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ABSTRACT. A method to evaluate interactions between biologically active agents is presented. Synergism, 
zero interaction, :and antagonism were easily detected with the three-dimensional approach proposed herein. 

This method is compatible with a checkerboard design to diagnose the interaction between agents and obviate 
the need to test their mixtures in a fixed concentration ratio as proposed by Chou and Talalay. Dose-response 
curves for individual agents were obtained, and experimental data fitted to appropriate equations by nonlinear 

regression. If zero interaction was present, the predicted effect could be calculated for each combination using 
the classical isobale equation with any spreadsheet having a command to solve mathematical equations by 
iteration. This allowed the selection of appropriate concentrations for the combination of two or more agents. 
Interaction between agents could be assessed in two ways: by comparing experimental with expected effects, if 
zero interaction is present; or by analyzing the reduction or increase in total dose found as a consequence of the 
interaction. The applicability of both approaches is discussed and, for purposes of comparison with other 
methods, examples based on published data are analyzed and commented upon. BIOCHEM PHARMACOL 51;5:635- 

644, 1996. 
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The study of the presence, type, and degree of interaction 
between biologically active agents is highly relevant to many 
research areas, including pharmacology, immunology, toxicol- 
ogy, physiology, and the environmental sciences. Combina- 
tion chemotherapy, for example, has proved useful in the 
treatment of cancer, cardiovascular diseases, and bacterial or 
viral infections. In addition, many biological processes are 
known to require the simultaneous action of two or more 
interacting agents to produce an effect. A variety of methods 
aimed at the study of the interaction of drugs in combination 
have been designed. These methods often give discordant re- 
sults when applied to the same data, even to the point that a 
combination may appear as synergistic if one method is used and 
antagonistic if another is employed. The coexistence of several 
methods does not mean that they are equally valid. Some base 
their calculations on assumptions regarding the shape of individ- 
ual dose-response curves, thereby implying the mechanism of 
action of the agents in questicn (for a review see ref. [l]). 

The construction of isoboles (i.e. isoeffective-curves) is a 
classic procedure for the analysis of interactions between 
agents [Z]. The isobole method has been used for the evalua- 
tion of synergism or antagonism in many fields. It requires 
experimental data for agents used alone and in different dose 
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combinations at equieffective levels. These data are plotted on 
an isoeffective graph with axes representing the doses of each 
agent. If two given agents do not interact, the line joining the 
point corresponding to the combination with those on the 
axes representing doses isoeffective with the combination will 
be a straight line [3]. Wh en agents in combination are more 
effective than what might be expected from their dose-re- 
sponse curves (synergy), smaller amounts will be needed to 
produce the effect under consideration, and a concave-up 
isobole results. On the other hand, when agents in combina- 
tion are less effective than expected (antagonism), greater 
doses than expected will be needed to produce the same effect, 
and a concave-down isobole is generated. 

The construction of isobolograms has several disadvantages. 
Finding a combination of drugs that would produce a given 
effect is often a laborious task. In addition, isobolograms can 
only be used to evaluate interactions at this effect level. More- 
over, the type and extent of the interaction may be dose- 
dependent; a combination of two compounds may act syner- 
gistically within one dose range while showing antagonism 
within another. All these questions are indeed a reflection of 
the fact that the interaction between two agents is a three- 
dimensional problem. The effect of the combination (z axis) 
depends on the concentration of individual agents (x and y 
axes). Isobolograms are used to plot portions of the three- 
dimensional surface describing the effect of combination of 
two agents. In fact, it is theoretically possible to fit experi- 
mental data to mathematical functions describing the dose- 
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response surface. Isoboles could then be calculated for any d,). In the case of agents that, if used alone, are without effect 

effect level [4]. This method, however, requires the use of a over a large dose-response range but may alter the effectiveness 
large number of data so that a representative surface is ob- of other agents, D, = m and its expression can he eliminated 

tained; otherwise, artifacts may result. from this equation [3, 41. 

Many other methods have been proposed to analyze inter- 
action between agents. Two have become very popular in 

recent years: the method of Chou and Talalay [5], based on the 
median effect principle, and that proposed by Prichard and 
Shipman [6], which uses the fractional product of Webb. We 

report here a method to evaluate interactions between biolog- 

ically active agents, which can be applied to many fields. A 
comparison with other methods, using practical examples 

based on published data, is presented. 

Equation (I) can be easily extended to n agents: 

n d. c ‘=l 
i=l Di 

(i=1,2,3 ,..., n). 

Berenbaum [l] has shown that the expected effect of a com- 

bination, when zero interaction takes place, can be estimated 
graphically by finding the doses for each agent (D,, D,, D,, . . , 
0,) that are isoeffective with the combination (E(D,) = E(D,) 
= E(D,) . . . = E(D,) = E(d, + d, + d, + . . . + d,)) and satisfy 
equation (2). Another possibility is to find these values math- 
ematically by fitting individual dose-response curves for each 
agent to a monotonic function. When all dose-response curves 
of individual agents of a combination are simple equations 
(e.g. linear or simple exponential), the expected effect of the 

combination can be explicitly obtained from equation (2) [I, 
91. However, for more complex equations or when dose-re- 
sponse curves of individual agents are dissimilar, implicit equa- 

tions have to be solved by iteration. For example, if the dose- 

response curves of two agents can be described by the median 
effect equation described by Chou and Talalay [5] (see equa- 

tion (5) below), the dosis of each agent that produces some 
determined fractional effect (E) can be calculated as 

