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Abstract. This thesis work consists of two major projects. in the first project the 

effects of combination of the cardioprotective agent, dexrazoxane, with the anticancer 

drugs mafosfâmide, 5-fluorourad, vinblastine, doxorubicin, daunorubicin, rnitoxantrone 

and bleomycin were tested on Chinese hamster ovary cells. Four different methods were 

chosen for drug interaction analysis: the combination index, envelope of additiviîy, 

response surface and cornparison of slopes. in the second project the cytotoxic mechaoism 

of the anticancer dmg mitindomide was evaiuated in comparative studies with 

dexrazoxane. The combined 72 h and 48 h effects of dexrazoxane and dosfamide was 

proven to be antagonistic by the wmbination indar, response surfàce and slope 

comparison methods; ahhough, the envelope of additMty showed additive effect of the 

drugs. The antagonistic &&t of dexrazoxane and 5-fluorourad was indicated by four 

methods used. The analysis of 48 h dexrazoxane-vinblastine data with the dope method 

showed antagorism. It was indicated by the slope comparison method, that the 48 h 

combined effects of dewazoxane with doxorubicin, âaunorubicin and rnitoxantrone were 

antagonistic. When d m o x a n e  was preinaibated for 18 h with the cells before bleomycin 

was added the wmbination index, envelope of additivity and response surkx methods 

showed synergy. The anticancm h g  mitindomide was shown to inhi'bit topoisornenise II 

and not to be cytotoxic towards a dexrazoxaae-resistant ceU he. It was show that 

mitindomide did not stabilize DNA-topoisornerase II cleavable complexes. The similanties 

between mitindomide and dexrazoxane hnctions toward cells and topoisomerase II 

clas@ mitindomide as topoisomerase ïI catalytic inhibitor. 
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1.1. Introduction 

This thesis work consists of two major projects. The first project uivolved the 

testing of four different methods of drug interaction analysis: combination index, envelope 

of additivity, response surface, and cornparison of dopes. The effects of combùiing the 

cardioprotective agent dexrazoxaae with the anticancer drugs dosEunide, 5-tluorouracil, 

vinblastine (Chapter m), doxorubicin, daunorubicin, rnitoxantrone (Chapter IV) or 

bleomycin (Chapter V) were tested on Chinese hamster ovary celts. In the second project 

(Chapter II) the mechanisrn of cytotoxicity of mitindomide was studied. Topoisornerase II 

decatenation and cytotoxicity arperiments on Chinese hamster ovary cells were used in a 

comparative study of mitindomide with dexrazoxane. 

Dexrazoxane is a cardioprotective dmg which may be given to patients receiving 

anticancer drugs, such as mthracyclines [l-31. It has been demonstrated that dewazoxane 

can lower the puimonary toxicity of bleomycin [4]. Free cadical formation is the most 

Wely mechanism of cardiac toxicity of the anthracycliaes and pulmonary toxicity of 

bleomycin [4-91. It has been shown that doxorubicin, daunorubicin, and mitoxantrone are 

able to induce f ke  radical formation in cardiac mitochouciria [5, 71. AU of these dmgs and 

bleomycin also have the ability to form complexes with iroa [IO, I l ] .  One of the proposed 

mechanisms of &ee radical formation relates the fkee radical production with uon 

complexes of these dmgs [ 1 O, 1 21. 



The bisdioxopiperazine, dexrazoxane, is the (+)++enanfiorner of racemic ICRF- 

1 59 (razoxane). Dexrazoxane undergoes hydrolysis through intemediates with one open 

imide ring, to the product, ADR-925, with both unide rings open Vig. 1.1) 1131. The 

intediates of dexraroxane and ADR-925 are potent chelating agents and they can 

remove iron h m  Fe-doxorubicin and Fe-bleomycin complexes [4, 141, as weil as fiom 

transfefiin and fenitin [IS]. Dexrazoxane also has antitumor activity [16], probably 

through e c  inhibition of topoisornerase II (see Chapter II). 

Fig. 1.1. Hydrolysis products of dexrazoxane. 

The dnigs studied in this project were chosen because they have been, or may be, a 

part of muitidrug therapy with dexrazoxane. Multidrug chemotherapy was dweloped to 

achieve Unproved therapeutic r d t s  [lq. The desireci efExt of dnig combination is 

synergy, or at least ad-, however, the combineci dmgs m y  affect eacb oh's 

absorption, metaboüsrn and exmetion. One agent may also insuence tissue semitMty to 



another dmg [Ili] .  h g  interactions may be sensitive to the time schedule [19]. 

Dexrazoxane is combined with other dmgs to prevent Free radical damage. It is 

hypothesised that dexrazoxane does not lower the therapeutic effect of its counterpart. 

1.1.2. Methods for d m g  intelrftion studies 

Drugs used in combination produce effects which may be d e r ,  quai or greater 

than expected. The expezted combined effect is u d y  pfedicted on the basis of singie 

agent effects Ils], with the assumption th theïr combination does not alter their 

individual efficacies. The simplest approach is based on the summation of effécts, where 

the predicted combined effkct of two dmgs is the sum of theù effécts when they act 

separately. AN the methods presented below propose different models of additivity. Each 

of the methods theoretically defines the additivity of the effects and compares 

experimentai results with the theoretical references. 

The diversity of the metfiods for studying dmg interaction is reflected in a broad 

range of nomenclature used by Merent research gmups. Cancer chemothetapists, 

radiobiologists, pharmacologists, microbiologists, and immunologists use th& own 

vocabulary of tenns [18]. Many of these words descriibe the same phenornena, although 

sometimes they may introduce more subtle subdivisions. Synonyms which rnay be found in 

the literahire for rem interaction between drugs are: additivism, independence and 

indifference. A positive interaction has been descn'bed as: synergy, supra-additiveness, 

potentiation and augmentation. A negative interaction has been described as: antagonism, 

sub-additiveness, negatve synergy, depotentiation, desensitisation, or nsitihfka-additiveness. 



Use of the t e m  "enhancement" for positive interaction, and "inhibition" for negative 

interaction express gradation of the effect and have weaker meaning than synergy and 

antagoni- respectively. The term "sensitisation" descn'bes a positive interaction with a 

inactive agent, whereas 'protectionn descnï  a negative interaction 1201. 

The methods for studying drug combuiations presented beiow are bas& on the 

analysis of dose-response m e s .  A dose-response airve shows dependence of an eff" 

on a dose or concentdon Although the term "dose" is often reserved for the amount of 

dmg adminisbated per unit of body weighf in this thesis, it is d e M  as a partidar dnig 

concentration in solution. m e n  the effect-concentration experimental data can be fhed to 

simple mathematical formulas, nich as logistic, lin- or exponential equations. 

Equatiom developed to descn'be enzyme cataiysed reactions have been applied to 

drugeffect relationships. The Michaelis-Menten equation is given as: 

where E is the effect, D is the dmg concentration or dose, E, is the maximai effect of 

the drug measured from zero effect, and ECm is the concentration producing 50% of the 

umximai efféct. In dmg research, this relationship is known as E, mode1 [2 1, 221. The 

shape of the a w e  expresseci by equation (1.1) is hyperboiic. Most expaimentai data will 



fit a more complicated mode1 proposeci by Hill to study the sahiration of haernoglobin 

with oxygen [21]. This relation is called sigmoidal E, or a logistic rnodel[22-241: 

where rn is the W-type coefficient tbat idiuences the shape of a aime. For stimulatory 

drugs, m > O and the a w e  rises with drug concentration. For inhiitory drugs, m < O and 

the m e  &ils with h g  concentration, and the variable ECsh is replaced with ICSO, the 

median inhibitory concentration. If 1 m 1 > 1 the m e  is sigmoidal; if 1 rn 1 < 1 the cuve is 

steeper at lower concentrations and shaiiower in the middle range of concentrations (Fig. 

1.2, a). If there is a baseline effect, it is added to the equation (1.2), resulting in equation 

(1 -3): 

where B is the constant baseline efféct (for uihibitory drugs, B is the effect of an infinite 

drug concentration, when the effect levels off) and E- is the value of a maximi effect 

measured from B (compare Fig. 1.2, d). Dose-response curves may be presented in 

different coordinate systems such as logarithmic (Fig. 1.2, b, c, d) and normaliseci as a 

percent of maxhai effect (Fig. 1.2, c). Analysis o f  dose-response curves may give 

information about the efficacy of the compound (L, Fig. 1.2, b) and its potency (ECm 



Fig. 1.2, a, c). Parallet a m e s  suggest the same mechanism of action (Fig. 1.2, b, c) and 

the ranges of différent activities of the same agent may be found (Fig. 1.2, a, b, c, d). The 

Survival effects of inhr'bitory dmg, presented in Fig. 1.2. (d), are expressed in absorbame 

units. Absorbante is often a parameter correIated with the effect of ceil sunnal in tissue 

culture experiments. In this thesis, the survival of the ceus under different drug 

concentrations was measured with a MTT assay (see Chapter II, Section 2.2.3). 

Fig. 1.2. Resentation of dose-cesponse a m e s  using diffèrent co-ordinaîes: (a) linear CO- 

ordinates, (b) logarithmic d e  of concentration, (c) efféct expressed as % of the 
maximum efféct, (d) effèct expressed in absorbame umts [22,25]. 



A 6xed dose of one drug may m e  the shape of a dose-response curve of 

another drug [18, 20, 261. In Fig. 1.3, some possible modifications of the dose-response 

m e s  are presented. These curves are presented as the logarithm of SurYival wrur dmg 

concentration. 

Concentration 

Fig. 13. Dose-response m e  cornparison of a h g  done, and a dmg with a nxed dose of 
a second h g .  Four Merent cases are illustrateci: (A) dose-response m e  for a single 
agent; (B), (C), and @) the dose-response curves for A with k e d  doses of the second 
h g .  The dashed arrow represents the effi of the fked dose of the second h g  by itself 
Pol. 

If a fked dose moves m e  (A) dowmvards by a constant effed vdue (dashed 

m w ) ,  the resulting dose-response m e  (B) represents the additivity of the effects. Lf the 

fixed dose moves m e  (A) by a vahie higher than that expezted based on the activities of 

single agents, the comb'med e f f i  is synergistic ( m e  C); that is, the interaction of the 

two dmgs results in a reinforced combied effect. The shallower dose-response m e  for 

the h g  cornbition is an indication of antagonism @). C w e  @) may even cross curve 



(A) showing protection, meaning that "the administration of one agent ailowed the other 

to be given at p a t e r  than single-dose level for the iso-efféct" 1271. This type of anaiysis 

was used in a study of the combined effèct of radiation with a fixed dose of a drug [26, 

281. 

1.1.2.3, Method baseci on summation of effects 

If the effects of two Pngle agents, A and B, are diredy proportional to 

concentration, the Hect of their combination may also be directly proportional to 

concentration [18]. The anticipated combined effect when there is no drug interaction is a 

sum of the eff- of the agents acting done (EA and Es). The zero-interaction case 

represents the only instance where additMty of the e h t s  can be measured by straight 

sumrnation: 

If the combined effect of  two dmgs is greater than expected (Le. EAg > EA+ Es), there is 

positive interaction between the drugs and their effect is synergistic. If the combined effect 

of the dmgs @a a snaller effect than anticipated (i-e. EM < EA+ EB) the agents show an 

antagoristic relationship. The use of  the summation method is limited to hear dose- 

response c w e s .  The experimental data seldom fit this mode4 thus it is used only 

occasionally. This method has been used in the caldation of the expected combined effect 

of hypothermia ami X-irradiation on sister chromatid exchange fkequency [29]. 



1.1.2.4. Fractionai product method 

The fractional product method is based on an independence criterion. I f  two agents 

have independent modes of  action, the expected combined eEect is the product of the 

effkcts of the single agents. The M o n a i  product method is vaüd ody  for exponentid 

dose-response ames [24] that can be converteci to the linear relationships by logarithmic 

transformation 118, 27, 301. In this case the logarithm of nwival, S, is directly 

proportionai to cimg concentdon. Summation of logarithms leads to the equation for the 

additive effect of the combined drugs: 

where SA, SB and S' are the fractional suMval effects for each agent and their 

combination, respectively. If S a  = SAS. the drugs do not interact with each other and 

theù effect is additive. IfSm < S A  SB the i n t e d o n  of the dmgs is positive, and the effé* 

is synergïstic. If Sm > SASs h g  interaction is negaiive and the effect of the combined 

h g s  is antagonistic. The effect is expressed as hctional SurYival to avoid misleading 

conclusions. For instance, if a fiactional mortaLity for one h g  is 0.3 and the other 0.4 

their product is 0.3 0.4 = 0.12, thus the additive eEect would be smaller than that of a 

single agent. The same r d t s  expressed as fiactional Sufvival gives (1 -O.3)( 1-0.4) = 0.42; 

the expected effect of the dnig combination is 42% survival. Simply stated, if one drug 

kas 30% of  the ceus, the other drug will a a  on the remaining 70%. If the second drug 

kiUs 40% of the remahhg 70%. 42% of cells will swive [3 11. Additional explanation has 



been given by Berenbaum based on the probability of the sum of two independent events. 

[W. 

Accordmg to Chou [19], the hctional pmduct method is suitable only for 

hyperboiic curves where m = I (m is the Hill-type coefficient as descn'bed in Section 

1.1.2.1), that is, for h g s  with totaily independent modes of action (mutuaîiy 

nonexclusive dnigs). For higher order systems (rn > I ) ,  whae drugs have sllnilar modes 

of action (mutually exchive drugs), this methoci m o t  be used. 

1.1.2.5. Loewe isobole method 

An Loewe isobolognun is a plot of an qui-potent combination of h g  

concentrations; that is the concentrations that produce the same e f f i  [18, 321. The 

abscissa of the isoôologram graph is the concentration of drug 4 and the ordinate is the 

concentration of dmg B. If D A and D B are the doses of single agents, A and B, that 

produce the eEect fi, the coordinates of the points ( d A  and d g )  lyiog dong the segment 

co~ecting DA and DB represent any concentrations of A and B in a mixture that also 

produce xO/o isu-effed. These concentrations shouid be obtained when A and B do not 

interact with each other. In Fig 1.4 (a), the chosen effect is 50% thus DA and Dg are the 

the doses of the single drugs and the combination which produces the same effect is 

describecl by the segmental equation: 





1. l.Z0.6. Envdope of additivity 

Steel [207 2 q  has considered cases where the dose-response curves for single 

drugs are not Iuiear, so their effêcts cannot be simply added. The doses of the dmgs 

which, in combination, give a certain additive efféct are deriveci fiom single drug dose- 

response c w e s .  If the combined drugs produce an effect, E, part of this effect is due to 

action of the cimg A (EA), and the test is contributecl by drug B (Ee), (Fig. 1.5, a). niere 

are tbree modes of finding the doses which produce the &kts EA and Eh mode i, mode 

IIa and mode ITb [3 11. For mode I, doses d A  and d ~ ,  for the hctional effects E A  and E g  are 

mea~u~ed fiom zero on the effèct axk For mode IIa, the dose of drug A is located as 

above but dose dB2 that produces the effect Es is messurrd fkom the point where the efféct 

of A ends. In praaice, this dose can be caidated by subtracting the dose producing effect 

EA h m  the dose producing full effect E. Both doses are caldatecl with the equation of a 

dose-response airve for dmg B. Fiaally, for mode Lm, the doses for EA and Es are found 

as describeci in mode na, except now the m e  for drug B is taken as the first one to find 

the ending point for this mode. 

The fidi range of the possible combinations of doses of siagie agents that produce 

the combined &ect E bdds the envelope of additivity (Fig. 1.5, b). Mode 1 is derived 

h m  the assurnption th dmgs act independently, whereas in mode II it assumeci that both 

dmgs act by the same mechanism. The envelope of additivity is represented as a zone 

restricted by the confidence Limits in which zero or almost zero interaction baween the 

agents rnay be expected. The concept of the zone, origioates f?om the uncertainty 



associated with defining the constituent doses of the mixture when single dmgs have non- 

linear dose-response w e s .  

I f  the experimentai data fâli to the lefi of the envelope of additivity, the combhed 

agents action is synergistic. The data to the la of the mode 1 bounciaq ùidicates positive 

interaction, although the data inside the envelope may indicate enhancement. The points to 

the nght of the envelope imply antagonism (Fig. 1.5, b). The order and shape of  the lines 

definhg the envelope rnay change with différent shapes of  dose response ames. 

(a) 
conc. of h g  @) 

conc. of A 

Fig. 1.5. Construction of envelope of additivity. (a) The envelope of additivity is 
constructeci £iom the dose-response curves of drug A and B. Mode 1: the doses that 
produce the finai effect E are dA and dei. Mode II: the doses that produce the efièct E are 
dA and dB*- The fidi deIimiting Lines are obtained by finding the diffefenf combinations of 
doses that produœ the effect E. (b) The emrelope of  additivity delimited by the hes of 
Mode I, Mode na, and Mode IIb. There is zero or ahost  zero interaction between agents 
inside the envelope. 

When the dose-response m e  for dmg A follows first order kinetics, mode II b is 

identicai to mode 1. If both dmgs foliow first order kinetics the envelope becornes the 

classical Lowe isobole [33]. According to Shùnel[24] ody an envelope constnicted ffom 

lineardose response cuves leads to the classicai Loewe isobole. 



t.l.2.7. Combination index method 

The wmbination index method is independent of the shape of the dose-response 

curves [34]. The type and degree of interaction between dmgs is evaluated by a 

combination index, CI: 

where DA and 4 are the doses of single dmgs that produce the effect x, d~ and dB are the 

coRStituents of a drug mixture that produce the same effect. The constant, a, may have a 

values of either O or 1, where a = O corresponds to muhially exclusive agents (similar 

modes of action), and a = 1 corresponds to mutuaiiy non-exclusive agents (idependent 

modes of action). If CI = 1, the effect of the agents is additive and the combination index 

equation for the dmgs with similar modes of action (a = O) becornes the classical 

isobologram f o d a  (equation 1 -6). If CI < 1, there is a synergy between drugs, if CI > 1, 

antagonism is observed. 

Before this method can be used its applicability must be assesseci. The median 

e f f i  equaîion is used to evaluate the exclugvity of the drugs action ( Le. the value of a) 

is given as: 

wheref. andf. are the îhctions affecteci and unaffected by the dose D, and as such,&+ f .  

= 1; ECjO is the median &-e concentration and m is the W-type coefficient. Whenf. 



is replaced by E E,, this equation is equivalmt to logistic equation (1.2). The non-linear 

relationship (1  -8) can be transformed into a linear equation by taking logarithms of both 

sides: 

The plot of log&'fy) against log@) is a straight üne obtained by hear regression with a 

siope quai to m and the X-intercept qua1 to log(EC50) (Fig. 1.6, a). The ECJO value may 

be caldateci as: EC~F IO*, where b is a Y-intercept and rn is a dope. The resuiting 

graph is cded the median effect plot. If the regression lines for single agents and for theh 

combination are parailel, then a = O in equation (1 -7). If the regression hes for single 

agents are paraltel but the regression line for the combination is no& then a = 1 .  When 

exclusivity of the dmgs cannot be assessed, equation ( 1  -7) should be used for both vatues 

of a. 

Combination index experiments are designed to obtain at least three dose-response 

curves; one for each single agent, and another for their mixture at a constant ratio. The 

values of m and ECJO for the single agents and their combination obtained from the median 

&ect plot enables the caiailation of single dmg doses DA, &, and a combined dose of the 

mixture D = ( d ~  + d ~ ) ,  for any chosen value of the h c t i o n  affected: 



'The constituent doses d, and d~ of the mixture D are calailateci h m  the known ratio o f  

doses used in the experïment. The qui-potent (Le. &Q = ECso,i/ECjoB) constant ratio of 

4, and d g  is remmendeci for prelimiaary studies. In this case a comparable level of &éct 

contribution is expected f?om both mixed drugs [)O]. ûther constant ratios with an excess 

of one drug are advised for more detailed shidies. The CI value may be caladatecl for any 

Factional effecth and presented graphicaily as CI vs f. (Fig. 1.6, b). A cornputer program 

written in BASIC aiiows automatic caldation of CI values [35], although such 

caldations can be achieved using any spreadsheet softwsre. 

Fig. 1.6. Median effcct and combination index plots. (a) The median effect plot for drug 
4 B and for their wmbination in the constant ratio A/B = 0.2, @) the gmph of the 
combination index vs. hction affêcted for N B  = 0.2. Data below the value of one 
indicate synergy and above the value of one indicate antagonism between dmg A and B. 
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data higher than the cuntrol effkct (this is occasionally seen with concentration of h g  

close to zero, where the hctionai nwival is higher than 1). Another problem accrues for 

drugs with different m values, when the exclusivity of an effèct is not possible to define. 

The wnfiision is also due to the lack of a proper statistical approach and assessrnent of the 

obtained values, such as interpretation of the combination index close to 1. Belen'kii and 

Schinazi improved the median effect method by introducing the confidence intervals for 

the combination index [37]. 

1.1.2.8. Response surface method 

The methods descrii below use the microcornputer bas& isobole with three 

dimensional response Surface for the interaction of two dmgs 123, 241. In the work by 

Greco [24], the parametric response surfàce equaîion has been fitted to experïmental data 

The response sucface methoci evaiuates the interaction between drugs based on 

experimental dose-response curves of single agents and their combinations. The sets of 

data obtained in the envelope of additivity and combination index experiments also may be 

examineci using this method. The proposed mode1 is valid for inhibitory dmgs with logistic 

dose-response curves similar to equation (1.3). The logistic equation (1.3) rnust be 

modified for inbibitory dmg by replacing ECJ0 with Km From this equation, the doses of 

the single agents DA and Dg, have been caldateci and replaced in the classicd isobole 

equation (1 -6) for zero interaction between drugs (1 = 1 ): 



Equaîion (1.1 1 ), relates constituent doses, d~ and d& of the agents in combination with 

their survival effect E, the median inhiiitory concentrations ICj*, .4 and 1C~o. 8, and the Hill- 

type coefficients mi( and m~ for the UidMdual dnigs A and B. If there is no interaction 

between the dmgs, experimental &ta may be fitted with this equation and the zero 

interaction response nirfàce may be plotted using three coordinates: effect, concentration 

of drug A, and concentration ofdmg B. Any deviation of experimental data f?om the zero 

interaction surfàce implies interaction between drugs. To fit gened data, for dmgs with 

and without interaction, a third tenn has been introduced to equation (1.1 l), [23]: 

Equation (1.12) has been derived as an empirical formula nie best fit of experimental 

data to equation (1.12) gives estimates of the seven parameters; E M- B, IC50A, ~CSO.B, m ~ ,  

m& and a', almg with standard errocs. The term a', is a interaction parameter, a' = O 

when there is additivity, a' > O when there is synergy, and a' < O when there is antagonism 

between drugs. Equation (1 -12) has been ûtted to experimental data for single dmgs and 

for their combination with aistom written software calleci SYNFK using non-linear 

regression [38]. The results can be examinai by plothg a three dimensional scatter plot of 

the me8sufed data and a mesh plot constructeci fiom equation (1.12). The theoretical, two 

dimensional plots of the single agents, theu combination caldateci h m  estimated best fit 



parameters, dong with experimmtal data can be plotted on one graph to evaluate the 

model. In Fig. 1 -7. experimental data and the estimated airtace based on equation (1.12) 

are ptesented [38]. The leukaernia L 12 10 ceii ihe was used to test interaction of 1-L3-D 

arabino~osylcytosine (ara-C) with cisplatin- The rneasured efféct was c d  density that 

d e d  with h g  concentration In this particdar expeximent, the estimated a' = 3.08 * 
O.%; thus. the h g  interaction shows synw. 

F* 1-7- Response surface for e f h t  of 3 h exposure ofL1210 cdls to ara< and àspIatin 
Fisheet surfas represents the response srrrface eStmnated h m  ntring equation (1.12) to 
the e x p a i m d  data with non-üwar regression; points above (O) and below (O) the 
surface represent the experimental data used to estimate the rrspoose sufâce. The plot is 
h m  1381. 

Using an appniach which is mon g e n d  than Greco's d e i ,  Sühnei cofielated 

the efkts of single agents and th& combined effed in the case of no interaction 1241. 



This was accomplished by substituthg of the denominaton of the isobole equation (1.6), 

with the terms for doses caldateci fiom any equations (x.e. not only logistic) that 

describes the dose-response cuves for the single agents, and replacîng EA and E g  by the 

effect of wmbined dmgs EAB. These rearrangements resuit in an equation that correlates 

44. d& ERB and 1. I f  the interaction index is set to 1, this isobole equation expresses a zero 

interaction response surfâce where EAg becornes EoAB. Tdomation of the isobole 

equation leads to correlation of & with EA and Ee. For linear dose-response cuves, E = 

m ~ =  dA, EO& = dA+ms- 4 thus &= EA + EB. if the exponentiai dose-response a w e  

has been used, the transformations give the equation for no interaction effect of the 

hctional pmduct method, i-e. SO&= SASB This approach for the logistic h c t i o n  is given 

as [24]: 

Equation (1.13) is s idar to equation (1.2), except that when applied to the inhibitory 

h g  data rn > O and Enr, = 1. For this type of dose-response m e  the correlation 

between EoAa E A  and EB cannot be obtained. The isobole equation with substituted 

denorninators for logistic dose-response m e s  is given as: 



Equation (1.14) can be solved analytidly ody when the siopes for the single agents are 

qua1 to each other. In other cases, when mit * ms, the equation must be solved by 

numerical iteration. The dmg concentrations dd, de, and caldated A!?* defineci the zero 

interaction surface. When the data firom combined dmg experiments are plotted, the 

positive deviations fkom zero interaction sufice show synergy, antagonism is shown by 

data below the wfàce. The data may also be presented as a differeace between the 

experimental and expected &écts. In this case the plane of zero difference (EAB = Pm) 

divides equdy the synergy and aatagonism spaces where the points below the plane show 

antagonism (Eu - Eom < 0) and these above the plane show synergy (& - EoAB > 0). 

Another approach of Shunel to the study of dnig interaction is to M an analytid function 

to the experirnental data [36]. This may be done by pieceWise fitting of sphe fûnctions. In 

such a case the procedure is independent of the shape of dose-response m e s .  The 

resulting empincal equation relates the doses to their experïmentd effêcts. The differences 

between EAg (caldated fiom this equation) and E O ~  (gained f?om isobole equation) form 

the merence response s u r f h  that represents evaluation of synergy and antagonisrn for 

the broad range of dose combinatiom. The fitted fûnction makes t easy to extract data for 

plottir~g the isoboles at any effect IeveI. 

From the literature methods described in this chapter, the combination index, 

envelope of additvity and response sudice methods were studied in this thesis work. 

These three methods were chosen as the most complex in their approach to synergy, 

antagonism and addii ty .  The combination index mnhod evaluates interaction between 

dmgs baseâ on the vahie of CI. There is no interaction when CI = 1. It tests the drugs 
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combineci in a constant ratio of wide concentration range. The enveiope of additivity 

method defines synergy, antagonism and additivity based on the location of the points on 

the envelope. The envelope is a area of no interaction It tests the dmgs in wkie 

concentration range combined with the k e d  doses of the second dmg. The response 

surf'âce method can be used for dmgs in the concentration arrangements like for the both 

methods above. The evaiuation of drug interaction is based on a value of the interaction 

parameter a'. h g s  were also tested with the method not descrîIbed in the literature. The 

dope cornparison method, descnii in Section 3.2.3.3, was developed by Dr. Bnan 

Hasinoff. It was chosen for dmg i n t e d o n  shidy because of dexrazoxane low ce11 kill in 

48 h cytotoxïcity experiments. The method is simple and the results are easy to interpret. 
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2. Mectranism of mitindomide cytotoxic activity 

2-1. Lntnwluction 

The National Cancer Institute identifieci the bis imide, mithdomide, as a promising 

anticancer dmg [ I l .  This dmg has never been ciinïdy tested because ofdifi6CUIties with 

its formulation. Mitindomide (Fig. 2.1 ), bas been shown to be active against a variety of 

tumour models such as the transplanteci mouse tumours 8 16 melanoma, CD8F mammary, 

colon 38 and L 12 10 leukaemb [2]. Its mechanism of cytotoxicity was suggested to be the 

cross-linking of DNA [3]. Recently bis imides Like dexrazoxane (ICRF-187), ICRF-154, 

ICRF-159, ICRF-193 and sobuzoxane were classified as anficancer drue thai act on 

topoisomerase II. Mituidocnide b a r s  some structural sllniluity to dexrazoxane. It has also 

b e n  demonstrated to be cross-resistant in an ICRF- 1 59 (racemic form of dexrazoxane) 

resistant cell h e  [4]. This evidence suggests that mitindomide and dexrazoxane may have 

a common mechanism of cytotoxïcity. Inhibition of topoisomerase 11 and Chinese hamster 

ovary ce11 (wild type and dexrazoxane resistant) growth, by mitindomide and dexrazoxane 

were used to evaluate this hypothesis. Molecular modelling was used to compare 

structural parameten of mitindomide and dexrazowne. 

