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ABSTRACT: The work described herein is a continuation of a previous study centered on the bioprospect of cardoon (Cynara
cardunculus) leaf extracts through the isolation of secondary metabolites with phytotoxic activity. Chromatographic fractionations
of the ethyl acetate extract and spectroscopic analysis showed that the majority of the components were sesquiterpene lactones.
Of these compounds, aguerin B, grosheimin, and cynaropicrin were very active on etiolated wheat coleoptile, standard target
species, and weed growth. The joint action of binary mixtures of these three active sesquiterpene lactones and one nonactive
compound (11,13-dihydroxy-8-desoxygrosheimin) was studied. The activities of fixed-ratio mixtures were assessed on wheat
coleoptile. The results can be interpreted with respect to a reference model by considering dose—response analyses and
isobolograms with linear regression analyses. A total of 17 binary mixtures at different levels of inhibition (ED,s, EDs,, and ED)
were studied, and predominantly they responded additively (25). Deviations from additivity included seven synergistic responses
and two antagonistic responses. The joint action of major sesquiterpene lactones isolated from C. cardunculus can explain the
activities observed in extracts and fractions. The results reported here reiterate the utility of the wheat coleoptile bioassay as a

quick tool to detect potential synergistic effects in binary mixtures.
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Bl INTRODUCTION

In previous work we studied the phytotoxic potential of
metabolites from aerial material of Cynara cardunculus (L.), an
aggressive perennial invader of grassland communities in
Mediterranean climates throughout the world." However, the
invasive actions observed on native plants cannot be explained
entirely by their physical characteristics in competition for
resources.” Allelopathy could also be involved in the role of the
invasive plant C. cardunculus.’~> To know the actual scope of
the allelopathic effects, it is important to study not only the
pure allelochemicals but also their combined effects. As a
consequence, further studies are required in this area.

In a previous study carried out by us on this plant,” the ethyl
acetate extract had the highest yield and inhibitory activities on
wheat coleoptile and in phytotoxicity bioassays. The ethyl
acetate extract showed inhibition values of around 90% at 0.8
mg/mL on wheat coleoptile, with high activity levels retained at
lower concentrations (0.4 and 0.2 mg/mL with 87 and 69%
inhibitions, respectively; Figure 1A). The fractions obtained
were evaluated in etiolated wheat coleoptile bioassays to
biodirect the purification of the allelochemicals (Figure 1B).
The most active fractions were D, E, F, and G.

After this bioassay-guided fractionation, the sesquiterpene
lactones were isolated and identified as being the major
components.” The bioactivity profiles of these compounds were
again assayed on wheat coleoptile, with high activities
observed—mainly with aguerin B (1), grosheimin (2), and
cynaropicrin (3) (Figure 1).5

The results outlined above indicate that the bioactivity of the
extracts and the fractions can be explained by the presence of
the compounds identified, and they highlight the strong
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potential of C. cardunculus for future use in the biological
control of weeds. Comparison of the activity profiles of the
extract and the fractions indicates that the activity of the
isolated compounds in the fractions obtained from the extracts
of this species may be involved in some types of interactions
between one another.

Numerous authors agree that allelopathic activity is almost
always due to the simultaneous presence of several compounds,
as demonstrated by Huang et al®” and Einhellig.8 Similarly,
Rasmussen et al. demonstrated synergistic effects with mixtures
of phenolic acids in their studies on grain sorghum
gerrnination.g’10

Inderjit et al.'' found that the joint action of phenolics may
depend on the concentration of the compounds in the mixture,
and these may act antagonistically at high concentrations and
additively at low concentrations.

Studies on binary mixtures are often conducted with the aim
of elucidating the effect of one specific chemical on the
biological action of another. To achieve this goal, a dose—
response analysis is carried out on various mixture ratios. The
projection of the results at specified effect levels, most often the
concentration that gives an effect that is half-maximal in grade
dose—effect ratios (ECs,) or a dose that is effective in 50% of
the subjects (EDs,), on the x—y plane is called an isobole. The
results are interpreted statistically using dose—response
analyses and isobolograms.'”"?
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this situation, the cause of the deviation of the reference model
should be investigated separately.'*~"”

It is important to design the experiment with the binary
mixture (number of doses, replicates, and mixture proportions)
and with precision, as all of the aforementioned factors affect
the variance of the measured variable and the reproducibility of
the shapes of the isoboles.