MATERIALS AND METHODS 

Synergy, zero interaction, or antagonism were evaluated in two 
different ways using the classical isobole equation as shown in 
Results. For the sake of clarity, we will follow the nomencla- 
ture proposed by Berenbaum to evaluate interactions between 
agents [l]: zero interaction if the effect of the combination is 

that expected from the dose-response curves of the agents; 

synergy if the effect is greater than expected; and antagonism 
if less than expected. The expected effect of a combination 

was calculated by iteration from dose-response curves of indi- 
vidual agents using the Microsoft@ Excel spreadsheet, as ex- 
plained in Results. Although this program has a specific com- 

mand to solve any equation directly by iteration, a macro sheet 
was created to speed up calculations of the expected effects of 
combinations arranged in a checkerboard design. 

For comparative purposes, interaction between agents was 
also evaluated using the fractional product of Webb [7]. In this 

case, the expected effect of a combination of two inhibitors 
was calculated as 

El,, = E, + E, - E, . E,, 

where E, is the fractional inhibition produced by drug 1, E, is 

the fractional inhibition produced by drug 2, and E,,, is the 
fractional inhibition produced by the combination of the two. 

Curve fitting of individual dose-response curves was ob- 
tained by unweighted nonlinear regression using commercially 
available software [8], unless otherwise stated. 

RESULTS 
Expected Effect of a Combination 

Although classical isobologram analysis diagnoses zero inter- 
action, synergy, or antagonism without reference to the ex- 
pected effect of a combination, this method allows these pa- 
rameters to be estimated. The equation for the zero interaction 
line for two agents is: 

(1) 

D, and D, being the doses of agents 1 and 2 that would 
individually produce the same effect as the combination (d, + 

(3) 

After substitution on equation (2), we have 

4 

The expected effect E caused by d, and d, used in combi- 
nation cannot be obtained directly from this expression. How- 
ever, it could be easily calculated with any spreadsheet having 
a command to solve mathematical equations by iteration. 
Since equation (2) is valid irrespective of the shape of the 
agent’s dose-response curves, the expected effect of a combi- 
nation with any number of agents can be easily calculated by 
this method. 

Curve Fitting of the Indiwidud Dose-Response Curves 

The isobologram technique requires the estimation of doses of 
each agent that produce the same effect as the combination. 
This estimation is usually achieved by fitting individual dose- 
response curves to a mathematical function and from this 
equation calculating the concentration of each agent that pro- 
duces a given effect. As pointed out by several authors, there 
is no general equation that could be used to fit all dose-re- 
sponse curves, because the shape of the curve depends on the 
mechanism of action of the inhibitor [4, 10, Ill. However, in 
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many cases an equation can be found that fits experimental 
data. For example, many reversible inhibitors show dose-re- 
sponse curves of hyperbolic or sigmoidal form. Chou and Ta- 
lalay [5] have shown that several of these curves can be fitted 
using the so-called “median effect equation,” which states that 

where D is the dose, E the framrtion of the system affected by 
the dose D (fa in the original article), D, the dose required to 
produce the median effect analogous to I(&, ED,,, or LD,, 
values, and m is a coefficient indicating the sigmoidicity of the 
dose-effect curve [5]. This equation can be linearized by taking 
the logarithms on both sides, 

log = m + log(D) - m. log(D,), 

showing that a graph with log (D) on the abscissa against log 
(E/l - E) on the ordinate will be a straight line with slope m 
and intercept log(D,) on the dose axis. This equation is usu- 
ally presented in an equivalent form as 

log[(E)-’ - 11-l = m 1 log(D) - m. log@,,,). (7) 

Estimation of these parameters by the linearized version of 
this equation, though widely used, is not the best way to obtain 
these values. Figure 1 shows that simple linear regression is not 
applicable for the analysis of :juch data because this transfor- 
mation distorts error distribution. It is not surprising that sev- 
eral authors have found that estimation of synergy by the 
method proposed by Chou and Talalay [5] often shows a great 
deal of variance, particularly on both ends of the curve [12, 
131. If linear regression is to be employed to analyze the data, 
it is necessary to apply appropriate weighting to compensate 
for the distorted error distribution. A related problem is found 
in the estimation of kinetic parameters of reactions following 
a Michaelis-Menten mechanism [14]. 

Nonlinear regression of th.e original data is an approach 
with a wider applicability than the use of complex weighting 
functions for linear regression of rearranged data. Nonlinear 
parameter estimation can be performed with the help of com- 
mercial easy-to-handle software without perturbing the error 
distribution of the data. From equation (5) we can obtain 

1 
E= 

l+ $ 
( 1 

m 

a suitable form for nonlinear regression once experimental 
data have been obtained. 