2.1.1. Topoisornerase tI 

DNA topoisomerase LI is a homdimenc protein that catalyses changes in the 

topology of circular DNA [SI. Both eukaryotic and prokaryotic ceils contain a comparable 

enzyme. DNA topology is important to many &ar processes, and a nurnber of 

anticancer h g s  exert their cytotoxicity by affidrg DNA topoisomerase II. There are 

three general hctions of the enzyme; the relaxation of closed ckdar double-stranded 



DNA, formation and resolution of knoned O N 4  and catenation and decatenaîion of 

circuiar DNA 

The catalytic cycle of topoisomerase II consist of six Steps [6]. The first S tep is 

abstrate recognition and binding- Several topoisomerase [I recognition sites have been 

identified. They are detennined by nucleotide sequences in DNA and also DNA topology 

(crossovers and nodes). The second Step is pre-strand passage DNA cleavage/religation 

e .qdi"bri~  which requires the presence of hdg2' and ATP and it tavours the religation 

event. Each nibunit of the homodimeric enzyme mediates the breakage of one strand of 

the double h e k  Some antaumor dmgs exert their activity through stabilisation of the 

enzyme-DNA cornplex. In the third Step, the segment of DNA is passed through the 

break, and the DNA is relaxed. The fourth event is the post-strand-passage DNA 

cieavage/religation equili'brium. In this Step, religation is also favoured, but not as strongly 

as in Step two. in the fïfü~ Step ATP is hydroiysed by topoisomerase II to ADP and 

orthophosphate. The lan, sBdh, event is enzyme turnover. In this Step, topoisomerase II 

restores its active conformation It rnay dissociate fkom DNA, or, stay bound to cany on 

relaxation process on the same DNA moleaile. 

2.1.2. Anti-tumour drugs that act on topoisomerase II 

There are two classes of ad-tumour h g s  thai act on topoisornenise II. The fint 

consists of dmgs wbich fonn complexes with the enzyme-DNA complex duing the pre- 

strand equilibrium of topoisomerase II cataiytic cycle (the second Step in Section 1.1) [7J. 

This class of d r u e  is known as cleavable complex fonning poisons. Some acamples fiom 



his class are amsacrine, CP-115,953. daunorubicin. doxorubicin, epirubicin, etoposide. 

idanibicin and mitoxantrone [8]. 

The second class is known as cataiytic inhibiton of topoisomerase II. This class of 

drugs includes such wmpounds as: dexrazoxane, ICRF- 154, ICRF- 1 59, ICRF- 193, 

aclambicin, sobuzoxane, merbarone and suramin [9]. These drugs do not dimulate 

cleavable complex formation; in the presence of ATP they convert the enzyme into a form 

incapable of binding cirdar DNA [IO]. In a mode1 proposed by Roca [ 1 LI, topoisomerase 

iI takes the form of protein damp which opens and closes upon ATP-binding. The closed 

enzyme-DNA form may trap the second segment of DNA and transport it through 

enzyme-mediated DNA gate. The stabilisation of the closed clamp fom of enzyme was 

proposed as a rnechanism of the inhibitory &ect of bis imide, ICRF- 193 [ 1 O]. 

Proliferating celis have a higher level of topoisomerase II and they are more 

sensitive to drugs targeîing this enzyme [7]. Topoisornerase II cleavable complex 

formation and cataiytic Uihibition results in effects leading to ce11 death or strong inhibition 

of ceif growth [7, 10, 1 21. 

2.1.3. Mitindomide 

Mitindomide was first synuiesised by Bradshaw in 1966 [13] as the imide analogue 

of the corresponding rnaleic anhydride photoproduct (Fig. 2.1). It is the product of 12- 

photoaddition and 1 ,4-Diels-Alder addition of malehide to benzene. 



Fig. 2.1. Photochernical addition of maleimide to benzene leading to mitindomide product. 

The sohibility of  mitindomide (MW = 272.3 @mol) is not d d k t o r y  in any 

common solvenîs [14]. It is practîcally insoluble in water (< 1.8 mM) [14]. The disodium 

salt of mitindomide is fieely sohible in water but it stays in solution only above pH 10 

[IS]. It has been demonstrateci that some synthesised derivatives of mifindomide have 

improved aqueous solubiiity7 and stiU retain anti-tumour actMty [16,17, 181. Mitindomide 

has been shown to be the active form of the N-substituted mitindomide cumpound, 

fetindomide [19,20]. 

The anticancer activity of mitindomide has motivated interest in detenriining its x- 

ray crystal structure 121, 221. Attempts to obtain mitindomide in crystalline form from 

DMF-H20 solution were unsuccessflll. Also sodium and potassium salts of mitindomide 

have not given suitable crystals. Crystallisation of mitindomide fkom ammonium hydroxide 

1211 or as a diacetate of bis(hydroxymethy1) derivathe [22] gave specimens suitable for 

crystaUographic study. The crystal structure of mitindomide has verifid that it is a totally 

rigid, nonplanar moleaile, an unlikely candidate for intercalation- 



Fig. 2.2. Structures of mitindomide (a) and dexrazoxane (b). 

The molecular structure of mitindomide has some common features with 

dexrazoxane (Fig. 2.2). Both compounds contain two imide groups and their crystal 

structures have approximately coplanar imide containing rings; the angles between plane 

normais are 2 and 4. 1°, respectively (22,231. 

2.2. Materials and methods 

Two kinds of Experiments were performed with mitindomide and dexrazoxane. An 

electrophoretic topoisornerase Ii decatenation assay was used to study the inhibitory 

properties of mitindomide and dexrazoxane toward topoisornerase II. Cytotoxicity studies 

on Chinese hamster ovary (CHO) and dexrazoxane resistant (DZR) ce11 lines were 

pertormed to compare the inhibitory effects of mitindomide and dexrazoxane on cell 

growth. Dexrazoxane resistant ceil iine was obtained by wntinuous exposure of wild type 

CHO ceils into increasing concentration of dexrazoxane [9]. In addition, molecular 

modelling of mitindomide and dexrazoxane was performed to compare the structural 

features of both dmgs. 



2.2.l. Materials 

Deaazoxane (ICRF-187) used in this study was donated by Pharrnacia & Upjohn 

(Columbus, OH). Mitindomide (NSC-284356) was obtaùied fîom the Nationai Cancer 

Institute Petheda, MD). A topoisomerase 11 assay kit and hurnan type II topoisomerase 

(pl70 fom) were obtained from TopoGen Inc. (Columbus, OH). CHO nuclear extract 

containing topoisomerase II was prepared by Joan Buss in our laboratory [24]. Agarose 

(ultra pure), sodium bicarbonate (ce11 culture t e s t e  cat. No. 895- 18 1 OIO), minimum 

essential medium, alpha medium (cat. No. 12000-022), Fetal Bovine Serum (cat. No. 

26 140-087), penicillin-streptomycin (cat. No. 1 5 140- 122) and trypsin., 0.25% (wh)  with 1 

mM Na.&DTA (cat. No. 25200-072) were obtained tiom Gibco BRL, Life Technologies 

Inc. (Burlingtoq Ontario, Canada). Tris-HCI (cat. No. T-6666), bonne semm albumin 

(cat. No. A-6003), N-lauroylsarcosine free acid (cat. No. L 5000), HEPES (cell culture 

tested, cat. No. H-9136), ethidium bromide (994, cat. No. E-875 1 ), MTT (98%, TLC, 

cat. No. M-5655), DMSO (used to dissolve drugs, 99.5%, cat. No. D-5879), Dulbecco's 

phosphate buffered saline (cell culture, cat. No. D5652), bromophenol blue sodium salt 

(cat. No. B8026), dithiothreitol (cat. No. D-0632) and phenylmethylsulfonyl fluoride (cat. 

No. P-7626) were obtained from Sigma Chernical Co. (Si. Louis, MO. USA). KCI (cat. 

No. 37,885-2), MgCl2-6 H20 (cat. No. 20,895-7), NazEDTA volumetnc standard, 

0.0997 M in water (cat. No. 3 1,888-4) were obtained fiom Aidrich Chemicai Company 

(Milwaukee, WI, USA). Adenosine 5'-triphosphate (cat. No. 0- 1 076) and glycerol (cat. 

No. G-32) were obtained from Fisher ScientSc Company (Fair Lawn, New Jersey, USA). 

Dithiothreitol (cat. No. 2697-XI) and DMSO (used for MTT assay, cat. No. 4948) were 



obtained ffom Maiiinckrodt Baker Inc. (Paris, Kentucky, USA). Tris (cat. No. 604205) 

was obtained from Boehinger Mannheim Co. NaCl (cat. No. ACS 783) and NatEDTA 

(99.5%, cat. No. 10093) were obtained forrn BDH Chernical (Toronto, Canada). Boric 

acid (cat. No. AC- 1308) was obtained from Anachernia Ltd. (Montreal, Canada). 

2.2.2. Topoisomerase II decateoatioo assay and agarose gel dectrophoresis 

A topoisornerase II decatenation assay [25-271 was performed to determine if 

mitindomide, l i e  dexrazoxane7 has the ability to inhibit the catalytic activity of 

topoisomerase II. This project consisted of three major Steps. The first was the assay 

itself The second was the detection of decatenation products of topoisomerase II by 

agarose gel electrophoresis. The third was the quantitative analysis of nicked open circular 

rnonomers. 

2.2.2.1. Topoisomerase ïï assay 

Topoisomerase 11 decatenates kinetoplast DNA (kDNA). kDNA is a network of 

catenated mini- and rnaxicircles of mitochondrial DNA from a parasitic protozoa. The 

products of catalytic activity of eukaryotic topoisomerase II on kDNA are decatenated 

monomers of nicked, open circular DNA (NOC) and covalently closed circular, relaxed 

DNA (CC). The decatenation is dependent on ATP and Mg(1l). Besides kDNA and the 

enzyme, the assay contained the assay buffer, consisting of ATP, Mg(lT), Tris-HCI, KCI, 

dithiothreitol and bovine semm aibumin. The assay was inaibated for 30 min at 3 7 O  C. 

The degree of decatenation was dependent on the amount of the enzyme and incubation 

time. Dmgs targeting topoisomerase II, wch a s  dexrazoxane, decrease its activity [ B I ,  

and thus the amount of decatenation product. 



Both purif ie  human and crude, CHO nuclear extfact topoisornerases II were 

use& The assay was prepared in 1.5 rnL microcentrifuge tubes. The total volume of a 

single assay was 20 PL. The assay mixture consisteci of  water (to make up to 20 PL), 2.0 

pL assay buffer (final concentrations: 50 mM Tris-HCI, 120 m M  KCL 10 m M  MgCl*, 0.5 

rnM ATP, 0.5 mM dithiothreitol, 30 pg BSAhL), appropriate volumes of dmg, kDNA 

and topoisomerase II. Authentic topoisomerase 11 decatenation marken, controls with no 

enzyme and no dmg were also included. When DMSO was used., the mat volume of the 

drug added was 1.0 pL. A DMSO control was typically included in the expenment. Mer 

mihg al1 the components of  the assay, added in the order: water, assay buffer, drug, 

kDNA and enzyme, the solutions were incubateci for 30 min in a 37O C water bath. The 

reaction was stopped by mixing the assay with 5.0 pL of the n o p  buffer. 

Dmg diss01111iion: The ability of mitindomide to inhibit topoisomerase II was examined 

dong with the topoisomerase 11 catdytic inhibitor, dexrazoxane. Stock solutions of 

mitindomide were prepared in DMSO or in 2.1 equivaients aqueous solution o f  sodium 

hydroxide (to titrate the two imide hydrogen atoms). Dexrazoxane solutions were 

prepared in water. Five different concentrations of mitindomide or dexrazoxane were 

prepared as separate stock solutions (compare example 1 and 2 below), such that the same 

volume o f  solution was used for each assay sample. 

A s q  huffeer: Ten times concenirateci assay bdTer was prepared as foilows: 0.1789 g of  

KCI, 0.0406 g of MgCI2, 0.006 g of ATP, 0.001 5 g of dithiothreitol and 0.0006 g of 

bovine serum albumin were dissolveci in 2 mL of Tris-HCI. Tris-HC1 was prepared by 



dissolving 0.788 g of  Tris-HCI in 10 mL of double distilleci water and adjusting the pH of 

the solution to 8. 

Sforuge corrbtiomx The assay buffer, in 30 pL aliquots, was dored in microcentrifbge 

tubes at -80°C. Thawed, unused portions of buEer were discarded. The buffer was 

prepared in our labonitory because decatenation of kDNA did not consistently ocair when 

the TopoGen assay buffer was used. The kDNA, stop b&er and markers shipped frozen 

fiom TopoGen were stored in the reiXgerator (4°C). Human topoisomerase II and CHO 

nuclear extract were stored at -80°C. The activity of the enzyme was partly lost by 

repeated fieezing and thawing. 

A- optimimtzon: One unit of topoisomerase II decatenates 0.2 pg of kDNA in 15 min 

at 37O C 1291. The amomts of kDNA used in this study were 0.2, 0.3 and 0.4 pg, 

depending on the original concentration of DNA and enzyme activity. The amounts of the 

enzyme and kDNA were optimised to get 80-Wh decaîenation. Higher levels of enzyme 

activity did not permit the detedon of drug inhiition; lower levels of enzyme activity 

dmeased the sensitivity of the assay. 

Enzyme &lulion.- The concentration of the enzyme was adjuste- by dihmon with Tris- 

HCI, pH 7.5 or dilution buffer. The dilution b u S i  (10 mM TrisHCI; pH 7.5, 500 mM 

KCI, 1 rnM phenyl methyI d o n y l  fluoride, 2 mM ditbiothreitol, 50  pg/mL of bovine 

semm albumin, and 1 mM Na2EDTA) was prepared by dissohring 0.3728 g of KCi 

0.0018 g phenylmethyl sulfonyl fluoride7 0.0031 g ditbiothreitol 0.0005 g bovine serum 

albumin and 100 @ of O.ûW7 M N a m T A  in 10 mL Tris-HCI, with the pH adjusted to 

7.5 by titralion with 2 M NaOK When the dilution buffer was used for CHO nuclear 



extract, KCI was not added to the buffér. T w  high of a concentration of the salt inhibits 

topoisornerase II [24]. 

Stop hfler: Two kinds of stop b d e r  were used. The fim stop bu£Fer was obtained from 

TopoGen (5% (w/v) Sarkosyl, 0.125% (w/v) bromophenol blue, 25% (vlv) glycerol) and 

the second was prepared in our laboratory. Five h e s  concentrateci stop buffer was 

prepared by mixing 0.05 g of N-lauroyisarcosnine free acid dissolved in 368 pL 0.5 N 

NaOH with 250 pL of 0.5% (wlv) bromophenol blue (0.005 g/l mL), 250 pL glycerol 

and 132 pL double distilied water. The final volume of b&er was 1.0 mL. 

Examples of two typicai Experiments are presented below. In the first Experiment 

mitindomide was dissolved in DMSO, in the second Experiment mitindomide was 

dissolved in NaOH. 

Fli-nmpIe 1. In this example, the CHO nuclear extract of topoisornerase [I was used. The 

enzyme was 25 times diluteci: 2.0 pL enqme was added to 48 pL of Tris-HCl buffer, pH 

7.5. The concentration of kDNA was 1 10 ng/& Mitindomide (Mid) was dissolved in 

DMSO. The concemrated stock solution of mitindomide was 20 mM: 0.0020 g of 

mitindomide was dissolved in 371 pL DMSO and sonicated until the drug was dissolved 

(approximaîeIy 20 min). More dihite stock solutions were obtained by appropriate diiution 

with DMSO as s h o w  in Table 2.1. 



Table 2.1. Example of  mitindomide solutions used in Experirnent with the CHO nuclear 
extract of topoisornerase iI. 

No. Mitindomide final Concentration of Volume of Volume 

standard mitindomide stock mitindomide stock of 1Wh 

concentration solution solution DMSO 

w w cLL a 
- - 

33 ofNo. 1 67 

10 ofNo. 1 90 

10 of  No. 2 90 

10 of  No. 3 90 

The types of the assay samples and the volumes of solutions used in this Experiment are 

given in Table 2 -2. 



Table 2.2. Example of sarnples used h CHO nuclear extract of topoisornerase II 
decatenation assay . 

No. F i  sample Water Buffer Mid kDNA Enyme 

2 No enzyme 16.2 2 O 1.8 O 

3 DMSO, 1 pL 14.2 2  O 1.8 1 

6 Mid, 1 0 p M  14.2 2 1  1.8 1 

8 Mid, 1 O p M  14.2 2 1 1.8 f 



Erampie 2. in this example, mitindomide was dissoived in NaOH: 0.2214 g of 

mitindomide was dissolveci in 248 pL of 42 m M  NaOH. The resulting stock solution was 

20 mM. The kDNA concentration was 50 ng/pL. Human topoisomerase ff concentration 

was 1 U/pL. The enzyme was diluted two times with dilution b&er for the human 

topoisornerase LI. More diiuted stock solutions were prepared by dilution of the 20 mM 

stock solution with double distiiled water as shown in Table 2.3. 

Table 2.3. Ekample of mitindomide solutions used in Experiment with human 
topoisornerase II. 

No. Mitindomide final Concentration of Volume of Volume of H& 

standard mitindomide stock mitindomide stock 

cuncenîration solution solution 

w fi 

1 1000 

2 500 

3 200 

4 LOO 

5 50 

20 000 - - 

10 O00 50 ofNo. 1 50 

4000 40 ofNo. 2 60 

2000 50 of No. 3 50 

Io00 50 of No. 4 50 

In Table 2.4, the types of assay samples and the volumes of solutions used in this 

Experiment are &en. An aqueous solution of 21 mM HCl was used to maintah the pH of 

the samples with the highest dnig concentrations (No. 7 and 8, HC1:NaOH concentration 

ratio 1: 1). 



Table 2.4. Example of the sarnples used with the human topoisornerase II decatenation 
-Y - 

No. Fuial sample Water BuEer MID kDNA 21mM Topo II 

& FL IiL IiL H C W  w 
Marker 19 O O O O O 

No enzyme 14 2 O 4 O O 

No dmg 13 2 O 4 O 1 

MID, 50 CrM 12 2 1 4 O 1 

12 2 1 4 O 1 

m, 200 w 12 2 1 4 O 1 

Mn>, mo w 11 2 1 4 1 1 

m, 1 o ( w M  10 2 I 4 2 1 

The assays f?om examples 1 and 2 were incubaîed for 30 min in a 37°C water bath The 

reaction was aopped first by putthg the test tubes on ice, and next mixing the assay 

sampla with 5 pL of the stop b&er. The stop buffkr containeci detergent Sarcosyl 

recommended by TopoGen company for stopping the acthdy of the enzyme [29]. The 

nnal sarnple volumes were 25 fi- 

2.2.23. Agarose gd eleetrophorcsU 

Under electrophoretic conditions the large kDNA network cannot enter the gel 

and remains in the weU. The m e r  moving bands are genomic DNA and the products of 

topoisornerase II actMty (compare Fig. 2.3). The bands move to the positive electrode. 



Besides decatenated monomers of kDNA (NOC and CC), topoisomerase II also produces 

kDNA decatenated trimers and diiers. They move ody a short distance from the gel 

ongin. Between the weUs and the nicked, open circular band, a genomic DNA band was 

seen. If the assay is nuclease-contaminzited, lmear DNA can be seen as a nuclease ATP 

independent reaction. If bacterial topoisomerase II, narnely DNA gyrase, is present, 

decatenated, supercoiled DNA is prduced None of the bands correspondhg to nuclease 

or gyrase activity were seen in these Experiments- Eazyme activity was inhiiited by 

mitindomide and dexrazoxane; thus, Iowa lwels of decatenaîed, nicked open circular, and 

decatenated, wvalentiy closed products were observeci. The level of nicked open circular 

monomers was &table for quantitative anaiysis. 

Agmose gel: The 25 pL vohunes of single topoisomerase II decatenation assay samples 

were loaded h o  weils in a 1% (w/v) agarose gel (15 x 7 cm), immersed in running buffer 

(0.1 M TRIS-base, 0.1 M b r i c  acid, 2 mM NamTA, pH 8.3). The running b d e r  and 

agarose gel containecl the uiterdator ethidium bromide to visuaiise the bands under W 

light. The agarose gel was prepared by weighing 1 g of agarose in a beaker and adding 

100 mL of running bder. The mixture was heated on a hot plate and s h e d  constantly 

with a magnetic stirrer und the boiliog point. It was then m l e d  to about 60°C. Two pL 

of ethidium bromide was added with stimng and the gel was poured h o  a levekd gel 

caster with the 20-tooth comb in place. AU the air bubbles were moved to the sides with a 

Pasteur pipette and the gel was lefl to set for at least 60 min. 

iûx7BE W e r :  Tris-bric acid-Na2EDTA (TBE) buffer was prepared ten times 

concentrateci: 12 1.1 g of Tris, 6 1.8 g of boric acid and 7.4 g NazEDTA were dissolved in 



i L of double distilled water. The pH of the buffer was adjuaed with 5 N aqueous 

solution of NaOH to 8.3 at room temperature. The buffer was stored in the refngerator. 

EfhzciZ'um b r d e :  Ethidiurn bromide solution was prepared by dissolving of 0.01 g of 

ethidium bromide in 1 rnL of double disalleci water. The solution was stored at room 

temperature and wrapped in aluminium foi]. The ethidiurn bromide solution is light 

sensitive. The solution was used not longer than one month. Ethidium bromide has the 

ability to fluoresce under W light. The fluorescence is enhanced by intercalation ofplanar 

ethidium bromide molecules between DNA bases. 

Running b@er: The running buffer was prepared by ten tîmes dilution of 100 mL of TBE 

buffer with double distilleci water on the day of Experiment. The Nnning butfer with 0.2 

pg/mL of ethidium bromide (for 900 mL volume of running buffer, 18 PL ethidium 

bromide was added) was poured into the chamber until its level was about 0.5 cm above 

the gel surface. Ail the air bubbles were removed. The same running b&er was used for 

multiple gels m n  on the same day. 

Running the gel: Mer  the gel was set, the comb was removed, and the gel on the tray 

was transferred hto the electrophoresis chamber (Sub-Ceil GT Agarose Gel 

Elecîrophoresis System, Bio-Rad Laboratones Inc., Hercules, California, USA). The 25 

pL assay samples were deüvered t o  everyy or every second weU. The chamber was 

covered with the lïd with the electrodes atîached. The 100 V potential was slowly applied 

and gel was nui for 40 - 45 min. The negative potential (black end) was applied on the 

loading welis side. The gel was examined under W Light on a VWR, bench 

transillUmiRator (mode1 M-20E) using single 302 nm ultraviolet wavelength. The gel was 



destained in I L of double distilied water until a good contrast was obtained; generally. the 

optimal destaining t h e  was 4 h. 

Gelphotogtclphy: A Polaroid direct screen instant cameta DS34, with IS03000, type 667 

Polaroid tilm was used to photograph the gel under UV light. Typicai conditions for 

photography were as foUows: 118 s -sure and 5.6 F-aop, 30 s development tirne. 

2m23m3. Quantitative am.lysis 

The photographs were scanned with a digital Hewlett-Packard Scadet 4P scanner. 

The white h e  on the photograph was omined in scanning. The intensities of the bands 

fonned by nicked, open circular (NOC) DNA were measured on SigrnaGe1 (Jandel 

Scientific, San Rafael CA). A square c o v e ~ g  the band was used for integration (se Fig. 

2.3). Typically, 27 pixels size square was applied to cover the band. nie intensity of the 

measured square UicIuded some levei o f  the background (square "a" in Fig. 2.3). The Ievel 

of the background was measured on the gel in a place without bands (square "b"). The 

background '0" was aibtracted f?om the ïntensity of the square "a". 

Fig. 2.3. htegration of kDNA dezatenation products with SigrnaGd. Squares were 
chosen to cover the bands; (a) represents the square with the band and @) represeats the 
background square. 



The intensities of the bands and corresponding concentrations were fitted to a 

four-parameter logistic (2.1) equation on SigmaPlot software (landel Scientific, San 

Rafaei CA): 

a - d  

where I is the intensity of the band, D is the drug concentration, a is the estimated 

rnaWnal intensity, b is Hiil-type scponential fictor (> O), d is the estimated background 

intensity obtained at the highest dmg concentrations, and ICso is the median inhibitory 

drug concentration. 

2.23. Cyto toxicity experimen ts 

Two cell lines were used in the cytotoxicity Experiments: a wild type Chinese 

hamster ovary (CHO) cdl iine (type AA8; ATCC CRL-1859) obtained nom the Amerifan 

Type Culture Collection (Rochilie, MD) and CHOderived, a dexrazoxane resistant 

@ZR) c d  he .  The DZR cell line is 1500 fold more resistant to demoxane than the 

parent Chinese hamster o v q  ceîls (48 h continuous expostire to demazoxane gave an 

ICM of 2800 pM for the DZR oell line and 1.8 p M  for the CHO c d  line [9]). The DZR 

c d  fine was obtained in our laboratory by exposure of CHO d l  line to increasing 

concentrations of dexrazoxane. Its resistance to the dmg is probably due to an alteration 

in topoisornerase II [9]. 

Culturing the celis: Both ce11 iines were culturd in T-flasks (25 cm2, cat. No. 25 10û-25, 

Coming hc., New York, USA) in a-MEM (this medium is recommended by ATCC for 

propagation) containhg 20 mM HEPES, 100 d s / m L  penicillin G, 100 pg1m.L 
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streptomycin. 100/o (vh) fetal bovine serurn in an amiosphere of 5% (vlv) C a  and 95% 

(v/v) air at 37°C (pH 7.4). Cell culture medium was prepared by dissolving one pack ( 10.1 

g) of a-MEM, 4-76 g of HEPES and 2.2 g of NaHCa in 700 mL of double distiUed 

water. The pH of the solution was adjusteci to 7.2 with 5 N NaOH. Ten mL of peniciilin 

with streptomycin (the Bask was opened under steriie conditions), along with about 200 

mL of double distillai water were added to rnake up to 900 mL. The solution was filtered 

with a 0.2 prn Nalgene bonle top filter (Nalgene Company, Rochester, New York) and 

divided equaliy into two s t d e  500 rnL flash in the lamimu Bow hood (Envirco Safety 

Cabinet, mode1 ESC, Albuquerque, New Mexico, USA). The solution was kept in a 

refngerator up to one month. Before the c d  medium was used, 50 mL (10°!4 (v/v) of final 

medium voiume) of fetal bovine serum was added under stede conditions. The 

contamination for mycoplasma was not tested during the Experiments. 

Hmesting d seeding the ceh: Cells in exponential growth were harvested. The ce1 

cufture medium was rernoved fiom the flask and the cells were washed with 10 mL of 

Dulbecco's phosphate buffered saline. One mL of 0.25 % (wh) trypsin with 1 m M  EDTA 

was added and left for a few minutes to detach the ceUs fiom the bottom of the cuiture 

flask. The celis were transferred to a 10 mL sterile centriftge îube with 9 mL of cornplete 

cell cuiture medium and centrifiiged at 5000 g for 6 min. The supematant was removed 

and ceüs were resuspended in 10 mL of the celi d t u r e  medium. A hemocytometer was 

used to count a sarnple of the celis and esthate the total amount. The cells were seeded 

on %-weli, steriie tissue culture plates (flat bottom with lid, cat. No. 831835, Sarstedt 

Inc., Newton, NC, USA) in 100 pL ce11 cuiture medium per well. CHO ceUs were seeded 



at 2000 ceils/welf, and DZR cells at 5000 celldwell, and allowed to attach for 24 h before 

the dntg solutions were added. 

Drug delivery.- Dexraroxane was dissolved in ceii culture medium and filtered through a 

0.2 pm sterile cellulose acetate syringe filter (25 mm, cat. No. 83 1 82600 1, Sarstedt ïnc., 

Newton, NC, USA). Mitindomide was dissolved either in DMSO or in 2.1 equivalents of 

NaOH in aqueous solution When DMSO was used, its nnal concentration in the ceil 

culture medium was 0.5% (v/v), and controls were included in Experiments to ensure that 

DMSO did not affect ceil growth. When mitindomide was used in alkaline solution, 

appropriate amounts of hydrochloric acid were added to weik with the highest h g  

concentrations to maintain the pH and appropriate controis were included. 

MTTa.ssq: Appropriate volumes of cell culture m d m  were added to the wek with 

cells for a final volume of 200 pL/weil. Six replicates were perfomed at each h g  

concentration. Ceils were incubatecl with dmgs for another 72 h. CeU survival was 

measured by the MTT assay 130-321, in which the yellow tetrarolium salt MTT (3443- 

dimethylthiazoC2-yl>-2,5-diphenyltetrazoIim bromide) is converteci into water-insoluble 

blue forrnazm crystals by the mitochondrial dehydrogeoase of viable celis. After the 72 h 

dmg incubation period, 20 pL of 0.25% (whr) tetrazolium salt in PBS was added to each 

well, and the plates were returned to the imibator. The tetrazolium solution was prepared 

by dissolving 0.25 g of MTT in 100 mL of phosphate buffered satine. This buffer was 

prepared by dissolving 0.44 g of NaCl and 1.03 g of N ~ H z P O J ~ ~ O  in 100 rnL of double 

distilled water and adjushg the pH to 7.2 with 5 N NaOH The M'IT-buffer solution is 

light sensitive and kept wrapped in aluminium foi1 in the refigerator. Mer 4 h, the ceil 



culture medium was removed and 100 pL of DMSO was added to dissolve the crystals. A 

plate reader (Molenilar Devices, Medo Park, CA) was used to meaaire absorbance at 

49û nm in the wells. Absorbance was correcteci for non-specific, scattered light by 

subtracting the absorbance at 650 nm fiom the absorbance at 490 nm. 