A complete description of the whole dose—response analysis
requires a large number of experiments. Each experiment is
costly and laborious and, as a consequence, they are rarely
repeated. However, to show the greatest variability in the
measured effect, the experiments must be repeated as many
times as required.

The aim of the research described here was to evaluate the
effects of binary mixtures on the elongation of the etiolated
wheat coleoptiles by generating isobolograms and by analyzing
the deviations from a reference model, the dependency on the
dose level, the effect of combinations of compounds in different
proportions, and the isobole asymmetry.

The data employed were obtained from different binary
mixtures of the major compounds isolated from cardoon (C.
cardunculus): three active compounds, aguerin B (1),
grosheimin (2), and cynaropicrin (3), and one inactive
compound, 11,13-dihydroxy-8-desoxygrosheimin (4), accord-
ing to published bioassays.” As outlined above, the performance
of mixtures of some compounds has been studied previously;
however, the joint action of mixtures of sesquiterpene lactones
from invasive plants has not been investigated before. The
wheat coleoptile bioassay was employed to detect possible
synergistic effects in compounds or mixtures thereof. This test
is rapid (24 h)'® and is sensitive to a wide range of bioactive
substar}cg:es2 lsuch as growth regulators and herbicides, among
others.”

B MATERIALS AND METHODS

Compounds and Binary Mixtures. The following compounds
were included in this study: aguerin B (1), grosheimin (2),
cynaropicrin  (3), and 11,13-dihydroxy-8-desoxygrosheimin (4)
(Figure 2). These compounds were isolated previously in our
laboratory as the major components of fractions D—G from the
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Figure 1. (A, top) Effects of dichloromethane (DCM), ethyl acetate
(EtOAc), acetone, methanol (MeOH), and water leaf extracts from
cardoon (Cynara cardunculus) and the herbicide Logran on the
elongation of etiolated wheat coleoptiles. Values are expressed as
percentage difference from control.’ (B, middle) Effects of fractions
A-L from the ethyl acetate leaf extract of cardoon (C. cardunculus)
and the herbicide Logran on the elongation of etiolated wheat
coleoptiles. Values are expressed as percentage difference from
control.’. (C, bottom) Effects of compounds aguerin A (1),
grosheimin (2), cynaropicrin (3), and 11,13-dihydroxy-8-desoxygrosh-
eimin (4) from cardoon (C. cardunculus) and the herbicide Logran on
the elongation of etiolated wheat coleoptiles.®

When two chemicals are evaluated in a specific test system,
the shape of the isoboles at different levels of response levels
provides a great deal of information on the joint effect. This is
useful in the assessment of whether the joint effect of the
mixture can be explained with a reference model. To confirm
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Figure 2. Structures of the major sesquiterpene lactones 1—4 isolated
from cardoon (Cynara cardunculus).
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Table 1. Types of Interactions with Student’s ¢ Test (a = 0.1) and Interaction Index (1) at Different Inhibition Levels (ED,s,
EDj, and ED-;) between the Different Combinations of Binary Mixtures of Isolated Compounds 1—4 from Cardoon (Cynara
cardunculus) in the Etiolated Wheat Coleoptile Bioassay”