An additional drawback of the linear transformation pro- 
posed by these authors is that linearization of experimental 
data precludes examination of curve fitting and analysis of the 
form of the curve. Sometimes low linear regression coefficients 
are found, whereas in other cases dose-response curves are 
determined within a narrow range of effects [15, 161. For the 
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FIG. 1. Interaction between ADP and ADP+ribose on the inhi- 
bition of horse liver alcohol dehydrogenase. Interaction was 
assessed as the difference between the measured and expected 
fractional effect for each combination obtained (A) by iteration 
on equation (4) or (B) by the fractional product of Webb. In- 
hibition data were retrieved from Table V of reference [22]. 
Positive values indicate synergy, zero or near zero values indi- 
cate zero interaction, and negative values (columns having 
black bases) indicate antagonism. 

use of isobolographic analysis, it is not sufficient that experi- 
mental data fit equation (7) with a high regression coefficient, 
as suggested by Chou and Talalay. There is no guarantee that 
outside this range real data should follow the median effect 
equation. In our experience, some reversible enzyme inhibitors 
do not behave as expected from equation (8). This equation 
predicts that if D % D, the whole system is affected (E = l), 
whereas if D % D, the system would not be affected at all (E 
= 0). In some cases, complete inhibition is not achieved by any 
dose of the inhibitor. Although most enzyme inhibitors stud- 
ied have been interpreted as full inhibitors, it is likely that in 
many of these cases only partial inhibition could be operating, 
since common plots used to represent kinetic data do not allow 
a clearcut discrimination between them [17]. It should be 
pointed out that this type of inhibition is not detected unless 



a complete dose-response curve within a broad range of con- 

centrations is obtained. 

Other possible causes for this behavior, such as solubility 

problems, antimicrobial or cellular resistance and tolerance 

development, might be elucidated in many research areas; in 

any event, though, curves cannot be described by equation 

(8). For example, as judged by the data obtained by Eron et al. 

[15], the maximal inhibition achievable on HIV+ growth by 

AZT in an AZT-resistant clinical isolate is approximately 

30%. Although these data can hardly be fitted into equation 

(7), the authors show that in the range of concentrations they 

have used, the linear regression coefficient is as high as 0.9. 

Taking into account that the inhibition caused by the com- 

binations of AZT and ddC are within the range of 66%- 

99.8%, doses of AZT that individually would produce such an 

effect obviously cannot be obtained from this equation. Many 

of these curves can be fitted into the more general expression 

where a is the maximum effect achieved with an infinite 

amount of inhibitor [18]. This equation cannot be solved by 

any linear transformation, because three parameters (a, D,, 

and m) have to be estimated; however, these values can be 

easily obtained by nonlinear regression. 

Although we have centered our discussion on inhibitors 

having dose-response curves of sigmoidal shape, some conclu- 

sions can be derived irrespective of the form of the curve. The 

use of nonlinear fitting for other kinds of inhibitors is also 

strongly recommended. Equations related to expression (9) are 

included in the software we have used [8], and other equations 

suitable for nonlinear fitting of experimental data can easily be 

added. It should be stressed that dose-response curves must be 

obtained for the whole possible range. This will lead to the 

correct estimation of doses for any effect level. 

Design of the Combination 
Experiment and Analysis of Data 

To determine the interaction between two or more drugs, five 

steps should be followed: (1) A complete dose-response curve 

for each drug alone within a wide range of concentrations will 

have to be obtained. (2) An appropriate equation to fit inhi- 

bition data of each agent by nonlinear regression should be 

chosen. As pointed out above, there is no universal equation 

applicable to all inh’b’ I ltors. In the examples discussed below, 

equation (8) has been used to fit the data, but in other cases 

different equations should be used. Some authors have ex- 

pressed an overt preference for mechanistic over empirical 

models. However, one should always bear in mind that if the 

model and the data are in conflict, it is the model that must be 

changed. (3) The combination experiment should be designed 

in a checkerboard manner. To select the appropriate combi- 

nations of inhibitors, the expected effect of each combination 

can be calculated. As explained above, individual dose-re- 

sponse equations combined with the isobole equation (equa- 

tion 2) make it possible to obtain the expected effect of each 

combination. For example, with a mix of two inhibitors that 

follow the median effect principle (equation (8)), the ex- 

pected effect of each combination can be obtained by iteration 

from equation (4). Calculations can be done easily with any 

spreadsheet having a command to solve equations by iteration. 

The goal is to determine the expected effect (E) that makes 

the first member of the equation equal to unity. When design- 

ing the experiment, it should be remembered that some con- 

centrations selected to obtain individual dose-response curves 

might not be the most adequate for combination analysis; it is 

clear that mixing inhibitors at very high concentrations will 

not help in diagnosing synergy. (4) The experiment should be 

performed. (5) The interaction between drugs should be ana- 

lyzed. 

There are at least two ways of analyzing interactions be- 

tween two agents. The first is to compare the experimental 

results with the expected effects obtained by iteration. Differ- 

ences can be displayed in a three-dimensional plot where x and 

y axes represent concentrations of each agent, and the z axis is 

the difference between actual and expected effects. Positive 

differences indicate synergy; no interaction is represented by 

zero or near-zero values; and negative values indicate antago, 

nism. Graphical representation can be done in a three-dimen- 

sional plot that allows direct inspection of the results (see Figs. 

IA, 2A, and 3A). If combinations with three or more agents 

are tested, graphical representation will not be possible and 

the results can be tabulated. 