Dose-respoltse m e s :  Non-hear, least-squares fitting of the absorbame-dmg 

concentration data to a t h e -  or four-parameter logistic equation (2.2) was perfonned 

using SigmaPlot (Jandel Corp., San Rafâel CA): 

where A1~650  is the absorbance at 490 nm minus the absohance at 650 nm, D is the dmg 

concentration, ICjo is the median inhibitory concentration, b is a Hill-type exponential 

Wor, a is the estixnated maximal absorbance and d is the estimatecl background 

absorbance at the highest dmg concentration. When the background absorbame is close to 

zero d is set quai to O Li the equation (2.2) giving three-parameter logistic equation. 

2.2-4. Molecular modehg 

Molecuiar modeiling of mitindomide and dexrazoxane structures was perfomed 

with PCModel versions 4 and 5 (Serena Software, Bloomington, IN). The MM2 Unger 

algorithm was used 1331. 

2.3. Resuits 

2.3.1. Inhibition of  topoisomerase II decatenation activity 

Dexfazoxane is a cataiytic inhibitor of topoisomerase II [28]. Both human pl70 

and CHO nuclear extract topoisornerases iI were used to compare the inhibitory 
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properties of mitindomide with dexrazoxane. Topoisomerase 11 activity using kDN A as a 

substrate, produces Ncked, opened circular and retaxed, covalently closed decatenated 

DNA monomers [25]. Topoisomerase II inhibiton lower the decatenation rate. As shown 

in Fig. 2.4, mitindomide and dexrazoxane inhiiited the cataiytic decatenation activity of 

topoisornerase II. Dacrazoxane and mitindomide were each used at five different 

concentrations to observe their inhibitory &ect. h e s  3 and 9 are lanes without "hibitoq 

dmgs. The bands of the nickeù, open ciradar @OC) and wvalently closed circufar (CC) 

DNA in these lanes show the highest decatenation rate. With increasing conceniration of 

the dmgs in lanes 4 to 8 for dexrazoxane, and 10 to 14 for mitindomide, decatemted 

products are sigdicantly decreased, compareci to the bands without the b g s .  For the 

highest concentrations of dexrazoxane (50 pM, lane 8) and mitindomide (1000 pM, lane 

14), the formation of covalently closed ciradar monomers is completely inhibited. The 

position of the decatenated bands could be recognised by cornparhg them with authentic 

decatenated kDNA markers which consisted of NOC and CC monomers (iine 1 and 15). 

In iane 2 the enzyme was not added to the sample with kDNA and assay buffer. Under this 

condition contamination with gyrase couid be evaiuated. Decatenated supercoiled DNA, 

the product of gyrase activity was not seen. If the contamination was present, a band 

would appear before the relaxed DNA band. The intensities of the nicked, opened cirailar 

DNA bands were integrated with SigrnaGe1 (Jandel Scientfic, San Wàel CA). Examples 

of the intensities of the NOC labelled bands plotted against concentrations of the dmgs are 

presented in Fig. 2.5. The experimental data were fitted to a four-parameter logistic 

quaiion (2.1). The solid lines represent the results of the m e  fits. The rnedian Uihibitory 



concentrations SEM of mitindomide for human and CHO nucfear extract 

topoisornerases LI were 264 24.9 p M  and 247 62.0 pM, respectively (Fig. 2.5, a and 

c). Analogously, dexrazoxane inhibition of human and CHO nuclear extract 

topoisornerases & expressed in median inhibitory concentrations SEM were 13 .O & 3.8 

p M  and 6.2 1.8 pM., respectively (Fig. 2.5, b and d). The results from all topoisornerase 

II inhibitory Experiments are presented in Table 2.5. The average values of the median 

inhiitory concentratioas * SEM for mitindomide were 199.3 * 36.3 ph4 and 152.0 I 52.0 

p M  on human and CHO nuclear extract topoisornerases 4 respecîkely. The 

corresponding values for dexrazoxane were 10.0 4.2 pM and 6.2 * 1.8 W. 



Dexrazoxane Mitindomide 

Fig 2.4. Electrophoresis of kDNA decatenation products under human topoisomerase II 
activity- DeCatenation activity of topoisornenise II is inh'bited by dexrazoxane (iine 3-8) 
and mifindomide @ne 10-14). Weiis 2-14 contain 4 pL of kDNA (50 ng/pL) and 2 pL of 
assay butFer. Wells 3-14 contai. 1 pL of human topoisornerase II ( 1  unit/@). The 
foliowing bands are seen on the gel: OR1 - loading weii ongin, G - genomic DNA (a 
contaminant of kDNA), NOC - nicked, open circular decatenated DN& CC - covalently 
closed circular decatenated DNA The contents of the wells are as follows: 1 - kDNA 
marker,2-noeoryme,3-nodrup'd~xatle:4-2~5-5~6-10IiM,7-20 
pM,8-50pM,9-nodnig;mitiadomide: 1 0 - S O M  11-1ûûpM, 1 2 - 2 0 0 w  1 3 -  
500 pM, 14 -1000 @i& 15 - kDNA marker. The bands between the origin and genomic 
bands ükely correspond to incompletely decatenated kDNA products [25]. 
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Fig. 2.5. Inhibition of human (O) and CHO nuclear extract (a) topoisornerase LI by 
mitindomide (a, c) and dexrau,xane @, d). The i n t e  values were obtained nom 
scanned photographs of gels by integration of the NOC-bands (Kg. 2.3) on SigrnaGd. 
The solid lines represent the r d t s  of Ieast square non-linear regression fits of mea~u~ed 
values to a four-parameter logistic equation on each graph The lowest concentrations 
plotted correspond to zero concentration of dmg, plotted for convenience on the 



logarithrnic scale with an arbitrary given value. The [Cm values SEM for these 
Experirnents are given in the text above. 

Table 2.5. Mitindomide and dexrazoxane inhibitory effect on human and CHO nuclear 
extract topoisornerase iI 

Mit indomide 

human p 170 CHO nuclear 

Experiment No. topo II artract topo rI 

human pl70 CHO nuclear 

topo 11 extract topo II 

' The individual median inhiiitory concentrations, of mituidornide and dexrazoxane and 
th& meam SEM towards human pl70 topoisornerase II. The individual IC- vahies 
SEM were obtained fiom a non-linear least squares regression fit of integrated intensity to 
a three- or four-parameter logistic equatioa 
b The average ICwvalues * SEM are the means fiom corresponding individual values. 
' This value represeats the standard error &om the least quares, non-linear regression fit 
of iategrated intensity from a single Experiment to a four-parameter logistic equation. 



2.3.2. Cytotoxiciîy experiments 

Mitindomide (Mid) was examineci for cross-resistance with dexrazoxane using the 

dexrazoxane resistant (DZR) ceU line. The cytotoxicïty of mitindomide and dex~azoxane 

toward CHO and DZR ceIl lines was studied. The examples of the r d t s  £kom single 

Experiments are Qiven in Fig. 2.6. Dexrazoxane used in these Experiments was dissolvecl 

in ceIl cuihire medium The poor so lub i l .  of mitindomide caused expehental 

difiEiCUIties; we found mitindomide sotubility in DMSO to be 20 mglmL. DMSO shows 

cytotorcicity above 0.5% (vfv) thus the highest concentration of mitindomide was Iimited 

to 400 W. When mitindomide was dissolveci in sodium hydroxide (1:2.1 molar ratio of 

mitindomide to sodium hydroxide), and 5 pL volumes of mitindomide standards were 

added to wells with 195 pL of the cell culture medium, the crystals were observeci in the 

weils above 1ûûû jdbf (Fig. 2.7.@) for DZR c d  line). Based on these observations, the 

solubility of mitindomide in the cell d t u r e  medium is 0.25 mg/mL (about 1 mM). The 

individual vaiues of median inhibitory concentration for each cytotoxicity Experiment and 

their means are presented in Table 2.6. The median inhibitory concentrations for 

mitindomide towards the CHO cell line was about 25 times smaller than towards the DZR 

cell line; the correspondhg median inbibitory concentrations I SEM were 92.3 * 13.6 p M  

and 2300 * 200 pM. The mitindomide Km-value on DZR ceIl line was estimated since it 

was above the Lunit of its solubility. 



Fig. 2.6. Inhibition of cell growth by dexrazoxane and mitindomide. Dexrazoxane and 
mitindomide were incubated for 72 h with CHO ( O )  and DZR (a) ceil lines; (a) ICso * 
SEM of dexrazoxane were 6.5 * 0.5 FM a .  2982 * 21 3 p M  on CHO and DZR ceil lines, 
respectively, (b) ICw * SEM of mitidornide were 139.2 * 15.8 pM and 2523 * 137 pM 
on CHO and DZR ceii Lines, respectiveSr, points (O) - represent absorbame measured 
above the solubility limit of mitindomide. The curves represent the results of least squares 
non-linear regression fits of measured vaiues to three- or four-parameter logistic 
equations. The error bars represent standard deviations. The lowest concentrations are the 
zero values, plotteci for convenience on a logarithme seale with arbiaary given values. 



Table 2.6. Cytotoxicity of mitindomide and dexrazoxane toward CHO and DZR ce11 lines. 

Mitindomide 

Experirnent No. CHO DZR CHO DZR 

a The individuai median inhibiiory concentrations of mitindomide and dexrazoxane on 
CHO and DZR ceil lines and their means SEM. The single ICW vaiues were obtained by 
fitting the data to three- or four-parameter logistic eqUatio11~. The Ica vaiues for 
inhibitory effect of mitindomide on D m  celis were obtained by including the absorption of 
weiis containhg dmg above its solubility limit. nius, these vaiues are only esthated. 
The average ICWvalues * SEM are the meam fiom cornespondhg individuai values. 
Resisbnce tàctor: the ratio of mean median inhitory cuncenfrafions of mitindomide or 

dexrazoxane on 0 and DZR ceUs. 

Molecuiar modelling was used to compare structure of mitindomide and 

dexrazoxane. Since both dmgs inhiteci topoisornerase II, these studies were conducted 

to examine which wmmon structural elements might be important for topoisornerase II 



inhibition. Crystal structure parameters were obtained fiom x-ray data of dexrazoxane 

[23], a N-substituted analogue of mitindomide [22] and a one-ring open mitindomide 

derivative [2 11. The molecular modelling data obtained are preserrted in Table 2.7. 

Table 2.7. Structural parameten of mitindomide and dexrazoxane obtained fiom 
molecuiar modelling 

imide N-to-imide N distance (A)' 7.8 9.0 

Co-planarity of imide rings (O)* 7.3 1.3 

N- t O-plane distance (A)' 3 .O 3.7 

Non-polar surface area (A2)' 127 135 

Polar d a c e  area (AZ)' 135 141 

Total surface area (A2)' 262 276 

~olecuiar volume (A3)' 326 351 

Human p 170 topoisomerase II 

inhibition, ICw, (pM) 200 

CHO topoisomerase II inhibition, 

Ics (Pw 152 

' From x-ray crystal structures fiom a N-substihrted derivative of mitindornide [22] and 
dexrazoxane 1231. 
The Unide Nig plane was defined by the nitrogen irnide atom and the two adjacent 

carbonyl c h n  atoms. The co-planarity was measured by the angle that the normals of 
the two planes have to each 0 t h .  
' Caldated kom the van der Waals sucfaces by molecular modelling. Non-polar surface 
area includes contributions âom both umaturated (mitindomide only) and saturateci areas. 



The bal1 and stick structures of mitindomide and dexrazoxane (Fig 2.7) are based on the 

x-ray crystaî structures of mitindomide 1221 and dexriuoxane 1231 and have been energy 

mininiised by the moiecular modelling. 

F i g . 2 . 7 . B a ü d S t i c k ~ o f e ~ e r g y m i m n n . r e d  
- 0  O mitindomide (top) and dexrazoxane 

(bottom). 

2.4. Condusions 

Mitindomide, Wce dexrazoxane, was able to inhiibit ma& topoisomenw 11 as 

show by the topoisorneme fI -on assay (Table 2.5 and Fi& 2.5). Mitindomide 

median iiihiiory coM'RûscBfio11~ * SEM were 199.3 36.3 p M  and 152 * 52.0 ph4 on 

humaa pl70 and CHO nuciear extract topoisornerases 11, nspectively. Dexrau,xane 



inhibition of topoisomerase II examinecl by the sarne assay resulted in 10.0 * 4.2 p M  and 

6.2 * 1.8 p M  median inhibitory concentrations * SEM for h u m  and CHO topoisomerase 

II, respectiveiy. Both mitindomide and dexrazoxane inhibiteci human and CHO enzymes to 

a comparable degree. This indicates a close relation ôetween human and CHO 

topoisornerases 11. There are two khds of topoisomerase U inhibition mechanisms; 

catalytic inhibition show by bisdioxopiperaPnes and stabilisation of a topoisomerase II- 

DNA wmplex (cleavable complex) shown by the anthracyclines, etoposide and amsacrine 

[8]. Since mitimdomide targets topoisomerase II, a study was conducted to show which 

mechanism is more likely for mitindomide. Yalowich [34] has measured the level of 

cleavable complexes in CHO and DZR ceiis in the presence of nniindomide and the 

cleavable complex forming drug, etoposide. Unlike etoposide, mitindomide did not elevate 

cleavable complexes in CHO or D m  cek [34]. Furthemore, iike the bisdioxopiperazines 

ICRF-154 and ICRF-193 [35], mithdomide was able to inhiiit cleaMble complex 

formation by etoposide in CHO ceUs [34]. This effect was not seen in DZR ceiis. 

Inhibition of etoposide cleavable cornplex formation in CHO, but not in D m  ceus was 

aiso shown with dewazoxane [9]. These r d î s  indicate that rnitindomide and 

dexraz~xane have sidar mechanisms of action on topoisomerase iI. The merences in 

the inhibition of etoposide-topoisornerase II-DNA complexes on CHO compareci with 

DZR ceils for mitindomide and dexmzoxaae suggest thai both cirugs act on the same site 

of topoisornerase II. It has been shown that the cytotoxicity of bisdioxopiperazenes 

toward CHO and mouse-L ceiis is highly correlateci with topoisomerase I[ inhibition [28]. 

The DZR c d  line is highly resistant to dexrazoxane and cross-tesistant to other 



bispiperazines such as  ICRF-193, ICRF-154, ICRF- 186 [9]. The mean median inhihitory 

concentrations of dexrazoxane on CHO cells were 5.8 * 1 .O p M  and on DZR cells 2900 

180 pM. The corresponding values for mitindornide were 92.3 * 13.6 pM and 2300 200 

thus the DZR ce1 line also showed cross-resisiance toward mitindomide (Table 2.6 

and Fig. 2.6). The resistance factors, towards the DZR c d  line compareci with the parent 

CHO ceU h e ,  were 25 and 500 for mitindomide and dexrazoxane, respectively. Ln fact, 

the dexrau,xane-resiistant c d  h e  shows s p d c  resistance to dexrazoxane probably 

through an altemation in topoisornerase II [9]. DZR ceus' resistance to mitindomide 

suggests a common site of buiding with bisdioxopiperazuies. 

The mitindornide and dexfatoxane stmctural parameters obtained from moleailar 

modehg are given in Table 2.7. The distances between the two imide nitrogen atoms in 

the crystal structures of mitindomide and dexrar.oxane are similar 7.8 A and 9 4 

respectivety. Both mitindomide and dexrazoxane have approxhmtely coplanar imide- 

containing rings: 7.3" and 1.3", respectively. The offset of the rings is 3.0 A in 

mitindomide and 3.7 A in dexrazoxane. Other moleailar parameters such as total, polar 

and non-polar surface areas, and molecuiar volumes have similar values for both drugs. 

D~nazoxane is a conformationally flexriile m o l d e  which can rotate around its chain 

co~ecting the rings. Dexrazoxane, in aystabgraphic fom, appears to be in an extended 

conformation [23]. The mitindomide moleaile is extremely conforrnationally restricted. Its 

parameters such as CO-plarmity and nitrogen to nitrogen distance are very sirnilar to those 

of dexrazoxane in an extended conformation. These kdings suggest that rigid 

mitindomide and flexible dexrazoxane and presumably other bisdioxopiperazines, bind 



topoisornerase II in their extended conformations (Fig.2.7). The mechanisrn of action on 

cdls and topoisomerase II of both these dmgs is similar, therefore, mitindomide cm be 

classifieci as a topoisomerase U cataiytic inhibitor. 
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3. E f k t  of  d e v a o u n e  on growtb inhibition of Chinese hamster ovary ce& in the 

combination with mafosfamide, Sfluorouracii and vinblastine 

3.1. Introduction 

Dexnizoxane is cl in idy  used to prevent the cardiotoxicity of the anticancm dnig 

doxombicin (Chapters I and LV) 11, 21. Doxombicin is ofken given in an anticancer multi- 

drug schedule with cyclophosphamide, 5-fiuororad and vinblastine [3, 41. Besides its 

cardioprotective properties, dexrazoxane also has anticancer activity, probably through 

topoisomerase II inhibition [SI. A detailed description of dexrazoxane topoisomerase II 

inhibition is given in Chapter II. Cyclophosphamide, 5-fiuorouracii, and vinblastine are 

anticancer dmgs with different mechanisms of cytotoxiciîy. 

The objective of this study was to d y s e  the efféct of the wmbined action of 

dexrazoxane with each of these dmgs on Chinese hamster ovary ceil growth. The 

experirnents were daignai to use different evaluation methods of dmg interaction. 

Combination index, envelope of additivity, response d a c e  and dopes cornparison 

methods were used in the data d y s i s .  

3.1.1. Mechanisms of cydophosphamide, Sfluorouracil and vinblutine cytotoxicity 

Cyclophosphamide mg. 3.1 .a) exerts its cytotoxicity by reacting chemidy  witb 

DNA [6]. The strongest effêct of cyciophosphamide is observeci on proLiferahg tissue, 

but Ore other aikylating agents, its toxicity is not cd-cycle dependent 161. This dmg 

belongs to the same dass as nitrogen mustards Cyclophosphamide is a prodmg which is 

activateci in YiYO, mostiy in the liver [q to 4-hydroxycyclophosphamide. Nonenzymatic 



conversion of 4-hydroxycylophosphamide leads to phosphoramide mustard and acrolein. It 

has been demonstrateci thai phosphoramide mustard is responsible for the therapeutic 

activity of cyclophosphamide [6]. It is not clear whether phosphoramide mustard or 4- 

hydroxycyclophosphamide is a -or blood transport fom Uiat e n t a  tumour tells. 

Phosphoramide mustard and 4-hydroxycyclophosphamide have diEerent levels of 

cyiotoxicïty towards difEerent types of cancer, for instance 4-hydroxycyclophosphamide 

shows greater cytotoxicity tban phosphoramide mustard toward lymphoproliferaîïve 

tumours. Shce Chinese hamster ovary ceUs are not able to convert cyclophosphamide to 

its active forms, the cyclohexylamine salt of d o s f i m i d e  (Fig. 3.1s) is often used in in 

vibo shidies. Hydrolysis of this salt yields the active compound, 4- 

hydroxycyclophospharnide (Fig. 3.1 .d), as weli as 2-mercaptoethanesulfonic acid and 

cyclohexylamine. 

Fig. 3.1. Structures of (a) cyclophosphamide, @) 4-hydro~yclophosphamide, and (c) 
cyclohexylamine salt of dosfamide. 

5-Fluorouracil Pig. 3.2) is an antirnetabolite which interferes with the synthesis of 

new DNA [SI. 5-Fluorourad cytotoxicity is most expresseci in the S phase of the c d  

cycle [8]. 5-Huorouracil itself is not active; but it is metabolically activated in cells to 



fluororibonucleotides and fiuorodeoxyribonuc~eotides [8]. Cytotoxicity of 5-Buorourad is 

exerted through incorporation of fluorouridine triphosphate (RITP) into RN4 

incorporation of  fluorodeoxyuridine triphosphate (FdUTP) into DNA and inhibition of 

thyrnidylate synthase enzyme by fluorodeoxyuridine monophosphate (FdUMP) [9]. These 

processes cause disruptions in the fbnction and synthesis of RNA and DNA. 

Fig. 3.2. Structure of  5-fluorouracil. 

Vmblastine 3 -3) is an antimitotic agent that interferes wiîh c d  division [ 1 O]. 

Viblastine is a naturai product obtained ffom Vimca rosea. The biochernical mechanism 

of Mnblastine cytotoxicity is not weli known. Vinblastine bhds with high afE.nity to 

microtubules. There are probably two wiblastine high afnnity binding sites per 

microtubule. The bmding seems to be dependent on the ionic interaction between the 

tubulin (an acidic protein) and vinblastine (a basic moleaile) [IO]. Normal cellular function 

is dependent on microtubule assembly and disassembly. At low concentrations (1 0 nM - 

1.0 FM), Wiblastine binds to the growing end of the microtubules and inhibits their 

growth. Above 10 pM, tubulin aggregation ocairs, r d t i n g  in the formation of tubulin 

paracryds [101- 



Fig. 3.3. Structure of vioblastllie. 

3.2. Mate* and methods 

Chinese hamster ovary ceils were used to study the influence of dnig 

combinations The cells were seeded at 2000 ceils in 100 pL of ce11 culture medium on 96- 

weU plates and aiiowed to attach for a specified time. Mer this period of tirne, dmgs were 

delivered and the volume of cell culture medium was increased to 200 pL/well. The cells 

were incubateci for another 72 or 48 h as indicated in descriptions of the particular 

experhents. The MIT assay was used to quant@ the of ce1 -sure to the 

dmgs. A detailed description of cytotoxicity arperiments and the MTT assay is given in 

Chapter II, Section 2.2.3. The growth inhibition of Chinese hamster ovary ceus by 

dexrazoxane with dosfamide and dexrau,xane with 5-fluorourad was examineci using 

the combination index (Section 3.2.4. l), envelope of additivity (Section 3.2.4.2), response 

Surface (Section 3.2.4.3), and dope cornparison (Section 3.2.4.4) methods. The dope 

cornparison method was also used to study the interaction of vinblanine and dexrau,xane. 



3.t.l. M a  teriab 

Dexraroxane (ICRF-187) was a gifi frorn Pharmacia & Upjohn (Columbus, OH). 

Mafosfêmide cyclohexyiarnine sait was a gift nom Asta Medica ( F e  Germany). 

Vmblastine nilphate sait and 5-fluorouracil (99%) were obtained fiom Sigma Chernical 

Co., DMSO (used to dissolve drugs, 99.5%, cat. No. D-5879) was obtained fkom Sigma 

Chernid Co. 

3.23. Solubility of mafosf~mide, 5.fluoroumcii, vinblostine and dexmmxane 

New stock solutions of dl dmgs were prepared 15 min M o r e  each experiment. 

The solubility of qclohexylamine salt of d o s h i d e  (MW = 50.5 g/moI) in water is 160 

mghL [ I l ] .  In water, dosfamide is converteci to its active unstable form, 4- 

hydroxycyclophosphamide. For this reasoh the cyclohexylamine salt of dosfimide was 

dissolved in DMSO to avoid problems of instability. It was delivered in 1 pL volume to 

plate weils. The final concentration of DMSO in the wells was 0.5% (v/v). Each 

dosfamide concentration was prepared as a separate stock solution. 

5-Fluorouracil (MW = 130.08 g/mol) is sparingiy soluble in water [12]. For 

experiments, 5-fluorouracil was dissolved in 1.00 quivalent of an aqueous solution of 

NaOH. The stock s01ution was filter sterilised with a previously sterilised 4 mm Eyringe 

tilter with PVDF Glter media, 0.2 p m  pore size (Whabnan Labonitory Division, cat. No. 

6777-0402). The dilution of stock solution was made with sterilised 0.9% (w/v) NaCl or 

water. Each concentration of 5-fluorourad was prepared as a separate stock solution and 

delivered to the welis in 1 pL vohime. 



Vinblastine (MW = 8 1 1 g h o l )  was used in the forrn of its sulphate salt (MW = 909.1 

dmol) that also contained 1.5 mol water per mol of vinblastine, and 7.8% (wtfwt) ethanol. 

ïhe mas corrected for 1.5 mol ofwater and 7.8% (dwt)  ethanol that contained 1 mol of 

vinblastine was 1015.2 @mol. The nilphate salt of  vinblastine is fieely soluble in water 

[12]. Vublastine used for experiments was highSr diluted. The highest aock solution 

concentration was 10 PM- For these experiments, vinblastine was dissolved in one 

equnr;ilent of aqueous solution of 1 mM HC1 to maintain an acidic environment. 0.9% 

(w/v) NaCl was used for f.urtber dilution. The stock solution was filter sterilised with a 0.2 

pm stede cehiose acetate syringe filter (Santedt Inc., Cat. No. 83 182600 1). Each stock 

solution was prepared separateiy. 10 pL of stock solution volume was delivered to the 

wells. One experiment (not shown) was performed with vinblastine dissolved in DMSO 

and delivered in 1 pL aliquots. The obtained resuits were similar to those in which 

vlliblastine was dissolved in HCI indicating that vinblastine cytotoxicity is maintaimi in 

HCI. 

Dexrazoxane (MW = 268.28 @mol) was dissolved in ceil culture medium and it was 

filter sterilised with a 0.2 pn cellulose -te filter. Dexrazoxane was delivered in 1 0  

pL volumes. When dexrazoxane was used with mafosfàmide for combination index 

experiments both h g s  were dissoived in DMSO and delivered sepanitely as single 

agents, or as a mixture in 1 pL aliquots. 



3.2.3. Design of  the experiments for the combinatioa of d e v a o u n e  with 

msfosfamide, 5-fluoroumcil and vinblastine 

3.2.3.1. Design of the combination index esperiments for the combination of 

devazoxane with mafosfamide and Sfluorouracii 

The combination index experirnents were performed for dexrazoxane with either 

mafostàniide or 5-tluorourad. The concentrations of dmgs were chosen to obtain a wide 

range of eEect, fiom LW!% to 200? of SurYivat. Contimious, 72 h exposure of Chinese 

hamster ovary celis to the dmgs was dected for the combination index experimeuts. This 

length of time resulted in 800? ceil death for 50 p M  dexrazoxane; 48 h srposure to 50 @¶ 

d m x a n e  produced only a 20% cell death. Five plates with seeded ceus wese used for 

one combination index experirnent. The first plate was used for wide range dose-response 

c w e  of dexrazoxane (0.05-50 IiM), the second, for wide range dose-response curve of 

either dos th ide  (0.05-50 CLM) or 5-fluorourad (0.05-50 IiM), and the remaining three 

plates were used for dose-response cuves of dnig mixtures. 

n e  ratio of the two dmgs was kept constant through the whole range of 

concentrations. Three ratios of dmgs were chosen Che was the ratio of dnig 

concentrations that contnîute equally to the effect of their combination (an equipotent 

combination). The equipotent ratio was calculateci as D f l ~  = d,&& where & and D g ,  the 

doses of single h g s  that produce the same e f f i  as dA and ds, the doses of b g s  in 

combination. For the other two ratios, an wcess of one or the other dnigs was used. 

The volume of 1 of stock so1utïons of d m x a n e  and dosfamide and their 

mixtures in DMSO were delivered to wells. DMSO was also added in 1 pL aliquots to the 



first column of six weils as a control. In the experiment with dexrazoxane and 5- 

fluorouracil, the dmgs were delivered separately to the wells assigned for the mixture of 

the drugs. Dexrazoxane dissolved in the ceil d t u r e  medium was always added fût, 

immediately foilowed by 1 pL of 5-fluorouracil stock solution. 

3.23.2. Design of the envclope of additivity espenments for the combination of 

desrazosane with mafosfamide aod 5-fuorouncil 

The envelope of additMty arperiments were pediorrned for the combination of 

dexrazoxane with either mafosfàmide or 5-fluorourad. The inhi'bitory effects of a 72 h 

exposure of Chinese hamster ovary cells to the drugs were mea~u~ed.  Experiments were 

designed to obtain wide range dose-response m e s  for dexrazoxane (0.1 - 1 00 @f) and 

dosfiunide (0.05-50 IiM) or 5-fluorourad (0.1-100 pM) and four additional dose- 

response curves for each of mafosfamide and 5-fluorourad with Werent f i ed  

concentrations of dexrazoxane for each aime e-g. 1 -5, 2.0, 2.5 and 4.0 pM. The h e d  

concentrations of dexrazoxane were selected to include the effect of the planned envelope. 

Dexrazoxane was dissolved in the ce11 culture medium and delivered 20 min before the 

second drug was added. The time gap between drugs deiivery was arranged to give 

dexmzoxane a chance to enter the cells and bind topoisornerase II. Wosfamide was 

dissolved in DMSO to reduce hydrolysis. 5-Fluorourad was dissolveci in one quivalent 

of aqueous solution of NaOH. Both drugs were delivered in a 1 pL aliquots. 