binary mixture of compounds

1/2 1/3 1/4 2/4 3/2 3/4
combination ratio ED, A ED,; A ED,; A ED,; A ED,; A ED,; A
3:1 Add 1.02 Add 135 Add 1.09 Ant* 1.74 Ant* 5.16
3:2 Add 1.14
1:1 Add 1.25 Add 0.87 # # Add 122 # #
2:3 Add 1.12
1:3 Add 0.89 Add 0.86 # # # # # #
binary mixture of compounds
1/2 1/3 1/4 2/4 3/2 3/4
combinatio ratio EDy, A EDy, A EDy, A EDy, A EDy, A EDy, A
3:1 Add 0.76 Add 1.46 Add 118 Syn* 0.70
3:2 Add 0.71
1:1 Add 0.85 Add 0.76 # # Add 0.93
2:3 Add 0.85
1:3 Syn* 0.67 Add 0.84 # # # #
binary mixture of compounds
1/2 1/3 1/4 2/4 3/2 3/4
combination ratio ED¢ A ED¢ A ED A ED-¢ A ED¢ A ED¢ A
3:1 Syn* 0.57 Add 1.60 Add 1.27 Syn* 0.35
32 Syn* 0.44
1:1 Syn* 0.59 Add 0.69 # # Add 0.84
2:3 Add 0.65
1:3 Syn* 0.54 Add 0.84 # # # #

“Add, additive; Syn, synergistic; Ant, antagonistic; *, Student’s f test (& = 0.1); #, slope is not significantly different from 0 “ANOVA in linear

regression”.

Table 2. Comparison of the Additive and Experimental Regression Lines for Binary Mixtures of Compounds with Student’s ¢
Test Test for Parallelism (@ = 0.05) (If t,.q > t There Is a Significant Difference)

binary mixture of compounds

1/2 1/3 1/4 2/4 3/2
combination ratio tealed t tealed t tealed t tealed t tealed t
3:1 2.31 2.20 0.42 2.20 0.45 2.45 2.67 2.20
3:2 4.32 2.57
1:1 3.30 2.20 091 2.20 2.20 2.20
2:3 0.93 2.45
1:3 2.57 2.20 0.12 2.20

ethyl acetate extract of aerial plant material of cardoon (C. cardunculus),
which was collected in Jerez de la Frontera (Cadiz, Spain) in the fifth
growth stage.” Compounds 1—4 were obtained from fractions D—G as
follows: fraction D yielded compounds 1 (23 mg) and 2 (7.1 mg);
fraction E, compound 2 (10 mg); fraction F, compound 3 (241 mg);
and fraction G, compound 4 (36 mg).

In the combined action studies on these sesquiterpene lactones, two
and three ratios were examined for each binary mixture, respectively.
The ratios of the compounds in the mixtures varied depending on the
amounts of the compounds available (Table 1).

Coleoptile Bioassay. Wheat seeds (Triticum aestivum L. cv.
Catergo) were placed in Petri dishes, and the tests were carried out
according to the guidelines published by Hancock® and Nistch.”®
Compounds and binary mixtures were predissolved in DMSO (0.1%)
and diluted in phosphate—citrate buffer containing 2% sucrose at pH
5.6 to the final bioassay concentrations (1.0, 0.3, 0.1, 0.03, and 0.01
mM for individual compounds; 0.3, 0.1, 0.09, 0.05, and 0.03 mM for
binary mixtures of active compounds; and 0.3, 0.1, 0.06, 0.03, and 0.02
mM for binary mixtures of active and inactive compounds, with
different proportions: 3:1, 3:2, 1:1, 2:3, and 1:3).
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The commercial herbicide Logran was used as an internal reference,
and the concentrations and the conditions of bioassay were the same
as reported previously.'®** In the reproducibility of the dose—response
curve (in the bioassay of the binary mixtures), pure compound was
used as control.

The coleoptiles were measured by digitalization of their images, and
data were statistically analyzed using Welch’s test.”®

Isobolographic Data Analysis. The dose—effect curves were
constructed from data obtained in the coleoptile bioassay, and they
represent the effect against the logarithm of the dose. The logarithmic
transformation results in an S-shaped curve that is approximately linear
in the midrange. ANOVA in linear regression was applied to determine
whether the slope was significantly different from 0 with 95%
confidence limits (for log(dose)-effect data this is a test to determine
whether the effect is dose dependent).*