However, synergy may be viewed from another angle more 

related to isobolographic principles. In isobolographic analysis, 

substances do not interact if the effect of the combination 

remains unaltered when a part of one of the constituents is 

replaced by the effect-equivalent dose of the other substance 

[19]. Interaction index (I) is defined as 

i&j (i=1,2,3j.-jn)~ 

I 

(10) 

where d, corresponds to the doses of the individual agents in a 

combination, and Di to the doses of the agents that individ- 

ually would produce the same effect as that caused by the 

combination [3,4]. When I = 1, agents in the combination do 

not interact; if I > 1 the combination is antagonistic; and if I 

< 1 the combination is synergistic. This parameter is equiva- 

lent to the combination index proposed by Chou and Talalay 

for the quantification of interactions between mutually exclu- 

sive drugs [5]. Once individual dose-response curves for each 

inhibitor are fitted to appropriate equations, the interaction 

index can be easily obtained from equation (10) by determin- 

ing the concentration of each separate agent (D,, D,, . . . , D,) 
that gives the same effect as that of the combination (d, + d, 

+ . . . + d,). This index can be plotted in a three-dimensional 

graph as in the preceding method. A drawback to direct plot- 

ting of this parameter is that the resulting graph is highly 
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FIG. 2. Interaction between ADDP and o-phenantroline on the 
inhibition of horse liver alcolhol dehydrogenase. Interaction 
was assessed (A) as the difference between the measured and 
expected fractional effect obtained by iteration on equation 
(4), or (B) by plotting the logarithm of the interaction index 
with its sign changed. The interaction index (I) was obtained 
from each combination using equation (10). Inhibition data 
were retrieved from Table V af Ref. [22]. In both cases positive 
values indicate synergy, zero or near zero values indicate zero 
interaction, and negative values indicate antagonism. 

asymmetric. Synergistic combinations can take values between 
0 and 1, while antagonistic interactions are represented by any 
number between 1 and infinity. This asymmetry is clearly per- 
ceived in the presentation proposed by Chou and Talalay [5], 
one used by many authors. This problem can be minimized by 
plotting not the interaction index itself, but its logarithm, as 
discussed when analyzing specific examples (Figs. 2B and 3B). 
To maintain consistency with the preceding method (i.e. syn- 
ergy above the plane and antagonism below it), it is preferable 
to plot the logarithm of the ,combination index with its sign 
changed. 

Although both methods give similar results for each com- 
bination (synergy, zero interaction, or antagonism), they are 

B 

FIG. 3. Interaction between AZT and carbovir on the inhibi- 
tion of HIV virus replication. Interaction was assessed (A) as 
the difference between measured and expected fractional inhi- 
bition for each combination obtained by iteration on equation 
(4), or (B) by plotting the logarithm of the interaction index for 
each combination with its sign changed. The interaction index 
(I) was obtained from each combination using equation (10). 
In both graphs, positive values indicate synergy, zero or near 
zero values indicate zero interaction, and negative values indi- 
cate antagonism. Inhibition data were retrieved from Table 2 of 
Ref. [23]. The combination of 0.05 pM of AZT with 1 p.M of 
carbovir was not tested by these authors. 

conceptually different. Whereas the first method shows the 
variation of effects found as a consequence of the interaction, 
the second is a reflection of the reduction or increase in total 
dose, taking into account the potency of each agent, as a result 
of this interaction. Unfortunately, most authors claiming a 
synergism or antagonism for the combination of two agents 
show the outcome of the analysis according to a model, pre- 
cluding examination of experimental data. In the next section, 
we will present two examples obtained from articles where 
original data were available and combinations of agents at 
several concentration ratios were tested. 
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Example 1: lnhibition of 
Horse Liver Alcohol Dehydrogenase 

Yonetani and Theorell [20] analyzed the inhibition of horse 
liver alcohol dehydrogenase by three inhibitors that compete 
with NAD’: ADP, ADP-ribose, and o-phenantroline. ADP 
and ADP-ribose are competitive, mutually exclusive inhibi- 
tors, while ADP and o-phenantroline are competitive, mutu- 
ally nonexclusive inhibitors. Individual dose-response curves 
obtained with ADP, ADP-ribose, and o-phenantroline on this 
enzyme are presented in Fig. 4. These three inhibitors closely 
follow the median effect equation in the range of concentra- 
tions analyzed [21]. H owever, there is no experimental evi- 
dence that data fit the curve outside this range. A close in- 
spection of the original data [22] reveals that several combi- 
nations of ADP and o-phenantroline resulted in inhibitions of 
enzyme activity greater than 90%. Estimating the concentra- 
tion of ADP that when taken alone would give this inhibition, 
by extrapolation on the dose-response curve shown in Fig. 4, 
can be misleading. 

Combinations of ADP and ADP-ribose or ADP and 
o-phenantroline were tested in a 5 x 5 checkerboard arrange- 
ment allowing synergy to be estimated. Using the method 
proposed by Chou and Talalay [5], only combinations of two 
inhibitors in a fixed concentration ratio can be used to eval- 
uate interactions between them. For this reason, only five of 
the twenty-five combinations tested are useful if this method 
is followed. However, as explained above, the expected effect 
for each combination can be obtained by iteration by applying 
equation (4). Differences between experimentally measured 
and calculated inhibitions for the combination of ADP and 

0.1 1 10 100 1000 

Concentration (PM) 

FIG. 4. Dose-response curves for the inhibition of horse liver 
alcohol dehydrogenase by ADP, ADP-ribose, and o-phenantro- 
line. Curves were obtained by fitting experimental data to 
equation (8) by unweighted nonlinear regression as explained 
in Materials and Methods. Data for ADP (0) and ADP-ribose 
(0) were retrieved from Table IV of Ref. [22], and inhibition 
caused by o-phenantroline (0) was obtained from Table V of Ref. 
[22]. For ADP D, = 1.657 yM, m = 1.045; for ADPeribose D,,, 
= 156.4 pM, m = 0.9650; and for o-phenantroline D,,, = 36.84 
FM, m = 1.288. 