3.2.3.3. Design of the dope cornparison experiments for the combination of 

devazoxane with mafosfamide, 5-fluoroutacil and vinblastine 

The slope cornparison expiments were designed to obtain dose-response curves 

for a wide range of dexrazoxane concentrations (0.5-500 IiM) as a single agent and as  its 

combinations with fixeci doses of dodimide ,  5-fluorourad or Wiblastine. The Chinese 

hamster ovary ceUs were incubatecl for 24 h without the drugs. Then the drugs were 

delivered and incubatecl with the celis for another 48 h, The 48 h incubation of the ceifs 

with dexrazoxane gave only 20% kill as a  maximal effect. Five to eight fked 

concentrations of the dmgs were used. The 6xed concentrations of h g s  were selected to 

cover a broad range of c d  Survivai i-e. to obtain the combined dmg dose-response cwes 

for many different cell nirvival levels. Dexrau,xane was added one hour before the second 

dmg. MafosFamde, as with the other experirnents was dissolved in DMSO. Although 

dexrazoxaw was dissolved in the ceii culture medium, 1 of DMSO was also added to 

plate with dexrazoxane (only in expehents with dostamide) to keep the same 

conditions for aü dose-response airva. 5-Fluorourad was dissolved in NaOH solution 

and vinblastine in HCl as d e s c r i i  in Chapter ïI, Section 3 -2.2. 

3.2.4. Data anilysis with the combination index, envdope of additivity, response 

surCace and dope cornparison metbods 

3.2.4.1. Data rnalysis with the combination index method 

The combination index method [13] was descri'bed in Chapter I, Section 1.1.2.7. ln 

this Section the individuid scperimental and caidation Steps are gken in an example for 



dexrazoxane and mafostàmide. Ail the Steps below are undertaken to obtain the vaxiables 

for the equation (3.1) and to calailate the combination index CI : 

where DD, and D.LI~  are the doses of dexrazoxane and mafo-de alone that produce 

given effecl: x and dD, and dM4 are the doses of dexrazoxane and dosfamide  in 

combination that produce the sarne e f f i  x; a = O or 1, as d e s c r i i  in Chapter i, Section 

1.1 .Zi.  

The d y s i s  with the combination index m&od consist of foliowing Steps: 

1 .  In the preluninary cytotoxïcity srperiment, the 72 h dose-response m e s  for 

dosfamide and dexfazoxane on Chinese hamster ovary cells were defineci. The MTT 

assay was used to masure the effect (absorbame 490-650 nm) of different dmg 

concentrations on the survival of the ceils. The absorbance-concentration data were fitted 

to a three- or four-parameter logistic equation (3.4a and b) as appropriate. The [CH) values 

were calculate& thus the quipotent riitio of dexrazoxane to mafosfk.tnide was caldated: 

IC = 4.1 w 6 . 0  pM = 0.683. The other two ratios of dewazoxane to 

dosfimide chosen were 5.0 and 0.2. 

2. The appropriate cytotoxicity expriment was designed. The experiment 

cuasisted of five 72 h dose-response m e s :  the do-response m e s  for dexrazoxane 

and mafosfhide alone and th& three ratios 0.683, 5.0 and 0.2. The concentrations DD, 

and Dwof single dmgs and th& combinations ( d w + d ~ .  were in the range 0.05-50 @A. 



The resuhs for single agents and their equipotent combination are given in Table 3.1 . 

These raw data are also plotteci in Fig. 3 -5. 

Table 3.1. Effêct-dose data of dexrazoxane, mafosfamide and their mkture in equipotent 
ratio obtained fiom 72 h cytotoxicity experiment on Cbulese hamster ovary cek. 

KM Maf Dex DexMaM.683 

' Concentration of singie and combined dnigs 

3. The equation (3.1) inchdes the parameter a. For m d y  exclusive dmgs a = O 

and rnutually nonexclusive dnigs a = 1. The median effect plot (equation 3 -2)  was used to 

assess the  exclus^ of the drugs and determine the value of a: 

1 -fu log- = m4og(D)-  m-log(lC~) 
f 

a median effective concentration and m is a W-type coeflicient. The calculated f. values 

for the data presented in Table 3.1 are @en in Table 3.2. They were determhed by 

d ~ d i n g  eacb absorbame by the correspondhg values of absorbaace obtained 60m the 

wells withour the drugs (fht row in Table 3.1 ). 



Table 3.2. Fractions of the cells unaffectexi (fiactional survival) by mafosf'ide, 
dexrazoxane and their quipotent mixture caldated for the example fkom Table 3.1.  

p M  M& Dex DedMaHl.683 
0.00 1.0000 1.0000 1.0000 
0.05 1.0171 1.0384 1 .O5 15 
O. 1 1 -0375 1.0858 1.0595 
0.2 1.0073 1.0613 1 .O650 
O. 5 0.9945 1.0580 1.051 1 
I .O 1 .O20 1 1 -0723 1.0770 
2.0 0,9160 0.9129 0.9475 
5 .O 0,5205 0.5950 0.7148 
10.0 O. 1584 0.3658 0.2882 
20.0 0.2627 0.2377 0.295 1 
50.0 0.0142 0.2020 O. 1263 

' Concentration of single and combined drugs 

The values h m  Table 3.2 were used to calculate the left side of equaîion (3 -2): log/l- 

fJis for corresponding LogD. The r d t s  of calculations are given in Table 3 -3. 

Table 3.3. Log D and log (I-fJ/fu for data from Table 3.2. 

D IogD Iog (I -fJ4 
Maf Dex D-.683 

0.00 
0.05 -1.3010 
0.1 -1.0000 
0.2 4.6990 
0.5 -03010 -2.2564 
1.0 0.0000 
2.0 0.3010 -1.0378 -1,0206 -1.2567 
5.0 0.6990 -0.0356 -0.1671 -03991 
10.0 1.0000 0.7255 0.2391 0.3926 
20-0 1.3010 0.4483 0.5061 0.3781 
50.0 1,6990 1.8424 0.5967 O. 8400 

The log &JI$& was not darlated for D in a range 0.0-1 .O pM because (I-JJ/f. = O or < 

O. A median effect plot was generated fiom the data in Table 3.3. The respoRSeS of 20.0 



pM and 50.0 p M  were not used to constnict the median effect plot because they were not 

linear. W y  the data in bold font tiom Table 3.3 were used to construct the plot shown in 

Fig. 3.6, Section 3.3.1.1. These data are fiom the steepest part of the dose-response cuve 

(Fig.3.5). When medi i  e f f i  plots for single agents and their combination are paralle4 

the dmgs are mutuaiiy exclusive and a = O in equation (3.1). When the single agent 

median e f f i  plots are parallei, but their combination is not, the d m g  are m u W y  

nonexcIusive; ththen a = 1 in equation (3.1). None of the median effect plots for single 

agents used in these experirnents were paraiiel. The value of median effect plot dopes 

presented in Fig.3.6 were 2.3 and 1.8 for d o s t a m i d e  and dexrazoxane, respectively. 

Because exclusivity of the dmgs could not be determined, both equations ie .  for a = O 

and a = 1 were used for combination index caiculations. 

4. The equatioo (3.1) requires the caldation of  the doses of single agents and the 

combination that produce given e f f i  x The parameters (Kj0 and m) that defineci the 

wncentration-effect relationship given as equation (3.3) were obtained fiom the median 

&ect plot (equation 3.2). In equation (3.2) rn is the slope and (-m - log ICso) is the Y- 

intercept b; thus I(& = 1 U? The dculated parameters are given in Table 3 -4. 



Table 3.4. The Iinear parameters (Hill-type coefficient n, and Y-intercept b)  of median 
eff- plot and caiculated ICso values for dosEunide and dexrau,xane combination index 
experimental data. 

Maf Dexb DexAhHl.683' 

' Parameters for dosfâmide 
b Parameters for dexrazoxane 
' Parameters for cornbuiatioa of dexfaz~xane with d o s t h i d e  in equipotent ratio 

5 .  The doses dk, dciM D D ~ ,  md DM# at any chosen effect x (expresseci 

&ion afEected, fa, wheref. + fu = 1) were cdculated with the equation below: 

as the 

(3.3) 

where D is Dk, DAfM or D = dh+ dM& The ICm and m values were taken fiom Table 

3.4. Theh values were chosen in the range of data used to coostnict the median effect 

plot i-e. 0.03-0.65. The vaiues obtained for D-, Du4 D = dk+ & and dw4 are 

given in Table 3.5. The doses dk and d~~ were calculated h m  the known ratio d w ' d ~ ~  

= 0.683 and the value of D. 



Table 3.5. CalcuIated doses o f  dosfamide, dexrazoxane and their combination at each 
given hction affected levet. 

' Fraction unaffecteci 
Fraction affkcted 
Doses of mafosfàmide that as the single agent produce an effectf. 
Doses of dexrau,xane that as the single agent produce an dectf. 
' Doses of combination of dexrazoxane wÏth mafodàmide that produce an 
 oses of dosfamide thaî contribute to D 
Doses of dexrazoxane that contn'bute to D 

6. Based on the caldatecl values of Dk, QLf4 da;, and dhf4 kom Table 3.5, the 

combiiation index was calculated ushg the equation (3.1) for each value off,. The 

combination index was caldateci with equation for a = 1 or O. 



Table 3.6. Combination index cdculated for dexrazoxane and dosfamide ratio = 0.683. 

f= C I , a = O  CI, a = 1 
0.03 1 -4769 3.0 1 O8 
0.06 1.4163 1 -9008 
0.09 1.3820 1.8388 
0.12 1.3579 1 -7954 
O. 15 1.339 1 1.7618 
O. 18 1.3236 1.7341 
0.2 1 1.3104 1.7104 
0.24 1.2987 1 -6896 
0.27 1.288 1 1.6708 
0.3 1 -2785 1.6537 
0.33 1,2695 1,6377 
0.36 1.2610 1.6228 
0.39 1.2530 1,6086 
0.42 1.2453 1.5950 
0.45 I -2378 1.5818 
0.48 1 -23 05 1 -5690 
0.5 1 1,2234 1 -5565 
0.54 1.2163 1.5440 
O. 57 1,2093 1.53 17 
0.6 1 -2022 1 .SI93 
0.65 1.1902 1.4983 

' Fraction affected was chosen in a range of liaearity of the median &ect plot i.e. for the 
&ect of 2.0 to 10.0 p.M of dexrau,xane and m a f i o ~ d e ;  the inmernent was chosen 
arbitrarii y 

The combination index plotted agaiost thef, value for a = O and 1, is presented in Figs. 

3.7 and 3 -8. The values of CI > 1 indicate antagouism, CI < 1 indicate syaergy and CI = O 

indicate additivity beiween combined drugs. 

3.2.4.2. Data andysis with the envdope of additivity method 

nie envelope of additivity method [14] is d e s c r i î  in Chapter I, Section 1.1.2.6. 

The construction of the envelope, presented in Fig. 3.13, is described for the cent 

with mafosfhide and dexrazoxane. 



1. The experiment for evaluation with the envelope of additivity was designed to 

obtain dose-response Cumes for dewazoxane alone in the range (0.1-100 PM), for 

mafosfamide alone in a range (0.05-50 PM) and for dosfamide in a range (0.05-50 FM) 

with 1.5,2.0,2.5,4.0 p M  aued doses of dexmzoxane. 

2. The experimental data obtaïned were fitted to four- or three-parameter logistic 

equations (3.4a) and (3.4b) given below using SigmaPlot (Jandel Corp., San -el CA): 

a-d 

where & 9 0 / 6 ~ ~  is the absorbame (AJW65~ = Am), D is the drug concentration; ICjo is 

the median inhibitory concentration, b is the exponential factor, a is the estimated nmchal 

e f f i  and d is the estimateci baseluie effect. When the background absorbance, d7 is close 

to zero in equation (3.4a), this parameter can be eiïmïnated gMng the equation (3.4b). The 

experheutal data were normaliseci to the absorbance obtained for a control weii on each 

plate to correct for an error related to the number of cells seeded. For dexrazoxane, the 

wntrol value was the absorbante without the h g .  For dosfamide, and dosfamide 

with fked doses of dexrazoxane, it was the absorbance without the dmg but with 1 pL 

DMSO. The normaliseci data of dexrazoxane were fitted into the four-parameter equation 

(3.4a) and the data of dosfamide and mafosfamide with 6xed doses with dexrazoxane 



into the three-parameter equation (3.4b). The best fit parameters obtained are presented in 

Table 3.7. The 72 h dose-response curves for this experirnent are plotted in Fig. 3.1 3 .  

Table 3.7. Parameters obtained fiom non-hear least square fit of demoxane, 
mafosfimide and mafosfâmide with k e d  doses of dexrazoxane experUnental data to four- 
or three-parameter logistic equation 3 -4. 

Dexalone M a l o n e  Mif+1.5 Maf+2.0 Maf+Z.S Maf+4.0 
WDex WDex pMDex pM Dex 

d 1 .O00 1 .O00 0.930 0.876 0,830 0.719 
bb 1.989 1.41 1 1.264 1.332 1.321 1.259 

IC,',pM 4.221 7.040 6.969 6.552 8 -298 7.036 
d 0.389 

a Maximal estimateci survival 
Exponenrial -or 
50% effect 
Minimal estimated Survivai 

3. The effect for which the envelope was coasbnicted was chosen arbitrarily as 0.5 

SUCViVal. The three hes limiting the envelope were caicuiated with three different modes l, 

na and IIb. The ünes were defined by the combinations of the dexrazoxane and 

dosfamide doses which produce 0.5 survivai. The doses were calculateci with 

transformed equations (3.4) for dexfaz~xane and mafiosfàrnide aione. For mode 1 the 

concentrations of dosfamide and dexrazoxane were calculateci for the effects starting at 

1W! W a l  for both dnigs. For mode IIa the doses for dexrazoxane were also 

caidated for the &kt starting at 1Wh survivai, but the doses of dosfiunide were 

calailated starthg at the survival where the efféct of dexrazoxane ends (compare Chapter 

I, Section 1.1.2.6). The caicuiated doses of dexrazoxane and maCosfamide by mode 1 and 

mode IIa are given in Table 3.8. In these caicuiatiom the dexrazoxane dose-response 

curve was considerd first. 



Table 3.8. Caldated with mode 1 and mode IIa doses of dexrazoxane and dosfamide 
(in bold) for 0.5 suxvivaf envelope of additivicy. 

S - combined Survivd e f f i  for which the envelope is cooscnicted, S = S-+S-- 1 
S h  - contribution of dexrazoxane to combiaed effect S 
Sud- wntn%ution of mafoSfamide to cornbined &'kt S,  SM^ = 1 + S - Sn, 
DM - doses of dexrazoxane that produce survival SD, dculated with equation: 

D- = I C ~ ~ & ( ~ S D ~ J / ( S ~ ] ~ ,  the parameters IC50Pcr7 d and b were given in 
Table 3 -7 

DMMJ - doses of mafodmide that produce swival S~~calculated with equafion: 
DM6j = I C ~ U ~ ~ ~ S ~ & ~ J ~ J ~ ,  the parameters IC~O,.CI~ d and b were given in 
TabIe 3 -7 

DM4- - doses of dostamide calcuiated for dexrazoxane survival with equation: 
D*ua$ïY = G O M &  - S ~ / S , / ~  

LIMN-, - doses of mafosfbide caiculated for the survhd tbat starts nom the end of 



Columns D- and Dl\f4J form the mode 1 line, and the columns DM and D-,Id-P fom the 

mode na line in the envelope of additivity presented in Fig. 3.4. 

4. In Step 3, the doses of dexrazoxane were caiculated for arbitrary incremented 

contribution to 0.5 survival effa based on its dose-response m e .  Next, corresponding 

mafosfaniide doses were caidated by mode I and mode iIa If the d o d i m i d e  doses 

were dailated for arbitrary incremented c o n t n i o n  to 0.5 &kct with its dose-response 

cuve equation, the demmxane doses are the same with mode 1 but different with mode 

Da. To distinguish between the order of the m e s  used for caladations this mode is 

d e d  IIb. The doses calcuiated by mode IIb are given in Table 3.9 (values in bold font). 



Table 39. Doses of dexrazoxane caiculated by mode LIb for 0.5 sunival. 

S - combined sumival effect for which the envelope is coastnicted, S = S' +S4--1 
& ~ -  contribution of dosfamide to wmbined effect S 
Sr*c - coutriiution of dscrazoxane to combined e f k t  S, S m  = 1 + S - SM4 
DeWdJ - doses of dosfimide that produce SUfViVal s ~ ~ c a i d a t e d  with equation: 

Qid4= I C ~ ~ ~ & ~  S ~ , / ( S ~ Q O ] ~ ~ ,  the parameters I C J O M ~  d and b were given in 
TabIe 3.7 

D- - doses of dscrazoxane that produce sumhd Sa, calculated with equation: 
Dw = I c ~ ~ ( ~ ~ & / s ~ ] ~ ,  & parameters IC', d and b were given in 
Table 3.7 

D- - doses of dexrazoxane caldateci for d o s k i d e  Sunnal with equation: 
= IC~O&(~ - ~ , l d i & ~ M 4 ~  

DDcsllb - doses of dexrazoxane calculated for the survival that starts fiom the end of 
mafodhmide Survival: D- = D0.5- - D- where DoJh is a dose of 
dexrazoxane that produces 0.5 s u M M L  &kt starting &ect &om zero on effect 
axis (dexrazoxane highest effect is t O thus Dom #Km) 



5 .  Al1 three sets of dexrazoxane-mafost'amide doses that define the 50% effect 

envelope of additivity were caldateci and the emrelope was consînicted (Fig. 3.4). The 

zones of additivity, synergy and antagonism were defined. The lasi Step was to define the 

interaction between the dmgs based on the dose-response w e s  for dosfamide with 

fixeci doses of dewazoxane. The doses of mafoshmide used in combination with fixeci 

doses of dexrazoxane that produce sunid S = 0.5 were caiculated bas& on the three- 

parameter logistic equatio~ DM# = I C ~ ~ ~ ( ~ S I / S ~ " .  The parameters obtained f%om the 

lem square non-linear fit of srperimentd data to the equation (3.4) with d = 0, are given 

in Table 3.7. Shce the experiment for the envelope of aâditivity was designed to obtain 

the dose-response curves of mafodhide with fixeci doses of dexrazomei the 

concentrations of dexrazoxane Da. were known for each curve: 1.5, 2.0, 2.5, 4.0 pM. If  

the points fall to the left of ewelope of additivityi the interaction of drugs is synergistic. If 

they are inside the envelope, there is no interaction between the dmgs and their effect is 

additive. Ifthe poims fdi to the right of the envelope, the interaction between the drugs is 

antagonistic. 



Tabk 3-10. The doses of dexramxane and comesponding doses of dosfamide which 
combined produce a 5û% effect. 

The points with coordinates presented in Table 3.1 0 are plotted dong with envelope of 

additivity in Fg. 3.4. The three points inside the envelope indicate additivity of the dmg 

effects, the point to the nght of the envelope indicates antagonism. 

Fig. 3.4. Envelope of additivity for the dexrazome-dosfamide experirnent Uustrated in 
Fig. 3.13. 



32-43. Data analysis with the response surliee method 

The combineci effect of dmgs was also evaiuated with the response airface 

method. The data obtained in the combination index and envelope of the additivity 

experiments were fitted to a seven parameter @on (3 - 5 )  11 51. 

where 4 and da, are the doses o f  the agents, alone and in combination; E is tfieir suMval 

effect; E,, is a maximai aiMvai effect, B is a baseiine (compare Fig. 1.2.(d) in Chapter 1); 

Km and Km, are the median inhr'bitory concentrations; m~ and m~ are the Hill-iype 

wefiïcients; and a' is the interaction parameter- The value of a' provida information 

about the type of interaction between dmgs. If a' = O, there is no interaction between 

drugs and their effects are additive. If a' < 0, the interaction is antagoristic, and if a' > 0, 

the imeracton is synergistic. SigmaPlot was used for caldations and m e  fitting. The 

highest &êct (1000/0 suwival for dA and da = 0) was not included in the fitting for di data 

sets used for waluaîion with the response surface method, although this &ect was 

caiailated based on obtained best fit parameters. The &ta for the fitting process were 

moved to three columns: one wlumn for the concentration of dmg A ( d ~  = col(l)), the 

second for the concentration of dmg B (de = coI(2)) and the third colunm for the 

n o d s e d  effècts (E  = wI(3)). The inmal parameters & ICJO~.  Km m,. ma and B 



were set to values from non-bear least square logistic fits of individual h g  &is. The 

value of B is an averaged end &kt (the lowest survival) produced by the highest dmg 

concentrations, thus its initiai value was estimatecl nom both dose-response curves of the 

studied dnigs. The value of E, was set to a value higher than the highest measured effm 

(for n o d s e d  data this value was around 1 .O). The initial value of  a' was set to a variety 

of eshates usually starting with a d u e  close to zero. ï he  Simniiplot m e  fit file below 

was used to obtaui best fit seven parameters: variable 

cini tial estimates 

[Variables] 

independent variables 
E = col(3) 

y = I  Idependent variable 



[Constraints] 

The obtained best fit values of seven parameters: E,, IC50~. ICjoa m. ma B. and 

a', were used to calculate the theoretical eEé*s for singie and combined dmg 

concemrations using a bisection rwt finder [15, 161. These effects, plotted on the same 

plot with meas~ued values, gave a visual evaluation of the quality of the fit (Figs. 3.17, 

3.18, 3.19 and 3 -20). The foiiowing SigmaPlot me, written by Sam Hasinoe was used to 

calculate the theoretical effects. The text after semicoton are the coments. 

; !SAM.XFM 
; June 5, 1997 
; error toIemce = 1 Se-4 
; number of d A .  da ordered pairs 
n =SI 
; parameters 
E,, =LI37 
IcsoA =5 -489 
m, = -1.406 
Km 4 6 5  1 
rn* - 1.205 
a' = -0.2264 
B = O  
; Do NOT edit anything below this hue! 
7 

; columns where dA and dB are found 
dAcol =30 
dBwI =3 1 
; column where E should be placed 
Eco1 = 33 
; c d s  for temp storage Wace 
; iirnitations with "variable redefhition") 
Lm1 =34 
Lrow = 1 
Uml= 35 
Urow = 1 
for i = 1 to n do 
dA = cei i (dAco~ 



4 = cêll(decoij) 
; test for the control case, to avoid divide by zero 
if (d4 = O ) and (& = O ) then 
ceii(EcoL,i) = E-+B 
; solve by bisection (with a fixed nurnber of iterations) 
else 
ceii&col Lrow) = B 
ceii(üco4 Urow) = E- + B 
for j = 1 to 25 do 
M = ( ceil(Lcol, Lrow) + ceU(Uco~Urow) )/2 
Parti = IC5oJ * ( (Ma) 1 ( L M + @  ) " ( l h )  
Part2 = IC50B * ( (M-B) / ( L M )  ) * * (Ifme) 
Part3 = Ksar * ( (M-B) / (&M+B) ) * * (0.5fm) 
Part4 = [Cm * ( (M-B) / ( E M + B )  ) ** (OS/-) 
G = 4 /Part 1 + d' /Parts + a'*& *dB /(Part3 *Part4) - 1 
if(Gc0)then 
ceil(Lm4 Lrow) = M 
eke 
celi(Wwi, Urow) = M 
end if 
end for 
cell(Ewli) = M 
end if 
end for 
; pretty up the spreadsheet by erasing the temporary ceus 
ceil(lc0~ Lrow) = 010 
ceU(uwi, Urow) = o/o 

3.2.4.4. Data .al lysis with the cornparison of dopes rnerhod 

The 48 h cootinuous exposure of Chinese hamster ovary tek to dexrazoxane 

produced a low celi kill even at high dnig con cent do^^^ (20% for 500 pM dexrazoxane). 

For these data, presented in log-log scale, the linear equation was a good fiitting model. A 

logarithmic Y-axis d e  gave the same c-e in ce1 SUfVival represented by constant 

vertical differences, in the other words, the changes were relative to the &ected ceU 

population. When dexrazoxane was used in a wide range of concentrations (0.5-500 pM) 



with fixeci doses of the other dmg, linearity of the curve was observeci. The k e d  dose of 

the other drug inRuenceci the y-intercept (6) and slope (a) of the dexrazoxane dose- 

response curves. Based on these observations, the drug interactions were defineci by 

changes in the dope and y-intercept of the dewazoxane dose-response ames under &ceci 

doses of a second dmg. In experiments presented in this Chapter, the dose-response m e  

of dexrazoxane was compared with the dose-respome curves of dexrazoxane with k e d  

doses of dosfamide, 5-fluorouracil and vinblastine. The statisticai waluation of the 

slopes and, ifnecessary, intercepts, was pedonned with the Student's t-test. A transform 

program in SigmaPlot (file name: com2reg.xfin) was used. The linear regression 

d c i e n t s :  intercept a and dope 6, were wmputed OogA = a + b-Io@, where A is an 

absorbante f?om the MTï assay and D is a drug concentration). The t value Tb and the 

degree of fkedorn Yb, were obtained for the slope and Ta and Va for the intercept. 

Merences in the slopes of the regression line of dexrazoxane atone and dexrazoxane 

combineci with the second drug were wnsidered significant when P < 0.05. Lf the slopes 

were sigdïcantiy Werent, the intercept u was not compared with the statistical test. 

33- Resnlts 

3.3,1, R a d e  for the combination of deurizoxane witb mafod'ide and 5- 

fluorouracil obtained with the combination index method 

3.3,1.10 Results for the combination o f  devazosaue with mafosfarnide obtahed with 

the combination index metbod 

The combination index expehents were perfomed for dexrazoxane (Dex) with 

dosfiunide (Maf). The 72 h uIhibitory &ect of the dmgs on Chinese hamster ovary ceUs 



was measured. The ceils were seeded at 2000 celldlûû pUplate well. The cells were 

allowed to attache for 24 h. Mer this @od of tirne, the dmgs were delivered, the 

volume of the ceii cdture medium was increased to 200 pUweli, and the drugs were 

incubatecl with ca)s for another 72 h Five plates were used: one plate for dexrazoxane 

alone, one plate for mafosfamde alone and three plates for the dmg combination in three 

constant ratios. The equipotent ratio of dexrazoxane @ex) to dosfiunide (Maf) was 

d&ed as follows: ICw- = 4.1 phU6.0 jiM = 0.683, where ICwia, and 

ICWhcif are the median inhiiitory concentrations of dexrazoxane and mafodimide, 

respectively. The ICW-values were obtained fiom preIiminary experiments in which the 

dose-response m e  for dexrazoxane was fitted to a four-parameters equation (3.4a) and 

for mafosfamide to a the-parameter quation (3.4b). The two other chosen ratios of 

dexrrazoxane to dostamide were 5.0 and 0.2. These ratios were selected to expose the 

cells to combinations with an excess of dexratoxane or excess of dosfiunide. 

Mafosfàmîde and dexrazoxane were dissolved in DMSO and deiivered as single h g s  or 

as a mixture in 1 pL ahquots to each well. The wntrol wells with DMSO only were 

included. An example of dose-respome a m e s  for mafodkmide and dewazoxane alone 

and for their three combinations is given in Fig. 3.5. This graph represents one 

combination index experiment. This experiment was repeated three times under the same 

conditions. The effect of dnigs was rneasured as the absorbance, obtained from the MTT 

assay, correlated with suMval of the cells. The absorbance was measured at 490 nm and 

650 nrn. The ahorbance at 650 nm was subtracted fiom absorbance at 490 nrn to correct 



for a non-specific absorption and scattered tight; this is a meariing of “Absorbante 4901650 

m* given on the graph ordite. 

Fig. 3.5. Combination index experiment for the combination of dexrazoxane with 
dodimide. Chinese hamster ovary cells were hcubated with the drug for 72 h The 
points represent absorbance means SD fiom six repticates at each concentration. The 
ünes represent the non-linear least squares fit of the atperimental data to three- or four- 
parameter logistic equatioas. The lowest concentration corresponds to zero concentration 
of dnigs plotted for convenience on a logarithmic scale with an ahïitrary given value. 

Only a portion of the data f?om the e>cperiment above (Fg  3.5) were used for the 

median effect plots. The logarithm of data with higher values of absorbante than the 

control could not be d e W .  The data which did not fit the linear median &kt plot were 

also not used (solid symbols in Fig.3.6). Data from the steepest part of the dose-response 



airves, specifically 2.0, 5.0 and 10 pM and for mafodhide also 0.5 p M  were used for 

the median effect plot presented in Fig. 3.6 (compare Table 3.3, data printed in bold font). 

Fig. 3.6. Median effèct plot for dexrazoxane-dosfamide combination index experiment 
presented in Fig. 3 -5. The &eds for 20 and 50 p.M and higher than the cuntrol, were riot 
useû to coristnict the plot (soiid symbols). 

The dopes of median eEect plots for mafosfarnide was 2.3 and for dexrau,xane 

1.8; thus the median effect plots are not parailel to one another- Similar r d t s  were 

obtained for two other experhents (data not shown). The exclusivity of the dnigs could 

not be specined; thus two equations for a = O and a = I were used to calculate the 

combination index The cornbinanon index presented in Fig. 3.7 was calculated with an 

equation for mutually exclusive drugs where a = 0. 