The interactions between the tested compounds were characterized
by performing an isobolographic analysis. Isobolographs were based
on ED,;—ED, values (doses that produce 25—75% inhibition with
respect to the control) obtained when the compound was
administered alone or in combination. According to the method
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Figure 3. Normalized isobolograms for the binary mixtures with aguerin B (1), grosheimin (2), and cynaropicrin (3) in the etiolated wheat
coleoptile bioassay: (A) binary mixture 1/2 at EDj; (B) binary mixture 1/2 at ED,g; (C) binary mixture 3/2 at ED,; (D) binary mixture 3/2 at
EDy; (E) binary mixture 3/2 at ED;. The axes represent the dose of each compound for the measured effect in values in per unit.

used by Tallarida,*® the theoretical additive doses (Z,4q) with their
variance (V,qq) for each combination were computed from the
equieffective doses (ED,s—ED;s) of the single compounds. The
) were determined

experimental data (Z,,,q) and their variance (V,

exptl xptl

from the respective dose—response curves. A statistical comparison
was made by applying Student’s t test with 90% confidence limits,
between Z,,y (experimental values) and Z,4q (theoretical values).?

The level of synergism was estimated by considering the values of
the interaction index (4). These values indicate the proportion of the
ED,s, EDj, and ED- values of the individual compound that accounts
for the corresponding ED,;, EDs, and ED, values of the combination.
An additive interaction corresponds to values close to 1, an
antagonistic interaction is indicated by values >1, and a synergistic
interaction is associated with values of <1. The interaction index is
given by 1 = Z 4/ Zoaa

Data Analysis: Comparison of the Additive and Exper-
imental Regression Lines. The dose—effect data for the
compounds, for each fixed ratio, were used to construct a theoretical
additive curve according to the method described by Tallarida.*®
Comparison of the linear regressions of the additive and experimental
curves represents a test for parallelism, where the hypothesis to be
tested is the difference between slope, and the test uses the t
distribution, which is obtained by Student’s ¢ test with 95% confidence
limits (Table 2).2%%
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B RESULTS AND DISCUSSION

Isobolographic Analysis of Chemical Interactions in
the Coleoptile Bioassay. The results of the studies on binary
mixtures in bioactivity assays can be interpreted in relation to
reference models by the use of isobolograms in conjunction
with the “Independent Similar Action” model, as described by
Bliss.”® When the mixtures include chemicals that synergize or
antagonize the effects of other components, this approach may
be become more difficult.'”

The isobole method is independent of the mechanism of
action and applies under most conditions. Assumptions are not
made with respect to the behavior of each agent, and the
method is therefore applicable to multiple component mixtures.
An isobologram is an “iso-effect” graph in which the axes are
the doses of the individual compounds (D, D) and dose
combinations (d, d,) that cause the same effect. If the
compounds do not interact, the isobole is a straight line (linear
additivity or zero interaction).”” However, if synergism occurs,
the required dose of the combination to produce the same
effect will be less than the sum of the individual doses, and as
shown this lies below the line of additivity in the isobologram.
If the interaction shows antagonism, the required dose of the
combination is greater than expected, and these points are
located above the line of additivity.'® Student’s t tests were

DOI: 10.1021/acs jafc.6b02678
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Figure 4. Isobolograms for the binary mixtures with the inactive compound 11,13-dihydroxy-8-desoxygrosheimn (4) with aguerin B (1) and
cynaropicrin (3) in the etiolated wheat coleoptile bioassay: (A) binary mixture 1/4 at ED,g; (B) binary mixture 3/4 at ED,;.

Table 3. Comparison of Theoretical and Experimental Doses in Binary Mixtures from Aguerin B (1) and Grosheimin (2) at

ED,,

theor dose (M) (at inhibition 75%)

exptl dose (M) (isobologram-ED;)

reduction dose (%)

combination ratio aguerin B (1) grosheimin (2)

aguerin B (1)

grosheimin (2) aguerin B (1) grosheimin (2)

3:1 1.81 x 107* 6.05 X 107° 1.04 x 107* 3.46 x 107° 42.54 42.81
1:1 1.46 x 107* 145 x 1074 8.68 X 107° 8.63 x 107° 40.55 4048
1:3 921 X 107° 274 x 107* 498 x 107° 148 x 107* 45.93 45.99

carried out in the isobolographic analysis to evaluate the
interactions between the compounds.”” The magnitude or
intensity of the effect was evaluated from the values of the
interaction index, 4 (4 ~ 1 additive interaction, 1 > 1
antagonistic interaction, and A < 1 synergistic interaction).18