ADP-ribose are presented in Fig. 1A. As expected from their 
mechanism of action, when two competitive exclusive inhih- 
itors, ADP and ADP-ribose, are combined, zero interaction is 
reflected. A very similar plot was obtained when the interac- 
tion index was calculated and plotted as explained above (data 
not shown). 

However, when these data are analyzed using the fractional 
method of Webb, antagonism for all concentrations is diag- 
nosed (Fig. 1B). This approach has been employed by some 
authors to estimate interaction between agents [6]. Although 
this method gives correct estimates of the inhibition caused by 
a mixture of two mutually nonexclusive inhibitors that follow 
Michaelis-Menten-type hyperbola, it cannot be applied to 
other cases [22]. In fact, analyzing interactions between agents 
with this method can give paradoxical results. A combination 
of an agent with itself could result in synergy, no interaction, 
or antagonism, depending on the doses chosen and the shape 
of the agent’s dose-response curve [I, 41. 

For the combination of ADP and o-phenantroline, two 
competitive, mutually non-exclusive inhibitors, differences 
between experimental and expected effects and interaction 
index (I) are plotted in Fig. 2A and B. Both representations 
indicate marked synergy at any of the concentrations tested, 
but the “optimum” combination (i.e. that producing the max- 
imum synergy) does not coincide. According to the interac- 
tion index, synergy increases as the concentration of ADP and 
o-phenantroline increases, whereas in the other graph maxi- 
mum synergy appears at moderate concentrations of the in- 
hibitors. The reason for this discrepancy is that the informa- 
tion given in the graphs differs. When several agents are mixed 
at high concentrations, the effect for each agent alone is usu- 
ally high, so that the combination of these agents cannot 
result in an inhibition noticeably higher than that observed 
with agents assayed alone. However, the concentrations 
needed to reach a specific inhibition level can be substantially 
decreased. Plotting differences between actual and expected 
effects underestimates synergy at high inhibitor concentra- 
tions. This can lead to the false impression that synergy is 
larger at moderate concentrations of the agents than that ac- 
tually present when they are mixed at high concentrations. 
When the fractional product method is used and differences 
between actual and expected effects are plotted, a more 
marked decrease in synergy with increasing concentrations of 
inhibitors is found (data not shown). 

Using the same data, Chou and Talalay [5] reached different 
conclusions. As the expected effect for the combination of two 
nonexclusive inhibitors is greater than for two mutually ex- 
clusive inhibitors, they reasoned that equation (10) cannot be 
used. Instead they proposed that the combination index (CI) 
for the mixture of two nonexclusive inhibitors may be calcu- 
lated as follows: 

cr=$+~+--# 
1 2 1’2 

(11) 

Using equation (1 l), they found that the combination of 
ADP and o-phenantroline results in moderate antagonism at 
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low inhibition values and marked synergism at high inhibition 
values [5]. This conclusion is misleading, since equation (11) 
predicts zero interaction for the combination of first-order mu- 
tually nonexclusive inhibitors, whereas the interaction of 
these inhibitors, as expected from their mechanism of action, 
is necessarily synergistic [ 11. 

Example 2: Inhibition of Human 
Immunodeficiency Virus Type 1 by Carbovir and AZT 

To evaluate the interaction between carbovir and AZT in the 
inhibition of HIV-1 virus replication in primary human pe- 
ripheral blood mononuclear cells, Smith et al. [23] employed 
combinations of these inhibitors at several ratios of drugs and 
analyzed their interaction with the method proposed by Chou 
and Talalay [5]. Dose-response curves for AZT and carbovir 
were calculated according to the median effect equation and 
are presented in Fig. 5. The presumption that AZT follows the 
median effect equation is not justified, because only four con- 
centrations of this drug were tested, and significant deviations 
from predicted values were detected at low concentrations of 
the drug. These deviations are more clearly seen in the original 
dose-response curve (Fig. 5) than in the linearized form, where 
a high regression coefficient (r := 0.95) is found. Whether these 
deviations are relevant or not cannot be deduced from these 
data, because standard deviations were not presented in the 
original article. 

Assuming that AZT and carbovir follow the median effect 
equation, differences between experimental and expected ef- 
fects obtained by iteration applying equation (4) and interac- 
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FIG. 5. Dose-response curves for the inhibition of HIV-l virus 
replication in primary human peripheral blood mononuclear 
cells by AZT and carbovir. Although these curves are pre- 
sented in the nonlinearized form, for comparative purposes 
their parameters were obtained as in the original article by 
linear transformation according to equation (6), using the 
method proposed by Chou and Talalay [5]. For AZT (0) D, = 
0.000723 PM, m = 0.583; and for carbovir (0) D,,, = 0.104 
PM, m = 0.970. Inhibition data were retrieved from Table 2 of 
Ref. 1231. 

tion index (I) were calculated and represented as before (Fig. 
3A and B). In both cases marked synergism was found for all 
combinations tested. It should be noted that in several com- 
binations the fractional inhibition achieved combining both 
agents exceeded 0.91, the maximal inhibition measured with 
each agent alone. Smith et al. [23] did not calculate combi- 
nation indices when the fraction affected was greater than 
0.98. In fact, combination indices calculated for effects greater 
than 0.91 should be considered provisional until complete 
individual dose-response curves for AZT and carbovir are ob- 
tained. 

