592 A+ 259

W, 05} Aeh foade) FARgel sleld A
2sbat 5 gl 2elke) ARTAS olL2} walA
oI} 7Jeh Eel gl olsle] mew e 2l 7o)
2grtgels 489 4 YxAE 2As7] 919 thio-
TEPA (Johnson and Pavelec 1973) ¥ ¢is—-DDP (Urano
et al. 1990)0) 3+ AFAS EAMslgeoer 1 A
Fig. 79 veldch Aea 14 sedse 94
Moz sepael A4HT ot BAELA olEel
%o BAAAGE APRez BAS gont Heed

g 4 et el
< A4 1.6 28]

22

o ¥E =% 7ese) A5ggel o] F4T 2900
doke e Zashs B 2 AToN 229 74
of ndl elEe 93] 0T o= o EA



Synergistic interaction of temperature with environmental factors 171

et A elek,

Fig. 614 1% 4 sl Al 45a72 e
W Aeems) BelBey aelzte] 4yA BA) &
AYD Qe & 4 Aok 26l Qe AL B )
o AYAR g elshe Aol ohim 7] m3A A
W45 e $2RAD RewA dolH A} A
£ BARE guunhe FAA $ARE 296 4
H527HES) ARBAE FHHEY 20E £ A
T A9 gelEd :L%ou Hebd gadAE el

o|

QAAF Afolet.
2 Aol MEA g AW R olEH 2L
Esle] el Ave 2eH oL PAMS BE A
A, 285 5 Hlel2s} v 2eln setEde
wehe ke 2l - ek B9 Abeleln o
ofube Asatgol Wedes Aol st 35
% 3 o et ppae) el Asted 3299
g Tbsad e £x7 W= EAeE 2
U e e A3 Bl ted 2
T A SR e
Mg B3 928 Aolh A

o q

A ofy
fo ﬁ

4
AL
o
m

N
L
wx 0
KU

A
L o

[‘}.m _l.u.,
3
r-{n:

Agel AEsted olee] M A= == v=vt
The Aol niFe] & o) 2 A7 AZe) FoAe 7
e #1773 A7t =

oo rlf BN oNL e o M oox O

2
o
r; t

~ _9_
FAR FAAATE B 8T W ARA) e}
e 3 APAEAN Fagel o=k =

W7 UEhdeh A abe e A Fo4dE 27
7 fAAAY BREEE BT 4+ U TAE @
e Mz g Agelth & A7: e 7le
folQae] BgFRol o8 ARA) epiz
o) Qeie) FHAE 22 W7 Slsted fuE
oA 22w ol LA, A, 243 T FAH
go #Y medzE A¥Ass pdsden de

A Sste] SAE upole s, MFER, FABAE

o4k
010 o ruﬁ

do

F wjepdEe] B AYAAE o4t =2
448 Aol & ATE Fohed 35
B AT FAYE 283 ol 2okl & )
] u

4
~

BT T
A9} L2} ARG A SN AFFAAT 4
Sahgel BRAL, of M9l el Al gL fu
Mg 7hel ZAGS PAA 21 LxS RF
HE) % EY ol 1 9% nprix el &

o

A7 A FAYS A5Aee) Ad 4
3}

55 4Ae B fa
2909 BRAF AN A S AT B

7H 5 s kel RS 489 4 ale Al

#dAtel 2

Qe A eReA Adse SHATAYT
%9 FeR §ANAANYS Aoz pAHY

o

£

)

o

| - %I_-I

Mo

Ben-Hur E, MM Elkind and BV Bronk. 1974. Thermally
enhanced radioresponse of cultured Chinese hamster
cells: inhibition of repair of sublethal damage and enh-
ancement of lethal damage. Radiat. Res. 58:38-51.

Haynes RH. 1964. Molecular localization of radiation da-
mage relevant to bacterial inactivation, in L. Angen-
stein, R. Mason and B. Rosenberg (eds.). Physical Proc-
esses in Radiation Biology, Academic Press, New York,
pp. 51-72.

Johnson HA and M Pavelec. 1973. Thermal enhancement
of thio~TEPA cytotoxicity. J. Natl. Cancer Inst. 50:903
-908.

Kim JK, VG Petin and GP Zhurakovskaya. 2001. Exposure
rate as a determinant of synergistic interaction of heat
combined with ionizing or ultraviolet radiations in cell
killing. J. Radiat. Res. 42:361-369.

Petin VG and GP Zhurakovskaya. 1995. The peculiarities
of the interaction of radiation and hyperthermia in Sac-
charomyces cerevisiae irradiated with various dose ra-
tes. Yeast. 11:549-554.

Petin VG, GP Zhurakovskaya, AG Pantyukhina and AV



172 ZEF - M4 - galcigatE we - ojgy

Rassokhina. 2000. Low doses and problems of synergi-
stic interaction of environmental factors. In: E.B. Burl-
akova (Ed.) Low Doses of Radiation: Are They Danger-
ous? New York, Nova Science Publishers Inc., pp. 155-
180.

Petin VG, GP Zhurakovskaya and LN Komarova. 1997. Fl-
uence rate as a determinant of synergistic interaction
under simultaneous action of UV light and mild heat in
Saccharomyces cerevisiae. J. Photochem. Photobiol. B:
Biol. 38:123-128.

Petin VG, GP Zhurakovskaya and LN Komarova. 1999.
Mathematical description of combined action of ultra-
sound and hyperthermia on yeast cells. Ultrasonics 37:
79-83.

Petin VG and IP Dergacheva. 1979. Effect of elevated tem-
peratures on the radiation sensitivity of yeast cells of
different species. Radiat. Environm. Biophys. 16: 49-
61.

Petin VG, JK Kim, GP Zhurakovskaya and AV Rassok-
hina. 2000. Mathematical description of synergistic int-
eraction of UV light and hyperthermia for yeast cells. J.

Photochem. Photobiol. B: Biol. 55:74~79.

Petin VG, JK Kim, GP Zhurakovskaya and IP Dergacheva.
2002. Some general regularities of synergistic interac-
tion of hyperthermia with various physical and chemi-
cal inactivating agents. Int. J. Hyperthermia 18:40-49.

Petin VG and VP Komarov. 1989. Quantitative Description
of Radiosensitivity Modification. Moscow: Energoatomi-
zdat (in Russian).Reynolds, MC and JP Brannen. 1973.
Thermal enhancement of radiosterilization. In: Radi-
ation Preservation of Food. Vienna: International Ato-
mic Energy Agency. pp. 165-176.

Truyjillo R and VL Dugan. 1972. Synergistic inactivation of
viruses by heat and ionizing radiation. Biophysical J.
12:92-113.

Urano M, J Kahn, H Majima and LE Gerweck. 1990. The
cytotoxic effect of cis—diamminedichlorplatinum (II) on
culture Chinese hamster ovary cells at elevated tempe-
ratures: Arrhenius plot analysis. Int. J. Hypertherm. 6:
581-590.

(Received 25 April 2002, accepted 16 May 2002)