The interactions of 17 binary mixtures with the sesquiterpene
lactones aguerin B (1), grosheimin (2), cynaropicrin (3), and
11,13-dihydroxy-8-desoxygrosheimin (4), isolated from C.
cardunculus, were evaluated in the etiolated wheat coleoptile
bioassay. Student’s ¢ test was applied with a confidence level of
90%, and 25 additive interactions, 7 synergistic interactions, and
2 antagonistic interactions were detected at different levels of
inhibition (ED,s, EDs,, and ED,), as shown in Table 1.

Of all the combinations of binary mixtures tested from the
four sesquiterpene lactones 1—4 in the etiolated wheat
bioassay, it is noteworthy that all four compounds were
involved in all seven synergistic effects. Even compound 4,
which showed lower activity than the other three compounds
(1-3), as found in our previous study,” was involved in these
effects. The most noteworthy isobolograms of binary mixtures
of these compounds in different proportions are shown in
Figures 3 and 4. In these graphs, the axes in the normalized
isobologram represent the dose of each compound for the
measured effect in values in per unit.

It can be seen from the normalized isobologram (EDj,) that
for the binary mixture of aguerin B (1)/grosheimin (2) a
synergistic effect is obtained when the two compounds are in a
1:3 ratio (Figure 3A). This ratio (1:3) was found to be
significantly different on applying Student’s t test, thus
providing evidence of a synergistic effect. In contrast, when
compound 1 was present in a higher proportion (3:1) or at the
same level (1:1), an additive effect was observed (Figure 3A). It
can be seen from the figure that these ratios are below the line
of additivity, and significant differences were not found on
applying Student’s ¢ test, thus indicating that an additive effect
was obtained. The application of a normalized isobologram
ED,; for these binary mixtures (1/2) showed that at low doses
there were additive effects for the three ratios tested (3:1, 1:1,
and 1:3) (Table 1). The normalized isobologram ED,5 showed
synergistic effects for all ratios tested (3:1, 1:1, and 1:3) (Figure
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3B). In the normalized isobologram for EDy, all of the ratios
were located below the line of additivity and significant
differences were observed on applying Student’s t test, thus
showing a synergistic effect. Furthermore, for ED- a synergistic
effect for the combination of these two compounds (1 and 2)
can be further illustrated by the results in Table 3. The
theoretical concentration values, taking into account the
additive effect in this case, and those obtained experimentally
are shown in Table 3. Thus, the theoretical values are those for
the pure compounds obtained in the bioassay-guided isolation,
which showed 75% inhibition at 3.107* M (Figure 1C), and
those obtained experimentally are from the combinations in the
normalized ED,; isobolograms. It can be seen that fewer doses
of each compound are required in the respective mixtures
(between 40.48 and 45.99% lower values) than the values
calculated theoretically for an additive effect that caused this
75% inhibition (Table 3).

The results for the types of interactions in the normalized
isobolograms (ED,;, EDg, and ED,;) were therefore not
constant for the different ranges of the measured effects. It is
possible to consider that these results possibly indicate a change
in the type of interaction depending on the doses. For example,
for the binary mixture of compounds 1 and 2 in a 1:3 ratio, the
use of isobolograms at different levels indicates that additivity
occurs at low doses (ED,;); at the doses that cause S0 and 75%
inhibition, the effect of synergism was identified, with
synergism at ED,s being more pronounced than that at EDsy,
because the interaction index is lower (4 = 0.54) (Table 1).
Furthermore, at the highest level tested (75%) an even stronger
synergistic interaction was found when compared to the other
ratios measured (3:1 and 1:1).

The results for the normalized isobologram (ED,;, ED,, and
EDj;) for aguerin B (1)/cynaropicrin (3) binary mixtures in
different proportions are shown in Table 1. The results are
consistent with an additive effect when the two compounds are
present in 3:1, 1:1, and 1:3 ratios (Table 1).