As in the preceding case, estimation of synergy by these two 
methods gives different quantitative results. In Fig. 3A, max- 
imum synergy is observed when agents are combined at mod- 
erate concentrations, whereas synergy decreases as concentra- 
tions increase. The opposite is true if the interaction index is 
used to measure synergy (Fig. 3B). In fact, the expected inhi- 
bition for six of the combinations of AZT and carbovir, if zero 
interaction holds, are greater than 90%. As discussed above, 
estimation of synergy as the difference between real and ex- 
pected inhibition underestimates synergy at high concentra- 
tions of inhibitors. Moreover, for combinations having 0.001 
FM of AZT, synergy is overestimated in both cases because 
inhibition obtained from the curve is smaller than the exper- 
imentally measured effect (Fig. 5). 

If the fractional product method is employed to analyze 
these data, modest synergy (~3%) or no interaction is diag- 
nosed for all combinations but two, where moderate antago- 
nism is found (data not shown). As in the preceding case, 
synergy decreases as the concentration of inhibitors increases. 

DISCUSSION 

Since its publication in 1984, the method proposed by Chou 
and Talalay [5] to estimate interaction between agents has 
become popular in many research areas. The method requires 
a relatively small number of data to evaluate interactions be- 
tween agents, and a computer program facilitating the calcu- 
lations is available. However, it has several disadvantages. 
Only agents that alone and in combination have dose-re- 
sponse curves fitting the median effect equation can be used, 
and many inhibitors show dose-response curves that cannot be 
fitted by equation (5). An unfortunate consequence is that 
some authors use this method when data do not follow the 
median effect principle or when data are obtained in a narrow 
range of effects [15, 161. Moreover, although experimental 
data follow equation (5), the linear transformation proposed 
by Chou and Talalay is not the best way to estimate m and D, 
parameters (Fig. 6). Nonlinear regression is a superior means of 
obtaining these values, and allows direct inspection of data as 
depicted in Figs. 4 and 5. Moreover, it permits the use of many 
other equations for fitting experimental data. Another prob- 
lem with the method proposed by Chou and Talalay [5] is that 
inhibitors must be tested in a fixed, arbitrary concentration 
ratio. Some authors, aware of this limitation, test their com- 
pounds at several ratios to obtain representative results. A 
more logical design is to diagnose interaction in a checker- 
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FIG. 6. Distorted error distribution as a consequence of linear-0 
ization of experimental data. A hypothetical dose#response 
curve for an inhibitor that follows the median effect equation is 
shown in (A) original or (B) linearized form. For this inhibitor 
D, = 10, m = 1, and a constant y error is assumed for all data. 
It is clearly shown that linearization asymmetrically distorts 
error distribution, precluding accurate estimation of these pa- 
rameters. 

board manner at several concentrations of both inhibitors, as 

set out in Results. 

It is a matter of considerable controversy whether equation 

(2) fulfills general and valid criteria to estimate synergy be- 

tween biologically active agents. Based on kinetic principles, 

Chou and Talalay [22] have demonstrated that the expected 

effect of combining two nonexclusive enzyme inhibitors is 

greater than that obtained combining two exclusive inhibitors 

at the same concentrations. For this reason they argued that 

although equation (2) is valid for exclusive inhibitors, inter- 

action between two nonexclusive inhibitors must be estimated 

by equation (11). In fact, what they demonstrated is that 

synergy is expected from the interaction between nonexclusive 

inhibitors, but this does not argue against the validity of equa- 

tion (2). As shown by Berenbaum [l], equation ( 11) predicts 

synergy and not zero interaction. Other authors maintain that 

equation (2) is only valid when dose-response curves of indi- 

vidual agents have a linear shape. This interpretation is mis- 

leading in the sense that additivity in isobolographic analysis 

is referred to as additivity of doses and not as additivity of 

effects. In an isobologram we can determine, for a determined 

effect level, if agents in combination are dose-additive, or if 

total doses required, taking into account the relative potency 

of each agent, are smaller (synergy) or greater (antagonism) 

than expected. The effect obtained by iteration in equation 

(2) is the expected one if agents were dose-additive, not effect- 

additive. In fact, no equation can be found that predicts the 

combined effect of two drugs irrespective of the shape of dose- 

response curves of individual agents. Only with a profound 

knowledge of the mechanism of action of the drugs is it some- 

times possible to predict their combined effect. 

In spite of this limitation, many models used to evaluate 

interactions between agents require estimation on the ex- 

petted inhibition of two drugs as if they were effect-additive. 

Experimental data are compared with expected results and the 

interaction diagnosed. Several of these methods are based on 

the fractional product of Webb [7]. Some investigators have 

assumed that if two inhibitors act independently, the expected 

effect of the combination can be calculated by the product of 

their fractional activities. Using this principle, Prichard and 

Shipman [6] have proposed a three-dimensional model that 

allows interactions between agents to be assessed in a check- 

erboard manner. For the combination of a competitive and a 

noncompetitive inhibitor obeying the Michaelis-Menten 

equation, this model predicts zero interaction, while synergy is 

expected from their mechanism of action. Moreover, applica- 

tion of these criteria to the combination of two doses of the 

same compound can give synergy, zero interaction, or antag- 

onism, depending on the shape of its dose#response curve and 

the concentrations chosen [l, 4, 241. This can lead one to 

diagnose antagonism when zero interaction is present, as seen 

above for ADP and ADP-ribose (Fig. 1). Prichard and Ship- 

man [6] suggest that this is a more restrictive criterion to 

evaluate synergy than the utilization of equation (2). Even if 

the fractional product method is a more restrictive criterion, 

which is not always the case, its use is not justified. In some 

cases it would be sufficient if the combination of agents were 

not antagonistic as long as other benefits (e.g. reduction in 

toxicity or better bioavailability) were obtained. 