Fig. 3.7. Plots of combination index against W o n  affected for the assumption of the 
same modes of action (muaially exciusive dnigs, a = 0) for dosfamide and darrazoxane 
at three concentration ratios. Every point represents the combination index mean SEM 
from t hree different experirnents. 

The combination index for al three d o s  of dexrazuxane to &osfimide was 

higher than one over the wtiole range off, (0.03-0.65). This result shows that interaction 

of rnafosfamide with dexrazoxane was neetive and their combined effect was 



When drugs have différent modes of action (drugs mutually nonexclusive. a = 1 )  

the equation for wmbination index wntains a third tenn. The calculateci values of the 

combination i n d q  plotted against the fraction affected, are presented in Fig. 3.8. 

F& 3.8. Plots of combination index agaht fraction affecteci for the assumption of 
different modes of action (mutuaily nonexclusive drugs, a = 1) for mafodhide and 
dexrazoxane at three different concentration ratios. Each point represents the wmbktion 
index mean * SEM fiom three different experiments. 

The combination index caiculated with the equation for mutually nonexclusive 

dmgs was higher than one for the whole range off, (0.03-0.65) at wery ratio studied. 

Thus dexrazoxane and dosfamide show antagonism when used in combination. 



h Table 3. i l ,  the mean and the single values of combination index (CI) and 

corresponding fraction affecteci (fa) ranges are given for three separate experiments. 

Tabk 3.1 1. Mean and singie values of combination index (CI) and comesponding ranges 
of M o n  affectecl 6) for three &osfimide-dexrazoxane combination index 

Ratio 
O 
5.0 

Ant Syn 
2.0% 
1-01 
0.03- 
0.65 
1.0- 0.76- 
1-12 1.00 
0.3- 0.03- 
0.65 0.36 
2. 1 1- 
1.06 
0.03- 
0.65 
3.22- 1.00- 
1-00 0.85 
0.03- 0.51- 
0.51 0.65 

Ant Syn 
2.36- 
1.18 
0.03- 
0.65 
1.00- 0.82- 
1.31 1.00 
0.30- 0.03- 
0.65 0.30 
2.69- 

; 1.25 

'The combiuation index was calculateci with two equations for a = O and a = 1 for three 
ratios of  darrazoxane to dodimide 0.683, 5 .O and 0.2. The value of 1 .O is only a cross 
point between synergy and antagonism and it is not recognised as an additivity effect 
b Ant and Syn mean synergy and antagouism, respectRrely 

CI-, CIl, CI2 and C h  are the mean cornbidon index koom three experiments and 
combination indexes for three single experiments (1,2 and 3), respectively 
d mrmi 
f. ,f.'.&' andh3 are firactions affected correspondhg to mean combinaton index and 

cornbition indexes for three separate experiments, respectively 

men a = O the mean combination index CI,, for the 0.683 equipotent ratio of 

dexrazoxane to mafosfamde showed magonism (CI > 1). The single Experiments CIl7 

CI2 and Ch, also showed antagonisn; although, CI2 defined synergy forf. in a range 0.60- 



0.65. For the ratio 5.0 (excess of dexrazoxarte), the second Experiment (Ch) showed 

antagonisrn for the whole range of fa. The first (CI,) and the third (C&) Experiments 

showed both antagonisrn and srnall synergy for different ranges off,. For the ratio of 0.2 

(excess of mafosfamide), C I , ,  showed antago~sm., as did the 6rst and the second 

Experiments. The third Experiment showed srnall synergy for f, in a range 0.544.65. 

M e n  a = 1 was used in the equation, C I , ,  showed antagonism for the entire range off. 

and each ratio. AU single Experiments for ratio 0.683 and 0.2 and the second Experiment 

for ratio 5.0 also showed antagonism for the whole range off,. The first and the thûd 

single Experiments, with an excess of dawmxane (ratio 5 .O), were not consistent with 

this result. They showed antagonism for higher effècts and s m d  synergy for low effects. 

3.3.1.2. Results for the combination of devirzoxaae witb 5-fluorouiricil obtained 

with the combination index mtthod 

The combination index Experiments were performed dso for dexrazoxane with 5- 

fluorourad (5-Fu). The 72 h inhibitory effect of the h g s  on Chinese hamster ovary tells 

was measured. Five plates were used: one plate for dexrazoxane alone, one plate for 5- 

fluorouracii alone and three plates for the dmg combination in three constant ratios. The 

quipotent ratio of dewau,~ i t~ le  to 5-fluorourad (5-Fu) was calculatecl as follows: 

ICmnd[CmS.= 4.6 w 2 . 3  pM = 2.0, where ICsoJh is a median inhibitory 

concentration of 5-fluorouracil. The ICso-values were obtained &om prehinary 

Experiments in which the dose-response aimes for single dmgs were prepared and the 

rnedian inhiitory concentrations were estimateci by fi* SCperimentaI data to four- 

parameter equation (3.4a). The two other chosen ratios of dexrazoxane to bfluorouracil 



were 5.0 and 0.2. These ratios were selected to expose the cells to combinations with an 

excess of demoxane or excess of 5-tluorouracil. The drugs were delivered separately to 

the wells. Dexrazoxane was delivered dissolved in the ceil culture medium and it was 

followed by I pL of 5-miorourad dissolved in one quivalent of NaOH. The combinaiion 

index Experiment for dexrazoxane and 5-fluorouracil is shown in Fig. 3.9. Five dose- 

response m e s  are plotted; one for 5-fluorourad, one for dexmzoxane and three for 

differenî ratios of dexrazoxane with 5-fluorourad 

Fi 39. Combination index Experiment for the combination of dexrazoxane with 5- 
fluorourad. Chinese hamster ovary cek were incubated with the dnig for 72 h. The 
symbols represent absorbante means SD fiom six replicates at each concentration. The 
lowest concentrations plotted for convenience on a logarithme scale with an arbitrary 
given values, correspond to zero concentration of the drugs. The awes are the best fit of 
experimentd data to a four-parameter logistic equation. 



The median effect plot for 5-fluorouracil and dexmzoxane is given in Fig 3.10. 

The plots were defined by data points aven in white symbols. The data points plotted as 

biack symbois were not tinear and they were not included in calculations. Some data 

points were ais0 lost because (l-fYTr) < O. 

log (5-Fluorouracil 

0 5-FIuorouracil 
a Dexrau,xane 
A Dex/S-Fu = 2.0 
V Dex/5-Fu = 5.0 

Dexrazoxane) 

Fig. 3.10. Median effect plot for the dexrazoxane-5-fluorouracil combination index 
experiment presented in Fig. 3.9. The plots are iirnited to the points that are liuear in 
median effect plot (white symbols). The data that were not included in caldations are 
given in solid symbols. 

The wmbination index for 5-fluorourad with dexrazoxane was calculated using 

both equations for drugs which are mutually exclusive (Fig. 3.1 1) and mutuaily 

nonexclusive (Fig. 3.12). The combination index was not calculateci for Dex/5-Fu = 5.0 

because only two data points defhed the median effèct plot. 



Fig. 3.11. Plot of combination index against fiaction affected for 5-fluorouracil and 
dexrazoxane two different ratios. The comb'ination index was caiculated for single 
experiment with the equation for a = 0. 

The combination index for a = 0, calailateci for 5-fluorourad and dexrazoxane 

showed similar values at each fa in both studied ratios. The effect of the dmgs was 

antagonistic up to values off, = 0.46 and 0.57 for ratios of 2.0 and 0.2, respectively. 

Abovef. = 0.46 for ratio 2.0, and abovef, = 0.57 for ratio 0.2, they showed synergy. 



Fig. 3.12. Plot of combination index agakt hction affecteci for 5-fluorourad and 
dexrazoxane two âiierent ratios. NonexclusRrity of the two dnigs is assumed (a = 1). The 
combination index was caldated for single experirnent. 

The combination index caldatecl with a = 1 (Fi~g. 3.12) was greater than one for 

the whole range of effect studied (0.034.63). 5-Fluomouracil and demoxane showed 

antagonism for both ratios, DsdS-Fu = 2.0 and DexEu = 0.2. In Table 3.1 2, the values of 

combination index and correspondhg fiaction affectecl are given. 



Table 3.12. Values of combination index (CI) and wrresponding ranges of fiaction 
& i e d  (fa) for one 5-fluorouraciIdewau>xane combination index experimentsJ. 

a 
Ratio 
E ffect 

- - 

h t b  synb 1 Ant Syn 

a The combination index was caidated with two equations for a =O and a = 1 for two 
ratios of dscraz~xane to 5-Buorouracil 2.0 and 0.2. The value of 1.00 is a cross point 
between synergy and antagonism; thus it is not recognised as an addiivity effect 
b Ant and Syn mean antagonisrn and synergy, respectively 
' CI is the combination indexes 
'J, is the fiaction affecteci corresponduig to combination indexes 

3.3.2. Results for the combination of devazorane with matosfamide and 5- 

fluorouricü obtained with the enveiope of additivity method 

3.3.2.1. Results for the combination of derrazoxane with mafosfamide obfained with 

the envdope of additMty method 

The effect of 72 h wntinuous exposure of mafosfamide with dexrazoxane 

on Chinese hamster ovary ceil growth was mea~u~ed for the envelope of additivity 

experiments as descnbed in Section 3 -2.3 -2. Experiments were designeci to obtain a wide 

range of dose-response awes of dexrazoxane (0.1-10 CLM) and mafosfamide (0.05-50 

CiM) and four dose-response m e s  of dosfamide with different 6xed concentrations of 

dexrazoxane for each curve e.g 1.5, 2.0, 2.5 or 4.0 pM. Dexrazoxane was dissolved in 

the ce11 culture medium and delivered 20 min More dosfimide was added. The tirne 

gap between drugs delivery was established to introduce dosfamide into established 

conditions of interaction between dexrazoxane and topoisornerase II. Miifosfamide was 



dissolved in DMSO and delivered in 1 pL aliquots. The control values for DMSO were 

also included. The envelope of additivity experiments for dosfamide and dexrazoxane 

were repeated four times under the sarne conditions. The results of one single experirnent 

of mafosfamide with dexrazoxane are presented in Fig. 3.13. The dose-response m e s  of 

mafosfamide and dexrazoxane alone and four dose-response curves of dodimide  with 

fuced doses of dexrazoxane are plotted. 

IC, = 7.0 * 0.9 pM 

Fig. 3.13. Envelope of additivity experirnent for the combination of dexrazoxane with 
dosfamide. Chinese hamster ovary ceils were incubateci with the dmg for 72 h. The 
points represent the mean absorbance i: SD 6.om six replicates at each concentration. The 
c w e s  represent non-hear least squares fits of e m e n t a i  data to tbree- or four- 
parameter logistic equations. The lowest concentration values correspond to zero 
concentration of h g s  (control values) plotted for wnvenience with an arbitrary given 
value on a logarithmic scale. 



The envelope of additivity was consmicted 6rom the mafodàmide and dexrazoxane 

dose-response curves at Sû?! effect as d e s c n i  in Section 3 -2.4.2. The 50% effect was 

chosen because the potency of the dmgs is oeen expressed as the concentration that 

produces 50% effect, dIed the media. inhibitory concentration. The envelope was 

constmcted for each of four experiments. The four sets of theoreticai combination of 

doses that dehed envelope for each experiment were averaged and the SEM was 

calculateci for each mean dose of dexrazoxane and dosfamide. Since mean doses were 

determined for dosfamide and dexrazoxane separately, the SEM bars are in both 

directions: paralel to the d o d i m i d e  and dexrazoxane axis. The envelope in Fig. 3.14 

obtained fiom the combinations of mean doses that produce 5û% effect. The experùnental 

data that in combination produces &kct (black symbols on the envelope) inchde 

SEM bars only for doses of mafosfamide. The doses of dexrazoxane were known as the 

fixed concentrations. 



Fig. 3.14. Envelope of additivity for the combination of demoxane with mafosfkmide 
constnicted for 50% effect f?om four expesiments. The solid line to the lefi was caldateci 
by mode 1, the solid line to the nght was calculateci by mode IIa and the doaed line was 
calculated by mode IIb. The bars represent SEM for every mean concentration The bars 
of SEM for mode IIb as weii as the bars that entered the envelope are not shown to obtain 
a clearer graph. The co-ordiaates of the points (a) represent concentrations of 
mafodkmide and dexrazoxane in the combination that produce 50% effect. The 
concentrations of dexrazoxane are 1.5 and 4 pM for the upper and lower point, 
respectively. The concentrations of mafosfàmide were 5.3 and 3.1 pM and they were 
caidated f?om equation for dose-response m e s  with 1.5 and 4 pM fixed doses of 
dexrazoxane for 50% &ect (compare Fig. 3.13). The points represent the mean 
concentration of mafosfimide =t SEM fi-om four detenninations. 

The points of 50% effect of the drug combinations are inside the envelope of additivity. 

This result suggests an additive effect of mafoshnïde and dexrazoxane. nie results fiom 

single experiments and th& means are given in Table 3.13. 



Table 3.13. Calculateci doses of dosfamide in combinaiion with dewaroxane that give 
50% effect . 

Dexrazoxane Mafosfbide 
PM p M  

Mean * SEM Experiment Experiment Experimem Experiment 
I 2 3 4 

1.5 5.3A0.5Ada 4AAd 6.2 A d  4.6 Ad 6.2 Ad 
2.0 5.3 Ant 
2.5 6.1 Ad 
4.0 3.1 * 0 . 5  Ad 1.5 Syn 3.6 Ant 3.6 Ad 3-6 Ad b 

The effects were estimated based on the position of the points on the melope of 
additivity for the mean envelope (Fig.3.14) and for single Experimenîs not s h o m  here. 
' Additivity 
b 

Synew 
' Antagonism 

As shown in Table 3.13, the common effect of d o s f i d e  and dexrazoxane was 

deterrnined to be additive by the mean envelope from ail Experiments. The single 

Experiments, 3 and 4, also showed additive effects for the same doses of dscrazoxane (1  -5 

and 4.0 PM). Experhent 1 gave additivity for 1 -5 pM dose of dexrazoxane but for dose 

4.0 the effect was siightly synergistic. Experiment 2 showed that the combined efféct of 

mafosbide and dexrazoxane was antagonistic. 

3.3.2.2. Results for the combination of desrazorne with 5-fluorouracil obtained 

with the envefope of additivity method 

The effêct of 72 h wntinuous exposure of 5-fiuorouracil with dexrazoxane on 

Chinese hamster ovary c d  gr& was measured for the envelope of additivity 

experiments as descnbed in Section 3 -2.3 -2. Experirnents were designed to obtain the wide 

range doseresponse curves for dexrazoxane (0.1 - 100 @d) and 5-fluorourad (0.1- 100 

FM), and four dose-response curves of 5-fluorouracil with different €ixed concentrations 



of dexrazoxane for each curve e-g. 1.5,2.07 2.5 or 4.0 PM. Dexrazoxane was dissolved in 

the cell culture medium and was delivered 20 min before 5-fluorouracil was added. The 

time gap between dmgs delivery was established to introduce 5-tluorouracil into 

estabtished conditions of interaction beiween dexrazoxane and topoisornerase II. 5- 

Fluorouracil was dissolved in one equivalent of aqueous solution of NaOH and it was 

delïvered in 1 pL aliquots. An example of the experiment for envelope of additivity for 5- 

fluorourad and dexrazoxane is given in Fig. 3.15. This experiment was conducted three 

times under the same conditions. 

0 5-Fluorornacil, ICs0 = 2.3 * 0.2 pM 
0 Dexrazoxane, IC SO = 4.6 k 0.3 pM 

5-Fluo rouracil or Dexrazoxane, pM 

Fig. 3.15. Envelope of addmvity experirnent for the combination of dexrazoxane with 5- 
fluorouracil. Chinese hamster ovary ceils were inaibated with the h g  for 72 h. The 
points represent the mean absorbante k SD fiorn six replicates at each concentration. The 
c w e s  represent non-linear least square best fit of scperimental data to a four-parameter 
logistic equation. The lowest concentration values correspond to zero concenaation of 



dmgs (control values) plotted for convenience with an arbitrary given value on a 
logarithmic scale. 

The 50% effect envelope of additivity for 5-fluorourd and dexrazoxane is shown 

in Fig. 3.16. The envelope was constructeci 60m the means of three separate experiments. 

Fig. 3.16. Envelope of additivity for the combination of dexrazoxane with 5-fluorouracil 
coastnicted for 500h &ect fiom three experiments. The solid Liw to  the left was 
dcuiated by mode l, the solid ike to the right was calculateci by mode na, and the dotted 
line was caldateci by mode ttb. The bars represent standard error of the mean 
wncemrations obtain fiom three experiments. The parts of the bars that entered the 
envelope were not plotted to give a clearer graph. The bars of SEM for mode IIa are not 
shown. The four points (a) represent the concentrations of 5-fluorourad and dexrazoxane 
that produce SV! effect when used as a mixture. The coordinates (deaazoxane: 5- 
Buorouracii) of the points starthg fiom the left are as foiîows: (1 -5 pM: 3 -9 pM), (2.0 
pM: 3.4 p.hi), (2.5 jM: 3.4 CLM), (4.0 pM: 2.8 PM). The error bars for the points are 
standard mors  of the 5-fluorourad concentration means obtained f?om three 
experiments. 



Four points correspondhg to the effkcts of dmg combination are to the nght of the 

envelope of additivity; thus, the interaction of 5-fluorouracil with dexrazoxane for th& 

50% effect was antagonistic. 

The single Experiments resuits and their means are given in Table 3.14. 

Table 3.14. Calculateci doses of 5-fluorouracil that in combination with dexrazoxane gÏve 
effect. AU combinaiions showed antagoniSma. 

PM 
Mean + SEM Experiment Expairnent Experiment 

' AU single envelope ExpeMnents and their mean showed antagonism for each combination 
with dexrazoxane. The resuits were evaiuated based on pontion of the points on the mean 
envelope presented in Fig. 3.16 and the envelopes constructeci for single Experiments not 
showed here 

33.3. Resuits for the combination of deurizorane with mafodamide and 5- 

fluorouracii obtuned with the respoose surface methud 

M g  interactions were also evaluated with the response d a c e  method (Section 

3 -2.4.3). The data obtained &om srpaiments designed for the combination index and the 

envelope of a d d i t ~ t y  methods were used to determine the interaction parameter a' h the 

equation (3 -5). nie obtained survival &kts were normalised to the wntrol &kcts i. e. the 

data were divided by the mean absorbante wmesponding to the wells without dmgs; thus, 

the maximal s u ~ v a l ,  E-, is 1.0. Each dose-response cuwe had individuai controls. The 



control effect was not included in the data fit because of poor fitting results (for the 

control d.4 = d~ = 0; the zero value would have to appear in numerators of equation (3.5)). 

For some dose-response aimes, data which did not fit to the equation (3.5) well were also 

omitted (data in Fig. 3.18 and 3 -20). 

3.33.1. Resdts for the combination of devazoxane with mafosfamide obtained with 

the mpoase surface methoà 

The daîa for mafodhide and dexrazoxaue f?om the three combination index 

experiments descrï'bed in Section 3 -3.1.1 were also fbed to a modifie. Greco equation 

(3.6) [15]. The d o s n u n i d e  dose-response w e s  showed lûû?? kill for the highest 

concentrations; thus, the mafistimide term does not include the background parameter B. 

This equation gave a better fit uian equation (3.5). 

The meaning of the variables is given in Section 3.2.4.3. The best fit parameter estimates 

obtauied for each experiment and their means k standard error are presented in Table 3.15. 



Table 3.15. Best fit parameter estimates * SEM Eorn fitting dosfamidedexrazoxane 
combination index experimentai data to equation (3.6) for three single experùnents and 
t hei r means. 

Experi- ICjo+thf* I C s o ~  * m.w * m ~ , *  E-• B* 
ment SEM SEM SEM SEM SEM SEM SEM 

' Standard error of the mean from SigmaPlot Mting 
b Standard error of the mean f?om three resuits 

Based on the parameters obtained, the theoretical effects were calcuiated by a 

bisection root hder  (file given in Section 3.2.4.3). The real experirnental data and 

calculateci curves were plotted together. The experimental data presented in Fig- 3.6 is 

used in the example given in Fig. 3.17. Visuai inspection of  the plots showed gwd 

agreement between rneasured and caicuIated values 



0 Mafosfamide 
O Dexrazoxane 

Mafosfamide + Dexrazoxane, p M  

Fig. 3.17. Evaiuation of the results fiom the response surface method used for the 
dexramxane-dosfamide combination index experiment. The measured (symbols) and 
calculated (lines) effects are plotted. The effects were calcdated based on seven 
parameters obtained from the four dimensional fit of equation (3.6) to combination index 
experimental data (Fig. 3.6). The lowest w ncentration values correspond t O zero 
concentration of dnigs (control values) plotted for convenience on a logarithmic sale 
with an arbitrary given value. 

The rnean interaction parameter a' is -0.28 1 * 0.058. The value of a' was less than 

zero; thus, the combined effect of mafosfâmide and dexrazoxane calculated with response 

SuTfàce methodology is slightly antagonistic. The single Experiment dcuiations shown in 

Table 3.15 also gave negative values of interaction parameters; but, only the r e d t  fiom 

Experiment 3 can be defïned as antagonistic within SEM. The large standard errors for 

Experùnent 1 and 2 classified the interaction effect as additive (a' = 0). 



The data for dosfamide and dexrazoxane fiom the three Experiments for the 

envelope of additivity describesi in Seaion 3 -3.2.1 were also analysed with the response 

surfàce method. The modified Greco equation (3.6) was used. The response of 50 and 100 

p M  of dexrazoxane were excludeci fiom the fit to obtain better results. The best M 

parameter estimates obtaïned for single Experiments and their means * standard error are 

presented in Table 3.16. 

Table 3.16. Best fit paramder estimates SEM fiom 6thg the mafosfamide- 
dexrazoxane envelope of additMty expaimental data to equation (3.6) for singie 
experiments and their mean 

' Standard error of the mean fiom SigmaPlot fitting 
b Standard error of the mean fiom four singie resuits 

The calculated eEkcts based on estimateci parameters showed good fit to the measured 

effect. As an example, the graph with cdculated and measured eEects for data fkom Fig. 

3.13 is given in Fig. 3.18. The seven parameter fit to the Greco equation was satisfied. 



0 Mafosfamide 

0 Dexrazoxane 

A M a f + l S p M D e x  

Maf 

Maf 

Maf 

+ 2.0 pM Dex 

+ 2.5 pM Dex 

+ 4.0 pM Dex 

Mafosfamide or Dexrazoxane, pM 

Fig. 3.18. Evaluation of  the results f?om the response surface method used for the 
dewau,xane-mafodhide envelope of additivity experiment. The measured (symbols) and 
calculated (lines) effects are plotted. The effects were d d a t e d  based on seven 
parameters obtained firom the four dimensional fit of the equation (3.6) to envelope of 
additivity experirnental data (Fig. 3.13). The lowest concentration values correspond to 
zen, concentration of dmgs (wntrol values) plotted for wnvenience with an arbitrary 
@en vahe on a logarithmic scale. 

The mean value of the interaction parameter, a', obtained from the three envelope 

of additivity Experiments was -0.244 0.136. Thus, the &êct o f  dosfamide and 

dexrazoxane was siightiy antagonistic. The resuits for single Experiments presented in 

Table 3.16 showed additivhy for Experiments 1, 3 and 4. Experiment 2 showed 



3.3.3.2. Results for the combination of derrazosane with 5-fluorouracil obtained 

with the mponse surface method 

The response surface methodology was used to caicdate the effect of 5- 

fluorourad and dexrazoxane combineci action. Since both 5-fluorourad and dexrazoxane 

have background B, the combination index data desaibed in Section 3 -3.1.2, were fitted 

to the Greco equation with ail terrns containhg parameter B (3 -7). 

The obtained seven best fit parameters are presented in Table 3.17. 

Table 3.17. Best fit parameter estimates SEM fiom fitting the 5-fluorouracil- 
dexrazoxane combination index experimental data (Fig.3.9) to equation (3 -7). 

The data calcuiated fiom the best fit parameters (lines) and measured data 

(symbols) are plotted on the sanie graph (Fig. 3.19). Visuai cornparison of  the data 

showed good agreement. This indicates a good fit to the Greco equation (3.7). 



0 5-Fluorouracil 
0 Dexrazoxane 

A Dex/S-Fu = 2.0 

5-Fluorouracil or Dexrazoxane, pM 

Fig. 3.19. Evaluation of the results fkom the response swfhce method use- for the 
dexrazoxane-5-fluorouraal combination index experîment. The measured (symbols) and 
calculated (lines) effects are plotted. The e E i s  were calculated based on =en 
parameters obtained fiom the four dimensional fit of the equation (3.7) to combination 
index experhental &ta (Fig. 3.9). The lowest concentration values cornespond to zero 
concentration of dmgs (control values) plotted for convenience with an art>itrary @en 
value on a logarithmic scale. 

A value of -0.306 * 0.262 was obtaùled for the interaction parameter, a'. Because 

a' was less than zero, the interaction between 5-fluorouracil and dexrazoxane is slightly 

The three sets of data from the dexrazoxane-5-fluorouracil experiment for 

envelope of additivity, descn'bed in Section 3.3.2.2, were fitted to the Greco equation 



(3.7). The data for 50 and 100 pM for each of the curves were excluded fiom the fit. The 

best fit parameter estimates and their means standard errors are presented in Table 3.18. 

Table 3-18. %est fit parameter estimates * SEM fiom fittïng the 5-fluorouracil- 
dexrazoxane envelope of additivity experimentai data to equation (3.7) for single 
a<periments and their mean. 

' Standard error of the mean fiom SigrnaPlot fitting 
b Standard error of the mean fkom three results 

The data calculated from the obtained best fit parameters (Lines) and meanired data 

(syrnbols) are plotîed on the same graph (Fig. 3.20). V d  cornparison of the data 

showed good agreement. This indicates a good fit to the Greco equation (3 -7). 



O 5-Fluorouracil 

Dexrazoxane 

A 5 - F ~ + 1 . 5 p M D e ~  
V 5-FU + 2.0 @f Dex 

0 5-FU + 2.5 p M  D ~ x  

0 5-Fu + 4.0 pM Dex 

5-Fluorouracil or Dexrazoxane, pM 

Fige 3.20. Evaluation of the r d t s  fiom the response surfàce method used for the 
dexfazoxane-5-fiuoroMcil envelope of additivity experiment. The measured (symbols) 
and calculated (lines) effects are plotted. The effects were calculated fiom seven 
parameters obtained ffom the three dirnensiod fit of the equation (3.7) to envelope of 
additivity experllnental data presented in Fig. 3.15. The data for 50 and 100 pM were not 
used in calculations. The lowest concentration values correspond to zero concentration of 
dmgs (control values) plotted for convenience with an arbitrary *en value on a 
logarïthmic s d e .  

The mean interaction index, a', fiom the three Expenments was -0.429 * 0.138. 

Thus the interaction between 5-fluorourad and dexrazoxane was negative and the effect 

was antagonisîic. The resuits of single Experiments presented in Table 3.18 indicate an 

antagonistic eEect for Experiment 2 and 3; but, Experiment 1 showed additivity. 



33.4. Results for the combination of derrazouine with mafosfamide, 5-fluorouracil 

and vinblastine obtained with the slope comparison method 

The 48 h effects of  dexrazoxane aione and dexrazoxane combined with hxed 

concentrations of dosfamide, 5-fluorouracil or vinblastine on Chinese hamster ovary ce11 

growth were measured. A 500 p M  concentration of dexrazoxane gave a ce11 kill of about 

20 % in 48 h exposure experiments; whereas, 100 p M  produced an 800/0 c d  kill in 72 h 

exposure experiments. A hear equatioa was a good mode1 to fit the 48 h cytotoxicity 

data. The redts of the dexrazoxane 0 with dosfiunide (Mat) experiment are given 

in Fig. 3.21. In this experiment, oine Merent concentrations of mafosfiunide were used 

( 10, 12, 1 5, 1 8,20,3 0,40, 50  pM) with a wide range o f  demoxane  concentrations (0.5- 

500 PM). The 48 h median inhiibitory concentration of dosfimide obtained in a 

preliminary experiment was 9.0 * 0.7 pM (three-parameter fit). Dexrazoxane was 

preinaibated 1 h before the dosfamide was added. Dexrazoxane was dissolved in the 

ce11 culture medium. Mafosfamide was dissolved in DMSO; 1 pL aliquots of DMSO were 

also added to the plate for the dexmzoxane dose-response curve. The results of the slope 

comparison for the experiment h m  Fig. 3.2 1 are giver~ in Table 3.19. 



Table 3.19. Slope cornparison of dexrazoxane and dexfazoxane with fixed doses of 
dosfamide iïnear dose-response awes presented in Fig. 3 -2 1. 