The binary mixture aguerin B (1)/11,13-dihydroxy-8-
desoxygrosheimin (4) showed an additive effect for the two
ratios tested (3:2 and 2:3). The corresponding results (ED,s
and EDy;) are shown in Table 1. However, when the binary

DOI: 10.1021/acs jafc.6b02678
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mixture 1/4 reaches 75% inhibition, a synergistic effect is
observed for the 3:2 ratio, as shown in the isobologram (EDs)
(Figure 4A). In the graph both ratios are located below the line
of additivity, but only for the 3:2 ratio was a significant
difference observed on applying Student’s ¢ test, thus showing a
synergistic effect. This binary mixture differs from the others
because it is composed of an active sesquiterpene lactone (1)
and a nonactive compound (4);’ however, synergism could be
detected between these compounds under the experimental
conditions. Similarly, nonactive compound 4 was also
combined with two other active compounds, grosheimin (2)
and cynaropicrin (3). In the binary mixture grosheimin (2)/
11,13-dihydroxy-8-desoxygrosheimin (4), the isobolograms
(ED,s, EDy,, and ED-5) show only an additive effect for the
3:1 ratio (Table 1). In combination with the other active
lactone (3), the binary mixture cynaropicrin (3)/11,13-
dihydroxy-8-desoxygrosheimin (4) showed an antagonistic
effect at a level of 25% inhibition for the 3:1 ratio, as shown
in the isobologram (Figure 4B). In this isobologram the
combination ratio (3:1) is located above the line of additivity,
and a significant difference was observed on applying Student’s
t test, which indicates an antagonistic effect. Thus, the results
obtained on using the inactive compound 4 in binary mixtures
with active compounds 1, 2, and 3 showed three types of
interactions, antagonism with compound 3, additivity with
compounds 1 and 2, and synergism with compound 1, under
the conditions tested, as well as synergistic and antagonistic
effects; compound 4 is present at a lower level than compounds
1 and 3 in the binary mixtures tested (3:2 and 3:1,
respectively). This is not the first such case to be reported
and, as Berenbaum explained in his paper,” it is possible that
one type of synergy, that is, potentiation, occurs when a
compound does not show activity in its own right but enhances
the activity of another active compound. In some circum-
stances, unequivocal decisions can be made with even less
information about the dose—response curve, because if one of
the compounds does not produce the effect of the combination
at any dose and the effect of the combination differs from that
of the active compound, then some sort of interaction must be
present.

Similar results were obtained by Junio and co-workers, who
argued that three flavonoids isolated from Hydrastic canadensis
synergistically enhance the antimicrobial activity of the alkaloid
berberine (also a constituent of H. canadensis) against
Staphylococus aureus. These flavonoids do not have inherent
antimicrobial activity against S. aureus.”’

For the binary mixture of cynaropicrin (3)/grosheimin (2),
the interactions in the normalized isobolograms (ED,s, EDq,
and ED,;) were different depending on the ranges of effects
measured. This indicates that the type of interaction could
change according to the doses. Antagonism is detected in the
normalized isobologram ED, for the 3:1 ratio, whereas an
additive effect is observed for the 1:1 ratio (Figure 3C). In this
case both ratios are located above the line of additivity, but only
the 3:1 ratio showed a significant difference on applying
Student’s ¢ test, and this indicated an antagonist effect. On the
other hand, in the normalized isobolograms EDy, (Figure 3D)
and ED,; (Figure 3E) synergism and additivity were observed
for the 3:1 and 1:1 ratios, respectively. In both graphs, the 3:1
and 1:1 ratios are located below the line of additivity, but only
for the 3:1 ratio was a significant difference observed on
applying Student’s t test, which showed a synergistic
interaction. Isobolograms were constructed at different levels
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for the binary mixture of compounds 3/2 in a 3:1 ratio, and it
was found that antagonism occurs at low doses. Synergistic
effects were identified for the doses that caused medium (50%)
and high (75%) inhibition. Furthermore, the synergistic
interaction at ED, is more pronounced than that at ED;, by
virtue of the lower interaction index (1 = 0.35).