Another drawback of the method proposed by Prichard and 

Shipman [6] is that interaction is assessed as the difference 

between actual and expected effects. This method was origi- 

nally developed to evaluate interactions in the combination of 

antiviral agents suppressing viral replication. In this case the 

interaction index is a more useful parameter because plotting 

differences between experimental and expected effects under- 

estimates synergy at high inhibitor concentrations. For exam- 

ple, in the fight against HIV infection, several cocktails of 

inhibitors have been assayed to knock out virus replication, 

preventing the development of drug resistance [25]. Some of 

these compounds can, if they are used at sufficiently high 

(sometimes toxic) concentrations, individually effectively 
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block viral replication in oitro. The aim of combining several 

agents is the possibility of reducing the doses of individual 

agents lowering cellular toxiciry and increasing the therapeu- 
tic index, rather than increasing total inhibition [25, 261. In 

other cases, differences between experimental and expected 
effects may be more informative. If this criterion is used to 

evaluate interaction between agents, it should be limited to 

those cases where expected inhibition for the combinations is 

not very high; otherwise, synergy could be underestimated. 
Some methods propose a direct three-dimensional approach 

to the combination of two drugs, fitting experimental data to 

a dose-response surface obtained with the aid of complex 
mathematical functions and sophisticated graphic programs [4, 
6, 9, 271. The dose-response sulfate experimentally obtained is 

then compared with the expected dose-response surface, ob- 
tained according to a model, and the interaction is then eval- 

uated. It is important to keep in mind that the validity of a 

method depends on the validity of the model used to define 
zero interaction for the combination of the agents. In the 

method of Prichard and Shipman [6], zero interaction is de- 

fined by the fractional product of Webb, which, as discussed 
above, could lead to incorrect Iresults. In the method of Greco 

et al. [27], dose-response curves for all agents are supposed to 
follow some strictly predetermined equation, such as the me- 

dian effect equation. As pointed out above, there is no general 
equation that would fit all dose-response curves, because the 

shape of the curve depends on the mechanism of action of the 

inhibitor. In addition, the evaluation of synergy by this ap- 
proach has been found to be in disagreement with that ob- 

tained with the isobole method [lo, 111. 

classical isobole equation. A macro has been written in a 

spreadsheet that allows calculation of the expected effects of 

combinations arranged in a checkerboard design if zero inter- 
action is present. Using this macro, appropriate concentrations 

of individual agents are selected for each combination, allow- 
ing interaction to be diagnosed. If synergy is expected for the 
combination of two or more inhibitors, mixing them at very 

high concentrations would not be useful, since the expected 

effect of the combination would, in fact, be very high. Inter- 

action between agents can be assessed in two ways: by com- 

paring experimental with expected effects if zero interaction is 
present, or by analyzing the reduction or increase in total dose 
found as a consequence of the interaction. Which information 

is more relevant depends on what advantage is expected as a 
result of the interaction between agents. 

We acknowledge the assistance of Rosario Urdaci for aid in preparation of 
the manuscript. 

References 
1. 

2. 

3. 

4. 

5. 

Even in the event that the method employed is well 

founded, the surface fitting of experimental data has several 

disadvantages. Mathematical equations employed for curve fit- 
ting may have up to seven or eight parameters, and the num- 

ber of combinations that must be examined in order to fit a 
dose-response surface rises exponentially with the number of 
parameters [1, 241. If piecewise fitting is used, arbitrary math- 
ematical smoothing has to be applied to the experimental 

dose-response surface, modifying experimental data [4]. In ad- 
ditlon, extension to three or more agents would be very com- 

plex. Rather than use complicated formulae to describe three- 
dimensional surfaces, it is sim.pler and more flexible to use 

curve fitting for each agent alone and then combine them with 

the isobole equation, as explalmed above. In this way, many 
different equations can be used to fit individual dose-response 
curves of individual agents. 

Some conclusions can be derived concerning experimental 
design aimed at evaluating synergy between agents. Dose-re- 
sponse curves for individual agents must be obtained for the 
broadest possible range of effects to obtain a complete dose- 
response curve for each agent. In this article we have centered 
our attention on dose-response curves of sigmoidal shape, but 
many other types exist that can be fitted by nonlinear regres- 
sion using appropriate equations. Once individual dose-re- 
sponse curves are obtained, several concentrations of agents 
can be tested in a checkerboard design. The predicted effect 
for each combination can be calculated by iteration using the 

10. 

Il. 

12. 

13. 

14. 

15. 