Paramet ers Doses of Mafosfamide, p M  

a SEM 4.104 -0.3 12 4.380 4.370 -0.487 -0.447 -1.227 -1.419 -1.309 
* * * * * * * 

0-019 0.020 0.024 0.034 0-021 0.029 0.094 0.032 0.011 

b SEM -0.073 0.001 0.017 0.009 0.037 0.012 0.016 0.071 0.015 
* f * f f f * f 

0.012 0.012 0.014 0.020 0.013 0.017 0.056 0.019 0.007 

Listing of the vanables used in the t-testr 

a - y-intercept 

b - dope 

Tb - t value computed for comparing the two dopes 

- the degrees of fieedom for the dope comparison 

Ta - t value cornputeci for cornparhg the intercepts 

Va - the degrees of fieedom for the uitercept cornparison 

P - statisticd sigoificance 



Dexrazoxane 
Dex + 10 p M  Maf 
Dex+ 12pMMaf 
Dex+15pMMaf 
Dex+28pMMaf 
Dac+20pMMaf 
Dex+30pMMaf 
Dex+40pMMaf 
Dex+SOpMMaf 

Fig. 3.21. Slope cornparison experiment for the combination of dexrazoxane with 
mafosfâmide. The 48 h inhibitory &kt of demzoxane alone and dexrazoxane with k e d  
doses of dosfamide on Chinese hamster ovary ceii growth is presented in log-log scale. 
The points represent the means of absorbame * SD fkorn six replicates at each 
concentration. The lowest concentrations correspond to control vahies with zero 
concentration of dmgs and without DMSO. The data, next to the lowest concentration of 
the drugs, are the data for control with 1 pL of DMSO. The third set of cootrol data 
represent the control with dosfamide oniy (this control is for dexrazoxane with 
dosfamide dose-response cwes). 

The dopes obtained and correspondkg mafosiàmide concentrations are plotted in Fig. 



Fig. 3.22. Slopes obtained h m  the dexrazoxane-dosfamide slope method experiment. 
The slopes of hear dose-response curves are plotted vs. concentration of  dosfamide. 
The siopes of dexrazoxane with nxed doses of dos f imide  are siificantly different fiorn 
the dope of dexrazoxane alone. 

AU the regression line slopes for dexramxane with k e d  doses of mafosfàrnïde 

were signÏficantly different f?om dexrazoxane alone (P < 0.0 1, Table 3.19). The dope of 

the demoxane regression lie was negative and the slopes for dexrazoxane with 

mafoshnide were positive. The highest dope value was produced by the combination of 

dewazoxane with 40 pM of mafosfamde. The growth of C h e s e  hamster ovary celis 

steadiiy increased with higher concentrations of dexrazoxane cornpareci to the control with 

mafosfhide only. Thus, the interaction of dexrazoxane with mafosfamide shows 

antagoniun. 

The effect of 48 h exposure of Chinese hamster ovary cells to dexrazoxane with 5- 

fluorouracil(5-Fu) is given in Fg. 3.23. In this experiment, six dierent concentrations of 

5-fluorouracil were used (2.0, 5.0, 20, 500, 2000, 5000 CiM) with a wide range of 



dexrazoxane concentrations (0.5-500 PM). The 48 h median inhibitory concentration of 5- 

fluorourad obtained in the preluninary experiment was 160.0 * 76.7 p M -  The three- 

parameter logistic equation was used to fit the absorbance for 0.01-20.0 mM; although, 

the m e  fitting was not satistàctory because of the presence of a piateau at 50, 100 and 

200 pM. Dexrazoxane was preincubated for 1 h before the 5-fluorouracil was added. 

Dexrazoxane was dissolved in the cell culture medium. 5-FluorouraciI was dissolved in 

one equivalent of aqueous solution of NaOH and delivered to the wells in 1 fi aliquots. 

The results of dope cornparison for the experiment shown in Fig. 3.23 are given in Table 

3 -20. 

Table 3.20. Slope cornparison of iinear dose-respoase ames of dexrazoxane and 
dcmazoxane with fixed doses of 5-fluoroud presented in Fig. 3 -2s. 

Paramet ers Doses of 5-Fiuorouracil, p M  

u SEM -0.136 -0.297 -0.340 -0.353 -0.382 -0.466 -0.586 
* * f * i: 

0.008 0.006 0.006 0,008 0.008 0.007 0.012 

b * SEM -0.062 -0.045 -0.034 -0.033 -0,025 -0.022 -0.006 
f f f f f * * 

0.005 0.004 0.039 0.005 0.005 0.004 0.008 



3 Q 
0 üexramxane 
0 Dex + 2.0 pM 5-Fu 

4 

A Dex+5.0pM5-Fu 
d 

!il v Dex+2OpM5-Fu 
- 

0 Dsc + 500 @id 5-FU 
P - 0 Dex + 2000 ph4 5-Fu 

I2 
0 Dex + 5000 pM 5-Fu 

Fig. 3.23. Slope cornparison expeNnent for the combination of dexrazoxane with 5- 
fluorouracil. The 48 h inhibitory &ect of dexrazome done and dexrazoxane with fked 
doses of 5-fluorourad on Chinese hamster ovary ceh is presented in log-log scale. The 
points represent the means of absorbante * SD h m  six repliates at each concentration. 
The lowest concentrations correspond to control vahies with zero concentration of drugs. 
The second control value is an effect of  5-fluorourad by itself (this control is for 
dexrazoxane with 5-fluorourad dose-response airves). 

The obtained dopes were plotted against the concentration of 5-fluorourad in Fig. 



Fig. 3.24. Slopes obtained fiom the dswzoxane-5-fiuorouracil dope methoci acperiment. 
The slopes of linear dose-response ames are plotted vs concentration of 5-fluorouracil. 
The dopes of dexrau,xane with k e d  doses of 5-fiuorouracil are signincantly different 
fiom the dope of dexrazoxane alone. 

AU regression line siopes for dexrazoxane with fixeci doses of 5-fluorouad were 

Werent fiom the dope of dexrazoxane alone with a probability greater than or equal to 

95% (Table 3.20). The value of the slopes increases s t d y  with the concentration of 5- 

fluorourad, aluiough, the e f f i  was not very strong (Fig. 3.24). Thus, the interaction of  

dexrau,xane with 5-fluorourad was siighuy antagoaisac. 

A third scperiment was performed for dexrazoxane wi t .  vinblastine. The effect of 

48 h exposure of Chinese hamster ovary cek to dexrazoxaue with vinblastine (Vîîn) is 

given in Fig. 3.25. In this experhent, six different concentrations of vhblastine were used 

(0.5-50 M. The 48 h median inhiiitory concentration of vinblastine obtained in a 

preliminary experirnent was 0.01 * 0.002 p.M (four-parameter fit). Dexrazoxane was 



delivered 1 h before the vinblastine was added. Dexrazoxane was dissolved in the ceIl 

culture medium. Vinblastine was dissolved in 1 equivalent of aqueous solution of  HCI and 

delivered to the wells in 10 pL aliquots. The results of the slope cornparison for the 

experiment nom Fig. 3 -25 are givm in Table 3.20. 

The dose-response curves for dexrazoxane with vlliblastine consisteci of two data 

sets for dexrazoxane with concentrations 1.0 - 10 pM and 10-50 pM. Each set of data 

codd be ntted to a iinear equation with different slopes. Thus, the comparison of slopes 

was dMded into two parts: the nrst for 1.0-10 pM and the second for 10-500 phd 

concentration ranges of dexrazoxane. In the range 1.0-10 the dopes of the iinear 

regression lines increase with the concentration of vinblastine (Table 3.2 1); aithough, the 

slopes for 0.005,O.O 1 and 0.02 p M  of vinblastine were not significantiy diffierent fkom the 

dope of dscrazoxane doue. The slops of dexrazoxane with 0.03,0.04 and 0.05 jM doses 

of vinblastine were s i g n i f i d y  Werent fkom dexrazoxane alone with a probability 95% 

or higher. These three concentrations of vinblastine showed antagonism with dstrazoxane. 

In the range 10-500 pM, the stopes were not significantly different fkom dexrazoxane 

alone (Table 3.22). The data for 10-500 pM of dexfaz~xane were normalisecl to the 

absohance of weils without any dmgs, r e p r e s e n ~ g  100% survival. The cornparison of 

intercepts was wnducted to evaluate k i r  changes (Table 3.23). The intercepts of 

dexrazoxane with 0.005, 0.04, and 0.05 ph4 of vinblastine were not signifïcantiy different 

60m that of dexrazoxane alone. Viblastine showed cytotoxicity by itselç thus lack of 

increased &ect of vinb1astirie-dexrazoxane combination can be interpreted as antagonism. 



Table 3.2 1. Slope cornparison of linear dose-response aines of dexrazoxane ( 1 -0- 10 PM) 
and dexrazoxane with ked  doses of Mnblastine preseated in Fig. 3 -25. 

Paramet ers Doses of Vtnblastine, jhl 

a SEM -0.059 -0.132 -0.152 4.190 -0.202 -0.219 -0.448 
f f f f 

0.011 0.012 0.008 0.012 0.011 0.007 0.025 

b * SEM 4.050 -0.045 -0.030 0.002 0-022 0.042 0.170 
* f f * 

0.017 0.019 0.013 0.020 0.017 0.012 0.040 



Tabk 3-22. Slope cornparison of tinear dose-response a m e s  of dexrazoxane (10-500 
and demazoxane with hed doses of v i n b l e  presented in Fg. 3.25. Al1 the dopes 

were not signincantiy different fiom dexrazoxane alone. 

a* SEM -0.037 4.109 -0.112 4.126 -0.091 -0.096 4.188 
* * * f k f 

0.023 0.0018 0.041 0.025 0.018 0.024 0.030 



Table 3.23. Intercept cornparison of normaliseci linear dose-response curves of 
dexrazoxane (LU-500 pM) and dexrazoxane with Gxed doses of vinblastine. 

Dexratoxane 10-500 p M  

Parameters Doses of Vinbiastine,  LM 

a SEM -0.020 -0.031 -0.021 4.003 0.022 4-010 0.016 
f f * f * 

0.023 0.0018 0.041 0.025 0.018 0.024 0,030 



O Dexrazoxane 
Dex+0.005pMVin 

A Dex+O.O1)LMVin 
Dex + 0.02 p M  Vin 

O Dex+O.C3 @Vin 
O Dex+0.04pMVin 
O Dex + 0.05 @A Vin 

Dexrazoxane, pM 

Fig. 3.25. Slope cornparison expriment for the combination of dewruoxane with 
Wiblastine. The 48 h inhi'bitory &kt of dexramxane aione and dexrau,xane with k e d  
doses of vinblastine on Chinese hamster ovary ceUs is presented in log-log d e .  The 
points represent the means of absorbante * SD fiom six replicates at each concentration. 
The Lines represent the result of the fit of experimentai data to hear equation The lowest 
concentrations correspond to control values with zero concentration of drugs. The second 
control value is an effect of vinbhstine by itself (this control is for dexraroxane with 
Wiblastine dose-respome awes) .  

The obtained siopes were plotted against the concentration of vinblastuie in Fig. 
3 -26. 



Fig. 336. Slopes obtained nom the dexrazoxane-vinblastine slope method experiment. 
nie slopes of linear dose-response awes are plotîed against the concentration of 
Wiblastine. The dopes of dexrazoxane in a range 1.0-10 ph4 ( O )  with 0.05,0.04,0.03 and 
0.02 pM fixe. doses of Wiblastine are sigdicantly different from the slope of 
dexrazoxane alone. The slopes of dexrazoxane in a range 10-500 jM (*) with all h e d  
doses of vinblasthe are not significantly diffèrent fkom dexrazoxane done. 

3.3.5- Combined resuitr h m  the combination index, eovelope of additivity, 

response sudace and dope cornparison methods for the combination of durazoxmne 

with matosfamide and Sfluorouracil 

The results obtained fiom aii evafuating methods are combined for dexramxane 

with mafosfàmïde in Table 3.24 and for dexrazoxane with 5-fluorouracil in Table 3.25. 



'i'able 3.24. Combined effect of dexrazoxane and mafosfamide on Chinese hamster ovary ceII growth evaluated with different 
methods for single experiments and their means. 

Dexrazoxane with Mafosfamidc 
Combination Index" 

Exp. 1 ~ n t '  Syn8 Ant 
(0.36)' 

Ant 

Exp. 2 Ant Ant Ant 
C 

W 
N Exp. 3 Ant Ant Ant 

(0.60) (0.51) (0.54) 
Syn S Y ~  Syn 

Mean Ant Ant Ant 

Ant S Y ~  Ant 
(0.30) 

Ant 

Ant Ant Ant 

Ant Ant Ant 
(0.61) 
S Y ~  

Ant Ant Ant 

~nve lope~  
for 50% effect 
Dex Dex 

1.5pM 4 . 0 p M  

Ant Ant 

Ad Ad 

Response 
Su~aceC 
CI Env 

Ad Ad 

Ad Ant 

Ant Ad 

Ad 

Ant Ant 

Ant 

Ant 

a This method was used to evaluate the effects of 72 h exposure of the cells to dexrazoxane and mafosfamide at three 
concentration ratios DexIMaf = 0.683, 5.0 and 0.2; the equations (3.1) for a = O and 1 were used. The type of interaction was 
evaluated for three single experiments (Exp. 1, Exp. 2 and Exp. 3) and as their mean (Mean) 
b 72 h exposure to the drugs with 20 min preincubation to 1.5 and 4.0 pM concentrations of dexrazoxane (Dex) 
' Response surface method was used with combination index (CI) and envelope of additivity (Env.) experimental data 



J 48 h exposure of cells to the dmgs with 1 h preincubation with dexrazoxane (0.5-500 PM) 
The value of fraction affected from the range 0.03-0.65, where CI e 1 .O 
' Antagonism 
Synergy 
Additivity 

Table 3.25. Comhined effect of dexrazoxane and 5-fluorouracil on Chinese hamster ovary ce11 yrowth evaluated with different 
methods for single experiments and their rneans. 

Dexrazoxane with 5-Fluorouracil 
Combina. 

a=O 

Exp. 1 Antf Ant 
(0.45)' (0.57) 
Syn8 S Y ~  

Mean Ant Ant 
(0.45) (0.57) 

S Y ~  S Y ~  

In Index" 
a =  1 

Ant Ant 

Ant Ant 

~nvelope~  
50 % effect 

Dex Dex Dex Dex 
1.5 ph4 2.0 pM 2SpM 4.0 pM 

Ant Ant Ant Ant 

Ant Ant Ant Ant 

CI Env 

Ant Ant Ant Ant 

Ant 

Ant 

Ant ~ d "  Ant 

Ant Ant Ant Ant Ant Ant Ant 



" This method was used to evaluate the effects of 72 h exposure of the cells to dexrazoxane and 5-fluorouracil at three 
concentration ratios DexlMaf = 0.7, 5.0 and 0.2; the equations (3.1) with a = O and 1 were used. The type of interaction was 
evaluated for three single experiments (Exp. 1, Exp. 2 and Exp. 3) and for their mean (Mean) 
b 72 h exposure to the drugs with 20 min preincubation to 1.5,2.0,2.5 and 4.0 FM concentrations of dexrazoxane (Dex) 
' Response surface method was used for combination index (CI) and envelope of additivity (Env.) experimental data 
d 48 h exposure of cells to the drugs with 1 h preincubation with dexrazoxane (0.5-500 PM) 

The value of Fraction affected fiom the range 0.03-0.63, where CI 1 .O 
Antagonism 
Synergy 

II Additivity 



3.4. Conclusions 

The mean combination index values from the three Experiments have show that 

the combined action of dexrazoxane and mafostàmide was antagonistic (Tables 3.1 1 and 

3.24). The equations for munially exclusive and mutuaily nonexclusive dnigs gave the 

sarne results. The combined dmg effkct in single experiments was not always consistent 

with the means. Experiment 1 showed synergy for ratio 5.0 up tof. = 0.36 for a = O and 

up to f. = 0.30 for a = 1. In Experiment 3, synergy was shown for all three ratios of 

dexrazoxane to d o d i m i d e  for higherf. values Cf, > 0.5) when the equation with a = O 

was used. When a = 1, synergy was w h t e d  for ratio 5.0 above f. = 0.61. Only 

Experiment 2 showed antagonism for each ratio with both equations. 

The mean envelope of additivity constnicted from the four single Expenments 

showed that dosfimide and dexrazoxane do aot interact with each other (Tables 3.13, 

3 -24 and Fig. 3.14). The single Experiments 3 and 4 (Tables 3.1 3 and 3 -24) indicated 

additivity for mafosfarnide with dexrazoxane concentrations 1.5 and 4.0 FM. Experirnent 

1 showed addi- and synergy for 1.5 p M  and for 4.0 p.M doses of dexrazoxane, 

respectively. Experiment 2 showed antagonism for both dexrau>xane concentrabons. 

Additive effects waluated by the envelope of additivity method is in agreement with 

clinical hdings that dexrazoxane does not reduce the anticancer activity of 

cyclophosphamide, 5-£iuorouracil and doxorubicin used in multi-hg therapy [17]. 

The mean effect of dexfaz~xane combined with mafosfêmide evaiuated by the 

response d a c e  methoci (Tables 3.15 and 3 -24) for three combination index experirnental 

data sets was antagoninic (a' = -0.281 * 0.058). This r e d t  is in agreement with the mean 



result of the combination index method (Tables 3.11 and 3.24). Although, the response 

surface method used with single Experiments gave additivity for Experiments 1 and 2 with 

a' = -0.243 0.248 and 4.205 * 0.244, respecbvely. Whereas Experiment 3 showed 

antagonism with a' = 4.395 * 0.135. The mean interaction parameter of the response 

surfàce method used with the envelope of additivity data also showed antagonisrn with a' 

= -0.244 0.1 36 (Tables 3.16 and 3 -24). This method used with single Experirnents 

showed additivity for Experiments 1,3 and 4 with a' = 0.004 * 0.228; 4.022 * 0.330 and 

-0.483 * 0.608, respectively. Experiment 2 showed antagonism with cc = 4.474 * 0.134. 

The same data evaluated with the envelope of additMty method showed additivity as a 

mean fiom a i i  four Experiments (Tables 3.13,3.24 and Fig. 3.14). 

The slope method (Tables 3.19, 3 -24 and Figs. 3 -23, 3 .%) showed antagonisn 

between dexrazoxane aud dosfamide  for ail mafostkmide doses used. The highest 

antagouïstic effect was seen for 40 pM of mafosfàmide. 

The mean results Eom the wmbùiation i n d e  response surface and slope methods 

showed antagonism befween dexrazoxane and mafosfamide; whereas, the envelope of 

additivity impiicated additive effect. The combination index was caidated for a wide 

range off, (0.03-0.65) and tbree ratios of the dnigs. The d u e s  of the combination index 

calailateci with a = O and 1 were much higher than 1.0 for low values off. and 

approached 1.0 for bigher f,. The antagonistic effect at f, = 0.5 calailateci with the 

equation for a = O was small with combination index values of 1.19 I 0.08, 1 .O5 I 0.07 

and 1.22 * 0.1 0 for dexrazoxane to mafosfamide ratios of 0.683, 5 .O and 0.2, respectively . 

The combination index calculateci with the equation with a = 1 for& = 0.5 was 1.52 * 
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0.12, 1.22 * 0.10 and 1.42 * 0.12 for the correspondhg 0.683. 5.0 and 0.2 ratios of the 

dmgs. The envelope of additivity was caiculated for 50% &m. Only two concentrations 

of dexrazoxane were tested for interaction with dosfamide. The points of 50% 

combined effect of deaazowne and mafosFdmde feu inside the envelope of additivity 

(Fig. 3.14); &hou& the standard e m r  values showed that a 4 degree of antagonistic 

interaction was possible (standard emom of mafosfhmide mean concentrations crosseci the 

right boundary of the envelope). These resuits are closer to those obtained by the 

combination index method with a = O. The response SUTfàce method evaluates interaction 

of the drugs with single value of interaction index, a'. The values for dosfiunide and 

dexrazoxane were s d  (for the combination index experimentai data a' = 4.281 0.058 

and for the envelope of additivity a' = -0.244 + 0.136); thus the antagonistic effect was 

s d .  The dope method tested the 48 h inhiiitory effect of a wide range of dexrazoxane 

concentrations with eight fixed doses of mafosfamide. In this experiment, cells were 

preincubated 1 h with dexrazoxane. In the combination index expriment, the dmgs were 

added simuitaneously, an4 in the envelope of additivity experimenf there was only a 20 

min gap between drug deliveries. The 40 pM fixed dose of dosfamide changed the slope 

of dexrazoxbe fiom -0.073 * 0.012 to 0,071 & 0.019. The &kt of inhibition was 

changed to stimulation of c d  growth. In conclusion, the effed of the combined action of 

mafodhïde and dexrazoxane on the growth of Chuiese hamster ovary cells, evaluated 

with the combination indm envelope of additivity, response airface and dope cornparison 

methods, was nom very smaü antagonistic tu additive. 



Dexrazoxane and 5-fluorouracil showed antagoniSm with most methods of anaiysis 

used in this midy, except the combination index method (Table 3.25). When the 

combination index (Table 3.12) was caiculated with the equation for mutuaily exclusive 

drugr, the wmbination index was higher than one for the ratio 2.0, up tof,  = 0.45. Above 

f, = 0.45, the effect was siightly synergistic (the lowest value of combination index was 

0.85). For the ratio 0.2, the &ect of dexrazoxane and 5-fluorouracil was antagonistic up 

to f. = 0.57. Above f. = 0.57, the &kt was slightly synergistic (the Iowest d u e  of 

combination index was 0.97). When the wmbination index was calculateci with the 

equation for mutuaUy nonexclusive drues, the &ect for both ratios of dexrazoxane to 5- 

fluorourad was antagonisîïc. Ody one Expiment was perfomed for the wmbination 

index method; thus, the statistical evaiuation of the result could not be performed. 

The 500h envelope of additivity constructeci from the resuits of four Experirnents 

(Tables 3.14, 3.25 and Fig. 3.16) showed antagonisrn for each concentration of 

darrazoxane used. B a d  on the position of the points on the envelope of additMty (Fig. 

3-16], the antagonistic &ect of the dmgs was strong. The same &kt was obtained for 

each single Experhent. The comb'ion index values for f, = 0.5 were 0.96 and 1 -06 for 

a = O and 1.17 and 1.22 for a = 1, for 2.0 and 0.2 ratios of dexrazoxane to 5-fluorouracil 

respectively. B a d  on these d u e s ,  the antagonistic &éd (CI > 1) was s&. The 20 min 

time gap between dexnwxane and 5-fluorouracil delivery to the ceils mi@ have 

contnbuted to the strong antagonistic &ect evaluated by the envelope of additivity 

method. 



The response surface method (Tables 3.17 and 3.25) used with combination index 

experimentd data showed small antagonism (a' = -0.306 * 0.262). The same Experiment 

evaluated with the cornbition index method showed antagonisrn and synergy dependent 

onf, with a = O and antagonism with a = 1 (Tables 3.12 and 3 -25). The mean value of the 

interaction index determineci by the response surface method for the envetope of additivity 

data also showed antagonism (a' = -0.429 0.138). The mean r d t  was not consistent 

with the results of the single Experhent data ntting. Experiment 1 (Tables 3.18 and 3 -25) 

showed additivity (a' = -0.156 0.167) whereas Experiments 2 and 3 showed antagonism 

(a' = 4.533 * 0.245 and -0.599 * 0.2 14, respectively). The same data with the envelope 

of additivity method showed antagonism for aü Experiments. 

The resuits of 48 h inhibition of cdl growth by dexrazoxane and 5-fluorourad 

evaluated with the dope cornparison method showed antagonism (Tables 3.20, 3.25 and 

Figs. 3.23, 3.24). The value of the siope changed f?om 4.062 for dexrazoxane alone to - 

0.006 for dexrazoxane with 5000 pM of 5-fluorourad. The effect of dmg combination 

was stiil Uihiory but the inkiition was smaller than for dexrazoxane alone. 

The mean values fkom the combination index, envelope of additivity, response 

surface and dope wmparison methods show the mhbitory effect of dexfazoxane and 5- 

fluorourad on Chinese hamster ovary ceIl growth was antagoaistic. This result was also 

obtained with most single Expiments This finding is not in agreement with the clinical 

study of Koning, previously mentioned [IV. The interaction of dexrazoxane with 5- 

fluorourad has not k e n  snidied on ceus. Io the study by Kano [18], the 

bisdioxopiperazhe, ICRF-154 was used with 5-fluorouracil. The results of 72 h 
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cytotoxicity Experiments were analysed by the 50% envelope of additivity method. ICRF- 

154 and 5-fluorouracil showed an additive &ect on al1 ceIl lines used (MOLT-3, HSB-2, 

BALL-2 and K-562). 

The combùied eEect of vinblahe and dexrazoxane was shtdied with the dope 

cornparison method (Figs. 3.25, 3.26 and Tables 3.2 1, 3.22, 3.23). Combined drugs 

showed antagonism up to 10 p.M of demzoxane with 0.03, 0.4 and 0.05 pM of 

vinblastine (Table 3.21). The dope of dew;ux,xane was sigdkantly Merent f?om the 

slopes of dexrazoxane with ked doses of vinblastine. The slopes fiom 10-500 ph4 of 

dexrazoxane with vinbiastine (Table 3.22) were not significantly diEerent Grom 

dexrazoxane alone. Furthemore, the intercepts for wrmalised data, were not significantly 

different for 0.005, 0.04 and 0.05 pM of Wiblastine compared to dexrazoxane alone 

(Table 3 -23). The lack of  vinblastine eEea above 10 pM of dexrazoxane suggest that 

dexrazoxane wmpletely blocked the bmding sites for vinblastine. The combined &e* of 

dexrazoxane in a range 10-500 p M  with 0.005, 0.04 and 0.05 pM of vinblastine was 

In summary, the idibitory &ect of dosfamide and dexrazoxane on Chinese 

hamster ovary cell growth was sLightly antagonistic or additive. n i e  effect of 5- 

fluorourd and dexrazoxane was antagonistic. The &ect of vinblasthe and dexrazoxane 

was antagonisàc up to 10 $4 of dexrazoxane and additive for the 10-500 ph4 range of 

dexrazoxane concentration, as shown in the 48 h Experiment. 
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4. Inhibitoy e f k t  of derrazorrine in the combination with dosorubicin, 

daunorubicin and mitosaahone on Chinese hamster ovary c d  p w t h  

4.1. Introduction 

Doxorubicin, daunorubicin and mitoxantrone are anticancer dmgs with a 

cardiotoxic side &kt [l]. Dexrazoxane is an agent with protective properties against 

doxorubicin cardiotoxicity 121. Dexrazoxme aiso has anticancer actMty through catalytic 

inhibition of topoisornerase 11 (compare Chapter II) [3]. These studies were designeci to 

determine the wmbined cytotoxic effect of dsw+oxane wah doxorubicin, daunorubicin 

and mitoxantrone on Chinese hamster ovary ceIlS. Cornparisons of  hear dose-response 

curve dopes and the response sudice method were used to evaluate the results. 

4.1.1. Anti-tumour acîÎvity and cardiotoùcity of doxom bicin, dauaoru bicin and 

Doxorubicin and daunorubicin are anthracycliine antibiotics isolatecl from a 

Streptomyces species [4]. They contain an anthraquinone Nig system, with an attached 

Fig. 4.1. Structure of doxorubicin (R = CH2OH) and daunombicin (R = CH,). 
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The anthraquinone, mitoxantrone, is a synt hetic chemot herapeutic agent. Like the 

anthracydines. mitoxantrone has a hydroxyquinone funaion on its ring structure (Fig. 

4.2). 

Fig 43. Structure of mitoxantrone. 

One of the proposed mechanisms for the cytotoxkity of  doxonibicin, daunorubicin 

and mitoxantrone is an interaction with topoisornerase II [S, 61. It has been proposed that 

these dmgs form temary complexes with topoisomerase 11 and D N 4  thus disturbing 

mitotic activity, ceii growth and proWeration- Another hypothesis links the anthracyclines' 

anticancer activity to fiee radical formation. It has k e n  demonstrated that anthracyclines 

are able to undergo one- or two-electron reduction promoted by enzymes such as 

cytochrome P450 reductase, xanthine oxidase, and cytochrome B5 reductase [A. The 

reduced dmgs may d u c e  m o l d a r  oxygen to a reactive species, such as superoxide 

ions, hydrogen peroxides and hydroxyl radicalS. Certain tumour ceU lines are sensitive to 

anthracycline-Uiduced fiee radicals [8, 91. Free radiais producd by the reduction of 

anthracyches cause Lipid peroxidation and c d  membrane lesions. Since the cardiac 

muscle has low levels of enzymes which protect it against free radical damage, 



anthracycline therapy causes cardiomyopathy. The most darnaging free radical species is 

hydroxyl radical. It has been reporteci that 550 to 600 mg/m2 cumulative doses of 

doxorubicin caused congestive kart fidue 1101. Doxorubicin has stimulateci aiperoxide 

formation in cardiac mitochondria [I I l .  Doxorubicin and daunorubich induced NADPH- 

dependent mouse heart microsoma1 hpid pemidation with their strongest &kt at 100- 

200 pM. Some reactive oxygen scavengers and EDTA diminished lipid peroxidation [12]. 

D o x o r u b i ~  daunorubicin and mitoxantrone form complexes with Fe@). ïron 

complexes of doxombich, daunorubicin and mitoxantrone mediate the production of 

strong oxidants, such as hydroxyl radids, in the presence of xanthine oxidase, aithough 

mitoxantrone does so to a lesser extem. Under aerobic conditions, iron catalyses the fiee 

radical formation of doxonibich, but not daunorubicin or mitoxantrone 113, 141. 