In summary, the results obtained by studying the interactions
in binary mixtures of the four sesquiterpene lactones (1—4) led
to a total of 17 binary mixtures at different levels of inhibition
(ED,s, EDs, and ED5), most of which showed additive effects
(25) followed by synergistic effects (7), and, to a lesser extent,
antagonism (2). Therefore, of all the possible interactions, the
additive and synergistic effects were more prevalent than the
antagonistic ones. These results are consistent with the findings
reported by Caccioni in a holistic approach®’ and allow us to
explain the activity profile of the ethyl acetate extract in the
etiolated wheat coleoptile bioassay, which is possibly due to the
prevalence of more additive and synergistic effects rather than
antagonist effects.

Combination Analysis: Comparison of the Additive
and Experimental Regression Lines. The identification of
sets of equally effective dose combinations for a single effect
was carried out using the isobologram. A more general isobolar
analysis that examines combinations of compounds over a
range of effects would provide more complete information. The
occurrence of synergism, antagonism, or additivity depends not
only on the compound and the effects measured but also on the
fixed ratio combination and the total dose in the combination.
A comparison between the theoretical additive curve, obtained
from curves of individual compounds for each fixed ratio, and
the experimental curve can be 1performed as was previously
described by Fernindez et al.® A given interaction type
(synergism, additivity, or antagonism) at some midrange effect
may be extended to other dose levels when the theoretical
regression line and the experimental data are compared. On
applying Student’s t test, a value of 95% is sufficient to
distinguish whether the slopes between lines differ signifi-
cantly."®

The changes detected in the type of effect for the different
combinations, depending on the dose, were evaluated by
analyzing the ED,;, EDsy, and ED,s isobolograms. These
changes were analyzed using the dose—eftect curve by applying
Student’s ¢ test (95%) of parallelism for linear models between
the additive curve and the experimental curve (Table 2).

For all the combinations tested, binary mixtures with
compounds 1/3, 2/4, and 3/4 in the corresponding ratios,
the types of interaction in their isobolograms (ED,s, EDs,, and
ED;;) remain constant over different ranges of measured
effects. Deviations from this behavior were found for the
combinations 1/2 in the 1:3, 1:1, and 3:1 ratios, for 1/4 in the
3:2 ratio, and for 3/2 in the 3:1 ratio, for which the interactions
were not constant for different ranges of measured effects in the
isobolograms (ED,s, EDgo, and ED;s) (Tables 1 and 2). The
additive and experimental regression lines for these binary
mixtures in the aforementioned ratios are shown in Figures
5-9.

The additive and experimental regression lines for the binary
mixtures of aguerin B (1)/grosheimin (2) in all ratios (3:1, 1:1,
and 1:3) tested in the ED,;, EDy, and ED, normalized
isobolograms showed changes in the type of effect for the three
ratios. These effects changed from additive to synergistic. This
trend can be observed by comparing the additive and
experimental regression lines (Figures 5—7); increases in the
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Figure 5. Comparison of the additive and experimental regression
lines for the combination of aguerin B (1)/grosheimin (2) in a 3:1
ratio.
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Figure 6. Comparison of the additive and experimental regression
lines for the combination of aguerin B (1)/grosheimin (2) in a 1:1
ratio.
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Figure 7. Comparison of the additive and experimental regression
lines for the combination of aguerin B (1)/grosheimin (2) in a 1:3
ratio.

doses of the combination shift the experimental curve to lower
values with respect to the additive curve for the same effect
level—a change that is indicative of synergistic effects (at high
doses). These qualitative data graphs, for which Student’s ¢ test
(95%) shows significant differences between the slopes of the
additive and experimental curves, are consistent with the trend
of decreasing interaction index (4) values, which even drop

below 1. The first value is 4 = 1.02 at ED,, and this is followed
by 4 = 0.67 at EDy, and finally 4 = 0.54 at ED,;. The most
prominent synergistic effect was observed at this level by virtue
of the lower value for the interaction index (4 = 0.54) (Table
1).