Berenbaum MC, What is synergy? Phurmacol Reu 41: 93-141, 
1989. 
Loewe S, The problem of synergism and antagonism of combined 
drugs. Arznei Forsch 3: 285-290, 1953. 
Berenbaum, MC, A method for testing for synergy with any 
number of agents. .I Infect Dis 137: 122-130, 1978. 
Stihnel J, Evaluation of synergism or antagonism for the com- 
bined action of antiviral agents. Antivir Res 13; 23-40, 1990. 
Chou TC and Talalay P, Quantitative analysis of dose-effect 
relationships: The combined effects of multiple drugs or enzyme 
inhibitors. Adv Enzyme Regal 22: 27-55, 1984. 
Prichard MN and Shipman C, A three-dimensional model to 
analyze drug-drug interactions. Antivir Res 14; 181-206, 1990. 
Webb JL, Enzyme and Metabolic Inhibitors, Vol 1, pp. 55-79, 
488-512. Academic Press, New York, 1963. 
Leatherbarrow RJ, GraFit Version 3.0. Erithacus Software Ltd., 
Staines, U.K., 1993. 
Stihnel J, Zero interaction response surfaces, interaction func- 
tions and difference response surfaces for combinations of bio- 
logically active agents. Arzneim Forsch 42: 1251-1258, 1992. 
Berenbaum MC, Correspondence re: W.R. Greco et nl., Appli- 
cation of a new approach to the quantitation of drug synergism to 
the combination of cis-diamminedichloroplatinum and l-p-D- 
arabinofuranosylcytosine. Cancer Res, 50:5318-5327. Cancer Res 
52: 45584560, 1992. 
Stihnel J, Correspondence re: W.R. Greco et al., Application of 
a new approach to the quantitation of drug synergism to the 
combination of cis-diamminedichloroplatinum and l-P-D-arab- 
inofuranosylcytosine. Cancer Res, 50: 5318-5327. Cancer Res 
52: 4560-4561, 1992. 
Jekunen AP, Shalinsky DR, Horn DK, Albright KD, Heath D 
and Howell SB, Modulation of cisplatin cytotoxicity by perme- 
abilization of the plasma membrane by digitonin in vitro. Biochem 
Pharmacol45: 2079-2085, 1993. 
McClay EF, Albright KD, Jones ]A, Christen RD and Howell SB, 
Tamoxifen modulation of cisplatin sensitivity in human malig- 
nant melanoma cells. Cancer Res 53: 1571-1576, 1993. 
Leatherbarrow RJ, Use of non linear regression to analyze enzyme 
kinetic data: Application to situations of substrate contamina- 
tion and background substraction. Anal Biochem 184: 274-278, 
1990. 
Eron JJ, Johnson VA, Merril DP, Chou TC and Hirsch MS, 
Synergistic inhibition of replication of human immunodeficiency 
virus type 1, including that of a zidovudine-resistant isolate, by 



644 J. J. Martinez-lrujo et al. 

zidovudine and 2’-3’-dideoxycytidine in vitro. Antimicrob Agents 
(&mother 36: 1559-1562, 1992. 

16. Ferrareso M, Rigotti P, Stepkowski SM, Chou TC and Kahan 
BD, Immunosuppressive effects of defibrotide. Transplantation 
56: 928-933, 1993. 

17. Gelpi JL, Aviles JJ, Busquets M, Imperial S, Mazo A, CortCs A, 
Halsall DJ and Holbrook JJ, A theoretical approach to the dis- 
crimination and characterization of the different classes of re- 
versible inhibitors. J Chem Educ 70: 805-816, 1993. 

18. Ukraincik K and Piknosh W, Microprocessor-based radioimmu- 
noassay data analysis. Methods Ennmol 74: 497-508, 1981. 

19. Unkelbach HD and Psch G, Comparison of independence and 
additivity in drug combinations. Arzneim Forsch 38: l-6, 1988. 

20. Yonetani T and Theorell H, Studies on liver alcohol dehydro- 
genase complexes. III. Multiple inhibition kinetics in the pres- 
ence of two competitive inhibitors. Arch Biochem Biophys 106: 
243-25 1, 1964. 

2 1. Chou TC and Talalay P, Generalized equations for the analysis of 
inhibitions of Michaelis-Menten and higher order kinetic sys- 
tems with two or more mutually exclusive and nonexclusive in- 
hibitors. Europ _l Biochem 115: 207-216, 1981. 

22. Chou TC and Talalay P, A simple generalized equation for the 
analysis of multiple inhibitions of Michaelis-Menten kinetic sys- 
tem. J Biol Chem 252: 6438-6442, 1977. 

23. Smith MS, Kessler JA, Rankin CD, Pagan0 JS, Kurtzberg J and 
Carter SG, Evaluation of synergy between carbovir and 3’-azido- 
2’,3’-deoxythymidine for inhibition of human immunodeficiency 
virus type 1. Antimicrob Agents Chemother 37: 144-147, 1993. 

24. Michaud JP, Gandolfi AJ and Brendel K, Toxic responses to 
defined chemical mixtures: Mathematical models and experi- 
mental designs. Life Sci 55: 635-651, 1994. 

25. DeClerck E, HIV resistance to reverse transcriptase inhibitors. 
Biochem Pharmacol47: 155-169, 1994. 

26. Buckheit RW, White EL, Germanydecker J, Allen LB, Ross LJ, 
Shannon WM, Janssen PAJ y Chirigos MA. Cell based and 
biochemical analysis of the anti HIV activity of combinations of 
3’-azido-3’-deoxythymidine and analogues of TIBO. Anti& 
Chem Chemother 5: 35-42, 1994. 

27. Greco WR, Park HS and Rustum YM, Application of a new 
approach for the quantitation of drug synergism to the combina- 
tion of cis-diamminedichloroplatinum and I-P-D-arabinofurano- 
sylcytosine. Cancer Res 50: 5318-5327, 1990. 