Dexrazoxane aliows for longer t r e - e n t s  and higher cumulative doses of doxorubicin to 

be used. Patients with cardiac risk were able to receive anthracyciine therapy when 

dexrazoxane was used [IS]. It has been shown that dexrazoxane Iowers the cardiotoxic 

effect of anthracyclines in anirnals [16]. Dexrazoxane reduced the cardiotoxicity of 

mitoxanîrone, and to a lesser sden& doxorubicin, on kolateci nematal rat kart myocytes 

[UJ. In a study on mice, dexramxane was cardioprotective to doxorubicin darnage but 

not mitoxantrone [If$]. In an experiment on duit nit heart myocytes loaded with iron, 

dexrazoxane was capable of chelating and transporthg the iron out of the ceUs. The iron- 

loaded ceiis were sensitive to the toxic effct of doxorubicin [19]. The hydrolysis products 

of dexrazoxane rernoved iron fiom iron-anthracycline complexes [ZO], thereby reducing 



free radical production by anthracyclines. This is iiiely the mechanism of dexrazoxane 

cardioproteaion [ 191. 

41.2. Bisdioxopipednes in combination with doxombkin, daunombicb .ad 

mitoxantrone in vitro 

Dexrazoxane has cardioprotedve and Limiteci &cancer aaivities [21]. The 

anticancm activity of dexrazoxane is probably due to the catalytîc înhiiîtion of 

topoîsomaase II [6]. Since dexfaz~xane, doxorubich, daunorubicin and mitoxantrone 

exert their anticancer activity through interaction with topoisornerase II, it is likely that 

when used together thqr compete for a common target. A previous study 1221 has shown 

that pranaibation of Chinese hamster ovary cek with dexrazoxane antagoniseci the 

cytotoxicity of doxombicin and dauuorubicin. Dexrazoxane inhiiition of DNA singie 

sîrand break formation and induction of DNA cross Links by doxombicin and daunorubicin 

has been shown by the aUraline elution technique [23]. In the same shidy, dexraaxane was 

used in non-toxic doses simultaneousiy with daunombicin on OC-NYH cens in a 

clonogenic assay. Although the e f f i  of 1 h incubation of the two dmgs was amagonistic, 

whert d m x a n e  was incubateci for two hours on OCWAML-3 and NB-4 ceIi lines it did 

not change the sensitiviîy of the cells to doxonibicin [24]. The anthunor actMty of 

mitoxantrone was not altered by dexraroxane in human tumour c d s  [1q. The 

bisdioxopipemzines ICRF-159, and ICW-186, antagoniseci daunorubicin against HeLa 

ceii growth when a clonogenic assay was useci; doxombicin was not affected [25]. The 

interaction between ICRF-154 and doxorubich over 72 h was studied on MOLT-3, HSB 

and B-ALL ceU hes [26]. A syaergistic (supra-additive) effect was obsewed for these ceil 



lines. The sarne snidy on the K-562 ce11 Line showed additivity of the effect of dexrazoxane 

and doxorubicin. When mitoxantrone was studied with ICRF-193, the effect of these 

dmgs on rat neurons was antagonistic when added simultaneously. This effêct has not 

been observed when ICRF- 193 was added two hours later [27]. 

4.2. Materials and methods 

Chinese hamster ovary celis were used to study the inmience of drug combinations 

on c d  growth. The cells were seeded at 2000 oells in 100 pL of ceil culture medium on 

96-well plates and dowed to attach for 24 h m e r  this period of the, the drugs were 

deiivered, the volume of c d  culture medium was increased to 200 pL/weii, and the ceUs 

were Uiaibated for another 48 h The MTT assay was used to quanti@ the effects of celi 

exposure to the drugs. A detailed description of the cytotoxicity experiments and the MTT 

assay is given in Chapter II, Section 2.2.3. The interactions of dexrazoxane with 

doxombicin, daunorubicin and mitoxantrone were studied with the response SuTfàce and 

dope cornparison methods d e s c n i  in Chapter III, Section 3.2.4.3 and 3.2.4.4, 

respectkeiy. 

4.2.1. Mater&& 

Dexrazoxane (ICRF-187) was a gifk corn Pharmacia & Upjohn (Columbus, OH). 

Doxorubicin hydrochloride was a gift from Adria-SP Inc. (Columbus, OH). Daunonhicin 

hydrochloride was a gat from Rhone-Poulenc P h a m  (Montreai, Canada). Mitoxantrone 

dibydrochloride was obtained fiom Lederle Laboratories Division, American Cyanamid 

Company (Pearl River, New York). 



4.2.2 Solubility of dexmmsane, doxorubicin, daunorubicin and mitosantroue 

Dexrazoxane was dissolveci in cell culture medium. Doxorubicin hydrochioride 

(MW = 579.99 ghol), daunonibicin hydrochloride (MW = 563 -99 @mol) and mitoxaatrone 

dhydroctiloride (MW = 5 1 6.9 g/mol) were dissolved in 0 -9% (w/v) aqueous NaCI. 

4-23. Design of expdments for the combination of dexrazosaoe with doxombicin, 

daunombicin and mitouuitrone 

4.2.3.1. Design of the mponse sudace experimenb for the combination of 

deuazoxmne witb doxombicin, daunornbicin and mitosantrone 

The results of 48 h continuous exposire of Chinese hamster ovary cells to 

combinations of dexrazoxane with doxorubich, daunorubicui and mitoxantrone were 

analysed by the response Surface method 1281. The concentrations of doxorubicin, 

daunorubicin and mitoxantrone ranged between 0.05 and 50 The dose-response 

curves for the single dmgs and for doxorubicin, daunorubicin and mitoxantrone with nxed 

doses of dexrazoxane were prepared. The k e d  doses of dexrazoxane used for the 

doxombicin -riment were 5,20,50 and 100 jM. The fixed doses of dexrazoxane used 

with daunonibicïn and mitomtrone were 5,20, 50, 100,200 pM.- A dose-respome curve 

for dexrazoxane in an scperiment with doxombicin was also prepared. The dexrazoxane 

concentration range was 0.05-50 p M -  The dose-response m e s  of dexrazoxane in the 

experiment with darinombicin and mitoxantroae were not prepared. Dexfazoxane, as a 

single agent, was inchideci as control of the daunorubicin or mitoxantrone doseresponse 

m e s  with nxed doses of  dexrazoxane. For d experiments, dexrazoxane was added 20 

min before the second drug Oexrazoxane was dissolved in ceil culture medium. 



Doxombicin, daunorubicin and mitoxantrone were dissolved in 0.9% (w/v) aqueous 

solution of NaCl and stock solutions were added to the wells in volumes of 2.0 - I 1.0 PL. 

The absorbance for the doxorubicin and daunombicin experiments was measured at 490 

nm, with the reference at 650 m. The absort,== of mitoxantrone experiments was 

measured at 490 nm without a reference wavelength because mitoxantrone absorbs at 650 

m. In the weUs with a high concentration of mitoxantrone (50 IiM), some residue of the 

drug was vÏsWy present M o r e  DMSO was added for the MTT assay. 

4.22.2. Design of the dope cornparbu experiment for the combiuatiou of 

dexrazoxane with doxoru bicin, darinoni bicin and mitoxantrone 

The highest effect of dexmzoxane obtained in the 48 h cytotoxicity acperiment was 

20% c d  kiil at 500 pM. The relationship between the logarithrns of the absorbance and 

the correspondïng concentration was h e a r  This observation was used to design the dope 

cornparison expexhents. Seven dose-response m e s  were prepared for a cornparison of 

slopes. One dose-response curve was prepared for dexrazoxane alone and six for 

dexrazoxane in a wide concentration range with hed doses of doxombicin, daunorubicin 

or mitoxantrone. Füeâ doses of doxorubicin, daunonibicin and mitoxaatrone were chosen 

to start the combineci h g  dose-response curves at diffèrent &ect lwels. The ceils were 

aiiowed to attached for 24 h Dexrazoxane, dissolved in ceil d t u r e  medium, was added 1 

h before the second dmg was delivered. Doxorubicin, daunorubicin and mitoxantrone 

were dissolved in O.% (w/v) NaCl and added to the wells in 10 pL volumes as individual 

stock solutious. The 48 h inhi'bitory &écts of drugs were measured by the MTT. The 



absorbantes for al1 dmgs were meanireci at 550 nm wavelength. with a 650 nm reference 

line (the highest concentration of mitoxantrone used was 20 PM). 

42.4. Data anaiysis with the response sudace and dope romparison methods 

The resdts of experiments for the dexrazoxane, combineci with each of 

doxorubicin, daunorubicin and mhoxantrone, were evaluated with the response aidace 

method described in Chapts III, Section 3.2.4.3. A modifieci Greco equation (4.1) was 

used to fit the data The parameter B was not appiied to the first tam of the equation to 

obtah a better nt. Equation (4.1) is given for the spedc combination of doxorubicin and 

denazoxane and was also used for other drugs. 

The dope cornparison method was used as described in Chapter Ki, Section 

3.2.4.4. The slopes were considemi dïEerent when the value of P < 0.05. 

4.3, ResuIts 

4.3.1. Results for the combination of deuazorane with doxorubicin, daunombicin 

and mitoxantrone with the response surface method 

The resuits of ceU growth inhiition by doxonrbicin @ox), daunorubicin @nr) and 

mitoxantrone (Mit) in combination with fixeci doses of dexrazoxane are ptesented in Fig. 

4.3 (a), 0)) and (c). 







0 Mitoxantrone, ICS0 = 1 -6 * 0.1 p M  

a Dexraz0xane,IC~~=10.2*0.3pM 

A M i t + 5 p M D ~ I C 5 0 = 1 . 8 * 0 . 2 p M  

V Mit + 20 p M  Dex, ICSO = 3.0 k 0.3 p M  

0 Mit + 50 p M  Dex, ICSO = 3.5 * 0.4 j.M 

IC, = 5.5 * 1.1 pM 

IC, = 4.8 0.9 p M  

Mitoxantrone or  Dexrazoxane, pM 

Fig. 43.  Response surîàce experhent for the combination of dexrazoxane with 
doxorubicin (a), daunonibicin @) and mitoxantrone (c). Chinese hamster ovary ceils were 
incubated with the dmp for 48 b The symbols represent the mean absorbance t SD from 
six replicates at each concentration. The lines represent the non-linear least square fit of 
@entai data to three- or four-parameter logistic equations. The lowest concentration 
&es correspond to zero concentration of drug (control &es). The second-lowest 
values for dose-respo~l~e ames with fÏxed concentraiions of dexrazoxane are the values 
with dexrazoxane as a single h g .  These values were also used to plot d-oxane dose- 
response curves for the (b) daunorubicin and (c) mitoxantrone experiments. For (a) 
doxorubicin experiment, dexrazoxane dose-response m e  was prepared separaîely. 

The data h m  the Experiments in Fig. 4.3 were divided by the values fiom the 

wells without drugs; thus, the control values were always 1.0. Each c w e  containeci one 



biank value. The normaliseci results wexe fined to equation (4.1). The best fit parameters 

obtained (Table 4.1) were then used to calailate the theoretical dose-response cuwes 

using the bisection root finder method 1291 descnbed in Chapter il& Section 3.2.4.3. The 

theoretical caiculated dose-response ames and norrnalised experUnental resdts are 

plotted together in Fig. 4.4.(a), (b) and (c). The doxorubicin and daunombicin 

experhental data showed g d  agreement with the theoretical data (Fig. 4.4.(a) and @)). 

The fit for mitoxantrone was les d d k t o r y  (Fig. 4.44~)). 

Table 4.1. Best fit parameter estimaies * SEM obtained fiom fitting doxonibicin, 
daunorubicin and mitoxantrone with dexrazoxane experimentai data to equation (4.1).' 

w- a' * GO* I C X I ~ *  m* * L* B k  
ment SEM SEM SEM SEM SEM SEM SEM 

DOX -1-423 * 6.711 * 350 * -1.105 -0.545 * 1.021 I 5-10-" =t 

0.870 1.302 81.6 O. 126 0.070 0.040 0.040 
Dnr -2.171* 3.220k 1007* -1.153I -0.394* 0.932* 0.034* 

1-171 0.300 410 0,055 O. 168 O. 040 0.093 
Mit -3.213 2.171 * 933 * -0.825 -0.470 * 0.948 * 0.003 

0.790 0.264 193 0.04 1 0.085 0,020 0.032 

a Experimental data were obtained fkom 48 h exposure of the ceils to doxorubicin, 
damombicin and mitoxantrone with fixecl doses of dsaazoxane. The cek were 
preincubated with dexraz~xane for 20 min More the anthracycline was added 



Doxonibicin or Dexrazoxane, ph4 

Doxorubicin 

Dexrazoxane 

Dox+5 W D e x  

Dox + 20 p M  Dex 

Dox + 50 plbf Dex 

Daunorubicin 

Dexratoxane 

Dm + 5 p M  Dex 

Dnr + 20 pM Dex 

Dm + 50  LM Dex 

Dnr + 100 p M  Dex 

Dnr + 200 pA4 Dex 

Daunorubicin or Dexrazoxane, p M  



Mitoxantrone 

Dexrazoxane 

Mit + 5 p M  Dex 

Mit + 20 p M  Da< 

Mit + 50 N D e x  
Mit+loOpMDex 

M .  + 200 pM Da< 

0.01 0.10 1-00 10.00 100.00 1000.00 

Mitoxantrone or -e, pM 

Fig. 4.4. Evaluation of the results fkom the response s& method used for the 
combinvion of dewazoxane with doxorubicin (a), daunorubicin (b) and mitoxantrone (c). 
Normaiised to an absorbante of 1.0 measured (symbols) and calCuLateci (lines) effects are 
plotted. The effêcts were calcuiated based on the seven parameters obtained h m  fitting 
the experhental data presented in Fig. 4.3 to equation (4.1 ). 

The value of the interaction index a', for the doxorubicin Expriment was - 1.423 * 
0.870, for daunorubicin a' was -2.171 * 1.171, and, for mitoxantrone a' was -3 -213 

0.790. These resuits indicate antagonism between dexrazoxane and doxorubicin, 

daunorubicin and mitoxantrone. 



4.3.2, Results for the combination of devazorane witb doxorubicin, daunombicin 

and mitosantrone with tbe cornparison of slopes method 

The inhibitory effects of 48 h continuous exposure of dexrazoxane and 

dexrazoxane with fixed doses of doxorubiciq daunorubicin and mitoxantrone on Chinese 

hamster ovary cell growth are presented in Fig. 4.5. (a), @) and (c) (see pages 156-1 57). 

The slopes of the hear dose-response curves of demoxane and dexrazoxaoe 

with the k e d  doses of the second dmg were compareci wah the Student t-test describeci 

in Chapter III, Section 3.2.4.4. The results of the t-test dong with the regesion 

parameters are presented in Table 4.2. (a), @) and (c). The median inhibitory 

concentrations obtained in the 48 h preliminary cytotoxicity Experiments for doxorubicin, 

daunonibicin and mitoxantrone were as follows: ICsos, = 6.6 I 0.7 pM (three-parameter 

fit), KWh = 2.5 * 0.2 p M  (three-parameter fit) and ICmW = 1.6 * O. 1 pM (four- 

parameter fit). These values were used in the design ofthe Experiments. 



Dexrazoxane 
Dex + 0.5 pM DOX 
Dex + 2 pM Dox 
Dex + 5 @f Dox 
Dex + 10 p M  Dox 
Dex + 20 pM Dox 
Dar + 50 pM Dox 

Dexrazoxane 
Dex +0.1 pMDnr 
Dex+ 1 WDnr 
Dex+ 5 ~ M D N  
Dex+ 10 ~ M D M  
Dex + 20 pM DM 
Dex + 50 pM DM 



O Dexrazoxane 
a Dex+O.ZpMMit 
A D e x + 1 j M M i t  

Dex+ZpMMit 
Dex+5pMMit 

O Dar+ 10 pMMit 
O Dex+20j~MMit  

Dexrazoxane, pM 

Fig. 45. Slope cornparison experiments for the combination of dexrazoxane with 
doxorubicin (a), daunonibicin @) and mitoxantrone (c). The 48 h inhibitory effect of 
dexrazoxane alone and dexrazoxane with fixed doses of doxonibicin, daiuiorubicin and 
mitoxantrone on Chinese hamster ovary ceil growth are presented in log-log scale. The 
symbols represent the means of absorbame * SD fiom six replicates a -  each concentratioa. 
The hes represent the result of the fit of experimental data to a hear equation (log 
Aj~(~6.50 = a + 6-log D, where A55Q/650 is an absorbante at 550 om minus absorbante at 650 
nrn and D is a dmg concentration). The lowest concentrations correspond to cootrol 
values with zero concentration of the drugs. The second wnîrol value for the mixecl dmgs 
is an effect of doxorubicin (a), damorubicin (b) or mitoxantrone (c) by itself 

The Listing of the variables used in the t-test is given in Chapter III, Section 3.3 -4. 



Table 4.2 Slope cornparison of linear dose-cesponse curves of dexrazoxane and 
dexriuoxane with k e d  doses of doxonibicin (a), daunorubicin (b) and rnitoxantrone (c) 
presented in Fig. 4.5. 

Parameters Doses of Doxorubicin,  LM 

a* SEM -0.086 -0.180 6.230 -0.362 -0.489 4.667 -1.047 
* * * * * * 

0.008 0.003 0.013 0.009 0.009 0.011 0.010 

b * SEM -0.080 -0.035 -0.025 -0.013 0.022 0.079 0.046 
f f f f * f 

0.008 0.003 0.012 0.009 0.008 0.011 0.009 



Paramet ers Doses of Daunonibich, jM 

u * SEM -0.081 -0.137 -0.253 -0.391 -0.755 -1.179 -1.406 
f f * * f f * 

0.006 0.004 0.009 0.009 0.015 0.009 0.004 



Parameters Doses of Mitoxanaone, pbf 

a * SEM 

b SEM 

Tb 

Yb 

P 

The values of the slopes are also plotted against the fixai doses of  doxorubicïn, 

daunorubicin and mitoxantrone in Fig. 4.6. 



Fig. 4.6. Slopes obtained fiom the experiments for dexrazoxane with doxorubicia, 
daunorubicin and mitoxamrone analysed with the dope method. The dopes of hear dose- 
response m e s  were plotteci - the concentratioas of doxorubiciq daunonibicin and 
mitoxantrone. The 6rst values are the siopes of the dose-response m e  of dexrazoxane 
alone. The error bars represent SEM fiom SigmaPlot m e  fit. 

The dopes of the dewazoxane dose-response m e s  were signiticantly different 

from the dopes o f  dexramxane with k e d  doses of doxorubicin, damorubicin and 

mitoxantrone (Table 4.2). The d u e  of the dexrazoxane siope steadily hcreased with the 



dose of the secund dmg (Fig. 4.6). Altliougb, at the highest concentrations of doxorubicin 

and daunonibicin, the slopes began to decrease due to very low cd1 suMval Ievels at these 

concentrations. The ceU proliferation was alrnost completely inhibited; thus, the level of 

topoisornerase Il was very low. 

4.4. Conclusions 

The inhibitory &ect of doxorubicin, daunombicin, and rnitoxantrone in 

combination with dercraz~xane, on Chinese hamster o ~ i y  ceil growth was antagonistic, as 

shown by the response Surface and dope cornparison methods. The ceUs were exposed to 

the dmgs for 48 h and the the  gap between dexrazoxane and the second h g  was 20 min 

(response Surface Experimerits) or 60 min (slope cornparison Experiments). The values of 

the interaction parameters, a', obtained with the response SUCfàce method were as follows: 

- 1 -423 * 0.870 for doxorubicin, -2.17 1 1.17 1 for daunonibicin, and, -3.2 13 0.790 for 

mitowntrone (Table 4.1). 'The interaction parameters of dl three dnigs were d e r  than 

zero, which indicates antagonism with dexrazoxane. The low value of the interaction index 

obtained for the mitoxantrone Experiment seems to indicate a stmnger antagonistic effkct 

than either doxombicin or daunonibicin, although, the results of mitoxantrone data fit 

were l es  satisfàctory than for other drugs. The dexrazoxane linear dose-response curve 

siope was signincantiy different (P < 0.05) fiom those of dexrazoxane with fixed doses of 

either doxorubicin, daunonibicin or mitoxantrone (Table 4.2). The slope of the 

dexrazome dose-response aime was negative but it increased with the concentration of 

the second clmg to positive values (Fig. 4.6). The slopes increased with doses of 

doxorubicin up to 20 pM, daunorubicin up to 5 pihi& and for ail mitoxantrone doses 



studied up to 20 PM. These results indicate antagonism between d m o x a n e  and 

doxombicin, daunorubicin and mitoxannone. The strongest antagonism, expressed as the 

highest dope, was for 5 p M  of daunorubicin, where the dope change from 4.07 for 

d-xane alone to 0.14 for dexrau>xane with 5 pM of daunorubich Strong 

antagonism was aiso observed for 20 p M  doxombicin and mitoxantrone; although, the 

change of the dopes was about 25% srnalier than for 5 pM daunorubicin. 

The antagonistic &ect of dexrau,xane with doxombicin, damorubicin and, 

mitoxantrone may be explainecl by the theory of an ATP-rnodulated protein clamp [30]. 

Similar to the proposed mechanism for ICRF-193, dacnuoxane may stabilise a ciosed 

clamp fonn of topoisornerase II. The trapped enzyme is not avdable to fona ternary 

complexes with DNA and the cleavable cornplex fom poisons doxombicin, daunorubicin 

and mitoxantrone (compare Section 2.1 -2). 

Although dexrazoxane may be ben&cial as cardioprotective dmg, its antagonistic 

cytotoxic effect with anticancer drugs such as doxombicin, daunorubicin and mitoxantrone 

may lower cytotoxic &ect of these drugs toward cancer ceiis. 
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5. Effect of deuazouine and ADR-925 ia the combination with bicomycin on 

Chinese hamster ovary ceIl growth 

5.1, Introduction 

Bleornych is a gScopeptidk ant'biotic with anticancer activity [1]. Bleomycin can 

be used as a single agent or as part of multidrug chemotherapy with doxonibicin and other 

anticancer d r u e  [2]. The major side effkct of bleomycin is puimonary toxicity [3]; but 

dexrau,xane lowers bleomycin pulmooary toxicity in anirnais [4]. Since demizoxane c m  

be beneficiai when used with bleumycin, these studies were designed to investigate the 

cornbined &êct of dexrazoxane with bleornycin on Chinese hamster ovary ceil growth. 

The combination ind- envelope of addiavity, response surnice and slope cornparison 

methods were used to evaluate the r d t s .  Besides dexrazoxane, its hydrolysis produci, 

ADR-925, was also studied in combination with bleomycin 

5.1.1. Bleomycin an anticanes drng 

CLinidy used bleomycin dphate (BlenoxanB) is a mixture of giycopeptide 

antiiiotics isolated ikom a strain of Streptomyces verticilus [l], which &Ber only in their 

terminal amine part (R, Fig. 5.1). Bleomycin binds trar&tion metai ions. Bleomycin-Fe@) 

forms a teniary complex with & and it is believed that binding of this complex to DNA is 

involveci in bleomycin antihimor activity. The oxidation of iron and subsequent generation 

of oxygen radiais cause DNA strand scission [ I l .  Metai chelators and hypoxia inhibit 

bleomycin antitumor activity [ I l .  Patients exhibiting bleomycin pulmonary toxicity express 

a low level of bleomycin hydrolase, the enzyme inactivatmg bleomycig in their luogs [ I l .  

Lung nbrosis is indu& when a cumulative dose of bleomycin is 300 mg/m2 [SI. 



Bleomycin does not difNse through the plasma membrane and only 0.1% of the dmg 

reaches the cell interior through interaction with plasma membrane proteins [SI. 

Dexrazoxane enters the ceIl [6], where it may hydrolyse to one ring open 

intermediates and its two ~ g s  open hydrolysis produ- ADR-925 [7]. Dexrat~xane and 

ADR-925, were able to remove iron fiom the bleomycin-Fe0 complex in vitro 141. 

Under non-saturathg conditions, the ADR-925 reacted with the bleomycin-Fm 

complex 47 times fâster thaa dexnzoxatle 141. Uniike dexrau,xane, ADR-925 does not 

have a cytotoxic e f f i  on the celk [8]. The ability of dexrazoxane to protect bleomycin 

pulmonary toxicity might be linked to its iron chelation properties [4]. The haü-life for 

dexramxane and ADR-925 at pH 7.38 and 3 7°C is 9.3 and 23 .O h, respectively. 

Fig 5.1. Structure of bleomycin, R = substituent, positively charged at physiological pH, 
e-g. for bleomycin Al, R = -NH(CH2m(CH2)W2. 

There are contradictory studies either Uon is necessary for anticancer activity of 

bleomycin. In a study on mice, iron deficiency did not change bleornycin anthunor activity 



[9]. The cytotoxic efféct of bleumycin toward Ehrlich ceUs was not altered by the ~ e * -  

chelator, 1-1 0-phenanthroline; however, bleomycui cytotoxicity was significantly reduced 

with 1,W-phenanthroline on rat alveolar type 2 ceUs (T2) [IO]. In a study of HeLa celis, 

the presence of 1, l O-phenanthrohe suppressed the inhibitory activity of bleomycin [ 1 1 1. 

Bleomycin-induced cleavage of DNA and the appearance of chromosome aberrations in 

Chinese hamster ovary ceils were inhibiteci by 1,lû-phenanthroline [12]. Bleomycin 

cytotoxkity on ~chcaomyces cerevisiae ceüs was inhibiteci by EDTk which is 

struchirally similar to dexrazoxane [13]. Since some study indicated, tbat perhaps iron is a 

cofgctor in the antihtmor activity of bleomycin, and the hydrofysis products of 

dewazoxane are iron chelators, an antagonistic cytotoxk effect of bleomycin and 

dexfazoxane could be expected. 

5.2. Mate- and methods 

Chinese hamster ovary cek were used to study the innuence of the combination of  

dexrazoxane and bleomycin on celJ growth. Two thousand cells were seeded in 100 pL of 

ceii dture  medium on 96-wefl plates and allowed to attach for 24 or 6 4 according to 

experirnent. Afier this period of the7 d r u e  were deiivered, the volume of c d  culture 

medium was increased to 2 0  flwell and cells were inaibated for another 72 or 48 h. 

The MTi' assay was used to quant* the effects of dmg stposure to the celis. A detailed 

description of cytotoxicity experiments and the M T ï  assay is given in Chapter Il, Section 

2.2.3. The interactions of dexrazoxane with bleomycin were studied with the combination 

index, response surfàce, mvelope of additivity and dope cornparison methods. The 



interaction of bleomycin with ADR-925 was evaluated by a simple cornparison of the 72 h 

median inhibitory concentrations. 

5.2.1. Materials 

Dscrazoxane (ICRF-187) and ADR-925 were gifis nom Pharmacia & Upjohn 

(Columbus, OH). Bleomycin sdphate (Blenoxane@) was obtained fkom Nippon Kayaku 

Co. Ltd. (Tokyo, Japan). 

53.2. SalubTty o f  bleomycin, dexrazoune and ADR-925 

Bleomycin sulphate (MW = 1 5 1 1 -6 1 glmol) is highly soluble in water 1141. Stock 

solutions of bleomycïn were prepared in a 0.9% (w/v) aqueous solution of NaCl and 

delivered in volumes of 5-20 pL to the plate wds. Dexrazoxane (MW = 268.3 g/mol) and 

ADR-925 (MW = 302.3 g/mol) were dissolveci in c d  culture medium and mter sterilised 

with a 0.2 pm acetate filter. 

5.2.3. Design of experiments for the combination of devraoune and ADR-925 with 

bleomycin 

5.23.1. Combination index experiments for the combination of devrzoraae with 

bleomycin 

Two experiments with different dmg deiivq scheduies were performed for 

andysis with the combination index method. In the first experiment, dexrazoxane and 

bleomycin were delivered to the weiis simuitaneously and the ceils were exposed to the 

dmgs for 72 h. In the second experiment, there was an 18 h tirne gap between the addition 

of the two dnigs. Dswzoxane was added 6 h d e r  the celis were seeded. Mer an 18 h 

ceIl incubation with dexramxane, bleomycin was added and the ceus were incubateci with 



both drugs for another 72 h. Bleomycin as a single agent was added &er 24 h growth of 

the cells. The half-life of dexrazoxane is 9.3 h; afler 18 h of incubation 75% of the 

dexrazoxane should be hydrolysed to forms able to bind iron. Chinese hamster ovary cells 

do not corttrïïute to dexrazoxane hydrolysis (not published data performed in our 

Iaboratory by Mukhtiar Singh). Five dose-response cuves in a 0.05-50 pM range were 

prepared for each -riment: one dose-respoose m e  for bleomycin (BI), one for 

dscfaz~xane (Dex) and three for their combinations In both scperiments, three ratios of 

dexrazoxane and bleomycin were used. One ratio was equipotent calculateci as 

I C m ~ C s a i  = 6.4 w 4 . 6  p M  = 1.4, where ICmm and ICWi are the median inhibitory 

concentrations for dewazoxane and bleomycïn, respectiveiy. The ICm values were 

obtaîned fiom preliminary 72 h dose-response curves. The two other ratios were D d l =  

5 and DsdBl = 0.2 with the ratio of dexrau,xane and bleomycin remaining constant 

through the whole range of concentrations. 

52.3.2. Envelope of additivity experiments for the combination of d e v l w u a e  with 

bleomych 

The envelope of additivity experiment was prepared with an 18 h time gap 

between the addition of dexrazoxane and bleomycin Six hours f i e r  celis were seeded, 

dexrazoxane was added to the plates. Mer 18 h ceU incubation with dexrazoxane, 

bleomycin was added to the weUs designeci for combination of drugs and ceus were 

incubated with both dmgs for another 72 h. At the sarne t h e ,  a bleomycin dose-response 

airve was also prepared. S a  dose-response w e s  were prepared: one for demazoxane 

alone (0.2-200 PM), one for bleomycin alone (0.2-200 PM) and four for a wide range of 



bleomycin concentrations (0.5-200 pM) with 6xed doses of dexrazoxane: 1. O, 2.0, 3 .O and 

4.0 pM. The N<ed doses of dexrazoxane were chosen to include the 50°/0 efféct for the 

intended envelope of addittvity. 

5.2.3.3. Slope cornparison experiments for the combination of dexmmrnne with 

bleomycin 

For the dope cornparison expriment, seven dose-response curves were prepared; 

one for d m x a n e  alone (0.5-500 pM), aod six for a wide concentration range (0.5-500 

jM) of demamxane wiîh fked doses of bleomycui of 1 O, 20, 50, 100,200 and 500 pM 

Dexrazoxane was added one hour More the bleomycie CeUs were incubateci with the 

drugs for 48 h. Due to the large quantities of bleomyciu required for this experiment, ody 

three wells were prepareû for each data point. 

5.2.4. Data anaiysis with the combination index, envdope of additivîty, response 

surface and dope methods for deurzosane and ADR-925 combineci witb bleomycin 

The combination index was calculated as descri ï  in Chapter Ill, Section 3.2.4.1. 

The envelope of additivity methoâ was d e s c r i i  in Chapter III, Section 3.2.4.2. The 

dose-respoose cuves used with the envelope of additivity method were limited to the 0.2- 

100 pM range due to a non-logistic fit above 100 pM concentration of bleomycin. The 

response surfàce method was describeci in Chapter iII, Section 3 -2.4.3. The cornparison of 

slopes was d e s c n i  in Cbapter IIi, Section 3.2.4.4. 



5.3, Results 

5.3.1. Results fmm the combination index method for the dexraoune-bleomycin 

experiments 

The results of 72 h expowe of Chinese hamster ovary ceiis to bleomycin (BI), 

dexrazoxane @ex) and their three mixtures (DexiBl) are presented in Fig. 5.2. Both dmgs 

were added at the same the.  

Fig. 5.2. Combination index experiment for bleomycin and dexrazoxane added 
simultaneously. Chinese hamster ovary ce& were incubateci with the drugs for 72 h. The 
points represent absorbame means * SD kom six repetitions at each concentration. The 
lines represent the non-iinear least squares fit of the experimental data to a four-parameter 
logistic equation. nie lowest concentration corresponds to zero concentration of drugs 
plotted for convenience on a logarithmic scaie 4 t h  an arûitrary *en d u e .  



Some data from the Experiment shown in Fig. 5.2 were used to constnict a median 

effe* plot, presented in Fig 5.3. Absorbantes that did not fit linear equations (black 

symbols in Fig. 5 -3) as weil as absorbantes higher than the blank were not inchdeci. 

log (Bleomycin 

O Bleomycin 
Dexrazoxane 

Dexrazoxane) 

Fig. 5.3. Median effect plot for the dexrazoxane-bieomycin combination index experiment 
presented in Fig. 5.2. The data represented by solid symbols were not used to construct 
the plot. The plot of dexrazoxane is b o a  identical with Dex/B1= 1.4, also the plot for 
DexlBl= 5.0 and Dex/Bl = 0.2 overiap each other. 

Exclusivity of the drugs could not be evaluated fiom the median effect plot; the 

dopes of regression lines were 0.5 and 1.0 for bleomycin and dexrazoxane, respectively. 

The combination index was caldated using equations for rnuîuaily exciusive (Fig. 5.4, a 

= 0) and mutually nonexclusive drugs (Fig. 5.5, a = 1) in the 0.2-0.54 range of fiaction 

affecteci (the range of experirnental points defining the median &kt plot). 



Fig. 5.4. Plot of combination index against fiaction affecteci for three combinatons of 
d m x a n e  and bleomycin added simuhaneously. The combination index was caldateci 
for a = 0. 

An antagonistic effect (CI > 1) between dexrazoxane and bleomycin was indicated 

up tof.= 0.34 for Dex/Bl = 1.4 (equipotent ratio), and up tof. = 0.4 for Dex/Bl= 5.0 and 

0.2. At higher ranges of M o n  affecteci the interaction of these dmgs was synergistic (CI 



F i  5.5. Plot of combination index against M o n  affecteci for three combinations of 
dexrazoxane and bleomycin added simuitaneously. Combination index was calculafed for 
a= 1. 

When the equation for rnutually nonexclusive dmgs was used, antagonism (CI > 

1) between dexrazoxane and bleomycin was obsewed up to fa = 0.45 for the equipotent 

ratio m l =  1.4, up tof. = 0.51 and 0.42 for DadB1 = 5 and M l =  0.2, respectively. 

Above these values, dexrazoxane and bleomycui showed synergy (CI < 1). 

In the second combination index Experirnent, dexfiu13xane was added 18 h More 

bleomycin and both dmgs were inaibated another 72 h. The 18 h preincubation aliowed 

dexrazoxane to hydrolyse to its metal chelating forms. The results of this Experiment are 

preseated in Fig. 5.6. 



Bleomycin + Dexrazoxane, p.M 

Fig. 5.6. Combination index experiment for bleomycin and dexramxane with 18 h 
prehcubation of dexrau,xaaee. Chinese hamster ovary cells were incubateci with both 
dmgs for 72 h. The points represent absorbante means SD fiom six repetitions at each 
wncentration The lines represent the non-linear least squares fit of  the experimental data 
to a four-parameter logistic equation. The lowest concentration corresponds to the zero 
concentration of h g s  plotted for wnvenieme on a logarithmic scale with an arbitrary 
given d u e .  

The median & i  plot for the Experiment in Fig.5.6 is presented in Fig. 5.7. The 

dope of the bleomycin plot was 1.5 and the dexraz~xane plot was 1 -9. The linear median 

effect plots were not pardel to each other so exclusivity of the dmgs couid not be 



log (FBleomycin + 

Dexrazoxane 
A Dex/Bl= 1.40 

Dex/BI=5.00 
Dex/BI=0.20 

Fig. 5.7. Median effect plot for the demazoxanebleornycin combination index arperiment 
presented in Fig. 5.6. Data in solid symbols were not used to determine the hear 
parameters of the median &éct plots. 

The combination index was calcuiated using equations for muhially exclusive (Fig. 

5.8, a = 0) and mutudy non-exclusive dmgs (Kg. 5.9, a = 1) for the 0.2-0.6 range of 

hction affected (the range of experimentai data defining the median &ect plot). 



Fig. 5.8. Plot of combination index against hction affected for three comb'uliitions of 
dexrazoxane and bleomycin with 18 h preincubation of daaau>xane. Combination index 
was caidated for a = 0. 

Fig. 5.9. Plot of combination index against t'raction affecteci for three combinations of 
dexrazoxane and bleomycin with 18 h preincubation of dexrazoxane. Combination index 
was caicuIated for a = 1 .  



The mrnbinaîion index calculatecf for a = O and a = 1 was less than one for al1 

three ratios, over the considerd range of fiaction affected (0.2-0.6)- These combination 

index values indîcate that 18 h preincubation of the cells with daaazoxane before the 

addition of bleomycin, causeci a synergistic cytotoxic &ect toward Chinese hamster ovary 

ceiis. The ranges of wmbination index values with correspondingf. are given in Table 5.1. 



Table 5.1. Values of combination index (CI) and corresponding ranges of fraction affected Va) for two bleomycin-dexrazoxane 
combination index experiments'. 

Ratio 

Effec 
t 

5.0 

Ant Syn Ant Syn Ant 

1 ,go- 
1 ,O 
0.20- 
0.45 

Ant Syn Ant Syn 

a The combination index was calculated with two equations for a = O and a = 1 for three ratios of dexrazoxane to bleomycin 
1.4, 5.0 and 0.2. The value of CI = 1.0 is a crossing point between synergy and antagonism; thus it is not recoyriised as 
additivity effect 
b Ant and Syn mean antagonism and synergy, respectively 
' Combination indexes calculated for experiment with drug added simultaneously 
Combination indexes calculated for experiment with 18 h time gap between dexrazoxane and bleomycin 
Fraction affected corresponding to combination indexes above 



5.3.2. Results from the envdope of  additivity method for the deurrzounc-bkomycin 

experimen ts 

The envelope of additivity method was used with the expehental data presented 

in Fig- 5.10. Chinese hamster ovary cefi were exposed to bleomycin, dexrazoxane and 

bleomycin with Gxed doses of dexrazoxane. Dexrazoxane was preincubated with the c d s  

for 18 h before bleomycin was addeci. The inaibation with both dmgs was continued for 

another 72 h 

A Bl + 1.0 @f De- IC jO = 3.3 * 0.7 PM 
v B I + 2 . 0 ~ D e x I C 5 0 = 3 . 4 ~ l . 0 ~  

0 B 1 + 3 . 0 @ d ~ I C j 0 = 3 . 3 * 0 . 5  

0 BI + 4.0 IC, = 2.2 * 0.6 pM 

-- 

Fig. 5.10. Envelope of additivity experiment for dexrazoxane and bleomycin. Chinese 
hamster ovary ceUs were incubateci with both dmgs for 72 h. Dexrazoxane was added 18 
h before bleomycin- The points represent absorbante means * SD fkom six repetitioos at 
each concentration. The Lioes represent the non-linear least squares fit of the experimenta 
&ta to a fm-parameter logistic equation The lowest concentration corresponds to zero 
concentration of dmgs ploned for convenience on a logarithmic d e  with an arbitrary 
given value. 



Based on the Experirnent presented in Fig. 5.1 0, the envelope of additivity was 

constmcted for 50% effect (Fig. 5.11). The obtained combination of doses are given in 

Table 5.2. 

Fig. 5.11. Envelope of additivity for bleomycin and dexrau,xane constructexi for 500/o 
effect. The solid line to the l& was calculatecl by mode I, the solid line to the right was 
cdculated by mode IIa and the dotted line represents caldation by mode IIb. The four 
points (m) represea the concentrations of bleomycin and dexrauxane that produce 50% 
effèct when used as a mixhire. The coordinates of the points (dexrazoxane; bleomycin) 
starting f?om the lefi are as foilows: (1.0 @f 6.7 pM), (2.0 pM: 5.3 m, (3.0 pM: 2.7 
pM), (4.0 jdkt 1 -5 pM). 



Tabk 5.2 Calculateci doses of bleomycin that in wmbination with dewau>xane produce 
50% effect. 

6.7 S p a  
5.3 syn 
2.7 ~d~ 
1.5 S m  

Three daaazoxane : bleomycin points (1.0 pM: 6.7 pM), (3.0 pikt 2.7 IiM) and (4.0 pM: 

1.5 pM) that produce a 50% effkct, feu to the Ieft of envelope of additivity, indicating 

synergy (Fig. 5.1 1 and Table5 -2). The (2.0 pM: 5 -3 )iM) point is h i d e  the envelope, 

indicating additivity of the eEe*s. 

533. Results fmm the mponse surface method for the derrrzar~ncbleomycin 

erperiments 

The wmbination index (Fig. 5.2 and 5.6) and envelope of additivity Experiments 

(Fig. 5.10) were also analysed by the response surface method. The equation (5.1) was 

used for cdculations. The meaning of the variables is given in Chapter Ill, Section 3.2.4.3. 



The best fit pafameten obtained for three bleomycindexrazoxane Experiments are 

given in Table 5.3. 

TaMe 5.3. Best fit parameter estimates SEM obtained Eom fining the bleomycin- 
de~a~oxane experimental data to equation (5.1) for three different single eXpenments. 

Ex@- a' * 1C30.m * I C ~ O ~  * 
ment SEM SEM SEM SEM SEM 

CI*' -0.1 16 * 3.349 * 5.210 * -0.809 -1.276 
0.256 0.678 1.141 0.1 11 0,229 

cl-expb 3.151* 8.825* 5.603* -0.803* -1.4051 
18 h 2.413 2.29 1 1.173 0.098 0.205 

Env-expC 0.961 * 5.854 2.934 * -0.882 * -1.615 * 
18 h 0.363 0.697 0.252 0.063 O. 209 

E .  * B* 
SEM SEM 

' 72 h combinaiion index experiment where dmgs were added simultaneously. 
72 h combination index experiment where demoxane was added 18 h before 

bleomycin 
72 h envelope of additivity experiment where dexrazoxane was added 18 h before 

bleomycin, these parameters were obtained when E, was constrained to 0.82 and 50 pM 
data were omittd. 

Based on the best fit parameten fiom Table 5.3, the theoretical e f f i s  were 

calculateci as descn'bed in Chapter III, Section 3 -2.4.3. The theoretical data calcuhed with 

the bisedon root finder (lines in Fig. 5.1 2, 5.1 3 and 5.1 4), showed go& agreement with 

measured data (symbols) for each experiment. 



Bleomycin 

Dexrazoxane 

Dex/Bl= 1.4 

Dex/lBl= 5.0 

Dex/BI = 0.2 

0.0 1 o. 10 1.00 10.00 100.00 

Bleomycin + Dexrazoxane, pM 

Fig. 5.12. Evaiuation of the results h m  the response surnice method used for the 
dexrazoxane and bleomycin combination index experiment. The n o d s e d  measured 
(symbols) and calculated (lines) effects are plotted. The effects were calculated based on 
the seven parameters given in Table 5.3. The lowest concentdon values correspond to 
zero concentration of dmgs (control values). The experimentd data fkom the 72 h 
comb' ion  index experimeat without preincubation with dexrazoxane are presented in 
Fig.5.2. 



Bleomy cin 

Dexrazoxane 

DedB1 = 1.4 

DedB1 = 5 .O 

Dex/BI = 0.2 

Bleomycin + Dexrazoxane, pM 

Fig. 5.13. Evaluation of the r d t s  from the response Surface method used for the 
dexrau>wne and bleomycin cornbinaiion index expairnent The normalised measured 
(symbols) and calculateil (lines) effixts are plotted. The effkts were caidated based on 
the seven parameters given in Table 5.3. The lowest concentration values correspond to 
zero concentration of h g s  (control values). The experimental data &om the 72 h 
combinafion index expriment with 18 h preincubation of dexrazoxane are presented in 
Fig. 5.6. 



0 Bleomycin 
1.2 1 

Dexrazoxane 

A B l + L O W D e x  

V BI +2.0 WDex 

O B l + 3 . 0 j M D e x  

0 BI +4.0 p.M Dex 

8 0.4 - 
Z 

Bleomycin or Dexrazoxane, ph4 

Fig. 5.14. Evaluation of the results nom the response d c e  method used for the 
dawzoxane and bleomycin envelope of additivity experiment. The normaliseci measured 
(symbols) and caiculafed (lines) effects are plotted. The effécts were dadateci based on 
the =en parameters given in Table 5.3. The best fit parameters were obtained when the 
100 pM data were omitted and E.,- was constrained below 0.82. The lowest 
concentration values correspond to zero concentration of  dnigs (coutrol vdues). The 
expriment is the 72 h envelope of additivity experiment with 18 h prelicubation of 
dexrazoxane presented in Fig. 5.10. 

The interaction index, a', for the combination index Experiment without 

preùicubation with dexrazoxane was - 0.1 16 * 0.256. Due to the large value of SEM, the 

value of a' is not Merent fiom zero which indicates an additive effw of dewazoxane and 

bleomycin when added sirnultaneously. The interaction index, a', for the combination 

index Experiment with 18 h preinaibation of dexrazoxane was 3.1 5 1 2.4 1 3; for the 



envelope of additivity data with 18 h preincubation of dexrazoxane a' was 0.96 1 0.363. 

The positive value of a' indicates that the efféct of dscrazoxane and bleomycin was 

synergistic when cells were prehcubated with dexrazoxane for 18 h before bleomycin was 

added. 

53.4. Results fmm the dope cornparison method for the deu4zolane-bleomycin 

experiments 

The m e n t  for evafuation using the dope cornparison rnethod was desigaed 

to obtain 48 h dose-response curves for dacrazoxane and dexrazoxane with fixeci doses of 

bleomycin. The 48 h median inhi'b'iory concentration of bleomycin was = 226.8 * 
27.0 pM (three-parameter fit). Dexrazoxane was added 1 h before bleomycin. The redts 

of the Experiment are presented in Fig. 5.15. A log-log seale was us& to obtain Enear 

dose-response curves. 



0 Demoxane 
Dex+10pMBI 

A Dex+20pMBl 
V Dex+50 *BI 
O Dex+lOOpMBI 
0 Dex + 200 p M  B1 
0 Dex + 500 pM B1 

Dexrazoxane, FM 

Fig. 5.15. Slope cornparison experiment for dexrazoxaue and bleomycin. The 48 h 
inbibitory &kt of dexrazoxane and dexfaz~xane with fixeci doses of bleomycin on 
Chinese hamster o v q  cells is presented in log-log d e .  The symbols represent the meam 
of absorbame * SD corn three repetitions. Dexrazoxane with LOO pM bleomycin was not 
repeaîed. The lowest concentrations correspond to control d e s  with zero concentration 
of drugs. The second control vahie is the &ect of bleomycin aione (this wntrol is for 
dexrazoxane with fixecl doses of bleomycia). 

The dope of the linear dexrazoxane dose-response m e  was compared with those 

of de~atoxane with fiexi doses of bleomycin The regession parameters and results of 

the Student t-test are preseated in Table 5.4. The dopes were considered Mféent when P 

< 0.05. A list of the variables used in the f-test is given in Chapter III, Section 3 -3 -4. 



TaMe 5.4. Slope cornparison of dexrazoxane and dexrazoxane with fxed doses of 
blmmycin iinear dose-response ames presented in Fig. 5-15'. 

Parameters Doses of Bleomych, pM 

a SEM 4.068 -0,1172 
* * 

0-010 0,008 

b SEM 
-0.067 -0.061 
f * 

AU dopes of dexraroxane with k e d  doses of bleomycin were not s ign indy  diffkrent 
Eorn the dexrazoxane alone 

The dope values as a bction of bleomycin concentrations are presented in Fig. 

5.16. 



Fig. 5.16. Slopes obtained fkom the dexrazoxane-bleomycin dope method experiment. 
The slopes of linear dose-respoose m e s  are plotted against concentrations of bleomycin. 
The dope of dexrazoxane aione was not different from the dewazoxane with k e d  doses 
of bleomycin. The m o r  bars represent SEM. 

None of the slopes of dexrazoxane with fixed doses of bleomycin Mered f?om 

dexrazoxane alone. AU the linear dose-response a m e s  were parailel to the dswzoxane 

dose-response curve. The 48 h &êct of dexrazoxane and bleornycin was additive when 

celis were prehbated with dexrazoxane for 1 h prior to the addition of bleomycin. 

5.33. Resdts from the cytotoricity expehent  for the combination of ADR-925 with 

bleomycin 

The effects of 72 h exposure of bleomycin alone and bleomycin with fked doses of 

ADR-925 were sîudied on Chinese hamster ovary ceils (Fig. 5.17). The cells were 

preincubated with ADR-925 for 18 h More bleomycin was added. in Fig. 5.18, the 

cytotoxicity effe* of ADR-925 on Chinese hamster ovary ceUs is presaited. in Fig 5.19, 



the median inhibitory concenirations of bleomycin and bleomycin with £ked doses of 

ADR-925 obtained fiom the Experiment presented in Fig. 5.17 are plotted against the 

.MIR-925 doses. 

Fig. 5.17. Effect of ADR-925 on 72 h cytotoxicity of bleomycin toward Chinese hamster 
ovary &S. The symbols represent means ofabsorbance SD f?om six repetitions of each 
concentration The cells were preincubated for 18 h with ADR-925 before bleomycin was 
added. The Lines represent the non-linear best fit ofexperhental data to a four-parameter 
logistic equation The ICso d u e s  SEM were obtained as parameters of the logistic M. 
The lowest concentrations correspond to zero concentration of the drugs. The second 
values of the dose-response awes for bleomycin with ADR-925 correspond to 
concentration of ADR-925 without bleomycin 

E 0.6 - C: 

$: 
a 
\ 
O m 
d 
a, 0.4 - 
: 
L 
9 * 0.2 - 

* BI + 50 ph4 ADR-925, IC, = 4.9 * 0.7 pM 

V BI + 1 0 0  pM ADR-925, IC, = 4.4 * 0.3 
O BI + 200 pM ADR-925, IC, = 4.7 * 0.5 pJM 

0 BI + 500 p M  ADR-925, IC, = 6.5 * 0.8 pM 



Fig. 5.18. Effect of 72 h -sure of Chinese hamster ovary ceils to ADR-925. The error 
bars represent SEM. 

The median inhiiitory concentridon for bleomycin alone was 4.6 * 0.5 pM. The 

median hhi'bitory concentrations for bleomycin wmbined with the h e d  doses of ADR- 

925 were as foilows: 20 jM ADR-925: 4.1 * 0.5 phA, 50 pM ADR-925: 4.9 * 0.7 @f, 

925: 6.5 * 0.8. As shown in Fig. 5.18, ADR-925 does not have cytotoxïc &ect toward 

Chinese hamster ovary ceUs even at a concentration of 500 ph t  The regression üne of 

ICw plotted against wucentdons of ADR-925 in Fig. 5.19 ha9 a positive dope of 0.004 

0.001. Considering the slight increase of the dope and the magnitude of the ICmB1 

standard mors, ADR-925 does wt have an &ect on bleomycin cyiotoxicity. 



Fg. 5.19. E E i  of ADR-925 on the median inhibitory concentration of bleomycin. The 
ploned agahst concentration of ADR-925 data were Gned hto hear equation: 

AIwa5o = a + b DADR-SI~~, where a = 4.3 * 0.2, b = 0.004 * 0.001 pM, Alma0 is an 
absohance at 490-650 nm and is a concentration of ADR-925. The error bars are 
SEM, 

5.3.6. Combined results fmm the combination indu, envelope of additivity, 

rrsponse sudace and dope cornparison methmis for the dexrwuntbleomycin 

The resuits obtained from aii evaluating methods for dexrarroxane combined with 

bleomycin are presented in Table 5 -5.  



Table 5.5. Effect of combination of dexrazoxane with bleomycin evaluated with different methods. 

Dexrazoxane with Bleomvcin 
Combination Index" 

I 

Exp. 1' Ant Ant Ant 
(0.33)' (0.40) (0.40) 

syn S Y ~  syn 

~ x p 2 ~  Syn Syn Syn 

Ant Ant Ant 
(0.45) (0.50) (0.42) 
Syn Syn Syn 

for 50% effect 
Dex Dex Dex Dex 
1.0 2,O 3.0 4,O 
FM pM FM pM 

Res. Surfacec 

CI Env, 

Ad 

Syn Syn 

' The combination index method was used to evaluate the results of 72 h exposure of the cells to dexrazoxane and bleornycin in 
three concentration ratios DedB1 = 1.4, 5.0 and 0.2; the equations with u = O and 1 were used 
~ h e  envelope of additivity was used to evaluate the results of 72 h ce11 exposure to the drugs with 20 min preincubation to four 

different concentrations of dexrazoxane (Dex) 
' The response surface method was used with combination index (CI) and envelope of additivity (Env.) experimental data 
' The dope method was used for 48 h exposure of cells to the drugs with 1 h preincubation with dexrazoxane 
' Experiment where drugs were added simultaneously 
' Experiments where dexrazoxane was added 18 or 1 h (dope) before bleomycin 

Value of fraction affected fiom the range 0.20-0.54, where CI a1 .O (the crossing point between antagonism and synergy) 



5.4. Conclusions 

Synergy, antagonism and additivity were observed between dexrazoxane and 

bleomycin depending on experimental design (Table 5.5). Antagonism was demonstrateci 

when the dmgs were supplied sirnuitaneously and the combmation index was us& to 

detennine the effkct. The drugs showed antagonian for lower and synergy for higher 

ranges of h d o n  affeaed (Figs. 5.4, 5.5, Tables 5.1 and 5 -6) for ail three ratios and both 

equations (a = O or 1). When the cek were preincubated with dexrazoxane for 18 h 

More bleomycin was added, the combiaation index was less than one for ail ratios and 

both combination index equations (Figs.5.8, 5.9, Tables 5.1 and 5.6); thus, synergy was 

indicated. The envelope of additkïty Experimerit kvolving an 18 h preincubation of 

dexrazoxane also showed synergy (Fig. 5.1 1,  Tables 5.2 and 5.6). When Greco's method 

was use& additivity was seen for the Experiment without preincubation, and synergy for 

the Experiments with preincubation of dexrazoxane (Tables 5.3 and 5.6). No interaction 

between dexrazoxane and bleomycin was observed in the 48 h Experiment with 1 h 

preincubation of dexrazoxane 'evaluated by the slope wmparison method. The 

dexrazoxane linear dose-response m e  was pardel to that of de~azoxane with nxed 

doses of bleomycin. The e f f i  of the dmgs was additive (Tables 5.5, 5.6 and Fig. 5.16). 

When dexfazoxane was preincubated with the ceils for 18 h before bleomycin was 

deiivered, ali methods indicated that the interaction was syiiergistic. When both drugs 

were added simultaneously, or when preincubation with dexrazoxane was short (20 min or 

1 h), both the respoflse surfiice and slope cornparison methods showed the effects of 72 

and 48 h exposure to the h g s  to be additive. When the combination index method was 



used to evaluate the effects of dexrazoxane and bleomycin added simultaneously, the 

calculated results of dmg interaction were antagonism or synergy, depending on the 

concentration of the combination, 

ADR-925 did not have cytotoxic &&ct on Chinese hamster ovary celis (Fig. 5.18). 

When ADR-925 was used Li combination with bleomycin, it showed no effect on 

bleomycin cytotoxïcity (Figs. 5.1 7 and 5.1 9). 

Iron is considered to be a cofhctor of bleomycin antitumor activity [l]. Although 

some studies show that iron chelators are able to inhibit bleornych activity 111, 131, 

Lyman found that iron chelators had no &kt on bleomycin cytotoxicity [9]. Dacrazoxane 

is able to remove iron from bleomycin-iron complexes [4]. The r e d t s  of synergy and 

additkity obtained in this study suggest that dexrazoxane does not trap ail available iron 

for bleomycin. Other b o n  which d e t e d e  bleomycin cytotoxicity, such as permeability 

of the plasma membrane or ce1 cycle sensitivity [5] ,  rnay also be aitered by the presence of 

dexrazoxane and bleomycin. 
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6. Evdurtion of the methods for dmg interaction studies 

The combination index, envelope of additivity, response d a c e  and dope 

cornparison methods were used in this thesis work to test interaction of dexrazoxane with 

some anticancer drugs. The following are some comments about these methods. 

The median effect plot is a part of the combination index method. Not al1 

experimental data couid be used to create the plot. Data with higher effect than the control 

and those which did not fit the hear median effect plot could not be used. Practically, 

only a few points defined the plots thus the calculations of the combination index were 

dependent on accuracy of these few data. The combination index is different for mutually 

exclusive and mutually not exclusive dmgs. The exclusivity of  dexrazoxane with 

mafosfamide, 5-fluorouracil or bleomycin could not be defined. This resulted in two sets 

of combination indexes for each drug ratios. The combination index could be cdculated 

for the effects in the range of the effect of the dmg with lower efficacy cg. dexrazoxane 

when combined with mafosfamide. The combination index method tests the wide range of 

drug concentrations and is independent of the shape of dose-response curves. 

The envelope of additivity method tests interaction of combined dmgs where one 

is in a fixed dose and the other is in wide concentration range. The fixed doses of one dmg 

are limited to these producing the effects falling in the range of the second drug effect. 

They also cannot produce the effect higher than effect for planned envelope. This method 

is easier to interpret than the combination index method but it tests only a few doses. 

The response surface method is Iimited to the logistic dose-response curves. 

Fortunately, logistic mode1 fits al1 experimentd data in this thesis work. When the method 



was used there were some difiailaes obtaining a good fittiog results for two drugs with 

different efficacy and it was not possible for drugs with very low kill. The interaction 

parameter calculated in this method defined synergy, antagonism or additivity for the 

whole set of tested data. The response sufiace method dehed oniy one effect of 

interaction for two dmgs thus it does not recognise different effect of drug interactions for 

diflerent concentration ratios. 

The slope rnethod was developed in our laboratory by Dr. Brian Hasinoff for 

testing dexrazoxane with anticamer drugs in 48 h cytotoxicity experiment. The method 

requires that the effect-concentration data for one of the drugs fit a linear equation. In this 

method a few doses of a drug with a non-linear dose-response curve are tested for 

interaction with the second drug used over a wide range of concentrations. The results of 

the rnethod are simple to interpret based on the changes in the value of the slopes. 
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