Similarly, the results for the combination of compounds
aguerin B (1)/11,13-dihydroxy-8-desoxygrosheimin (4) in a
3:2 ratio showed a change from an additive effect in the ED,;
and EDj isobolograms to a synergistic effect at inhibition level
of 75%, as shown by the ED,g isobologram. This fact can be
observed by comparing the additive and experimental
regression lines (Figure 8), where Student’s t test showed a
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Figure 8. Comparison of the additive and experimental regression
lines for the combination of aguerin B (1)/11,13-dihydroxy-8-
desoxygrosheimin (4) in a 3:2 ratio.

significant difference between the slopes of the linear model for
both curves, and this led to a smaller dose for the experimental
curve than for the additive curve for levels >50% inhibition.
This trend is corroborated by the change in the interaction
index (4) from 1.14 in the ED,; isobologram to values below
unity (4 = 0.44) in the ED,; isobologram (Table 1).

Finally, the additive and experimental regression lines for the
combination of compounds cynaropicrin (3)/grosheimin (2) in
a 3:1 ratio are represented in Figure 9. It can be observed that
this interaction was not constant for the different ranges of
measured effects. This graph shows an antagonistic effect in the
ED,s normalized isobologram, but from inhibition values of
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Figure 9. Comparison of the additive and experimental regression
lines for the combination of cynaropicrin (3)/grosheimin (2) in a 3:1
ratio.
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50—75% this effect becomes synergistic. The trend can be
observed by comparing the additive and experimental
regression lines (Figure 9), for which Student’s ¢ test showed
a significant difference (Table 2). For the same effect level,
when the doses of the combination (>50%) are increased, the
experimental curves show a smaller dose than the additive curve
and the distance between these lines increases for the higher
doses. This situation was corroborated by the lower interaction
index for the synergistic effect: 0.35 for 75% inhibition (Table
1).

In the five cases where there are differences between the
theoretical and experimental curves, at higher doses a
synergistic effect is observed, and this increases in magnitude
with increasing doses. This trend for different binary
combinations of compounds with additive and synergistic
effects is maintained at high doses (Table 1) and is far more
prevalent than cases that show antagonism. These findings may
explain to some extent the slight variations observed at higher
doses in the activity profiles in wheat coleoptile bioassays, with
ethyl acetate extract and with the most bioactive fractions (D,
F, G) (Figure 1A,B) when compared to the activity profiles
obtained for the pure compounds (Figure 1C).” Compounds 1,
2, and 3 showed high inhibitory activity on coleoptile
elongation at the first two concentrations (at 107> M with
almost 90% activity and at 3 X 107* M with 70, 75, and 55%
inhibition, respectively), and their activities decreased markedly
with dilution. However, with the extracts and fractions were
retained high activity levels upon dilution. In contrast,
compound 4 achieved only 20% inhibition at the highest
concentration (107> M).

The trends observed in this study may be due to the
following: (a) Interactions in the extract and fractions are not
exclusively due to only one or two compounds, and other
minor compounds could also be involved; (b) the four
sesquiterpene lactones (1—4) are involved in all interaction
effects detected, and it should be borne in mind that compound
4 does not have inherent activity in the wheat coleoptile
bioassay.

This second hypothesis is supported by the following
findings. Compound 4 participates in all three types of
interaction; it showed synergism with compound 1 at high
doses (75%), additivity with compounds 1 (at lower and
middle doses, 25 and 50%) and 2 (at all doses, 25, SO, and
75%), and antagonism with compound 3 at 25% inhibition.
This implies that these interaction effects are present in fraction
G, from which compound 4 was isolated. In this way, some
authors support a fractionation-biodirected synergistic ap-
proach because this is considered to be a more tactical study
of the compounds involved in interactions in complex
mixtures.”’ Therefore, the joint action of major sesquiterpene
lactones isolated from C. cardunculus can explain the activities
observed in extracts and fractions.

The results described above emphasize the validity of
experiments on binary mixtures using the coleoptile bioassay
and its potential application, especially for test systems in initial
screenings, before studying such binary mixtures by more
specific bioassays. These specific bioassays are required to
determine the potential effects of sesquiterpene lactones on
other interactions in binary and complex mixtures. Such studies
should deepen the understanding of the significant potential of
C. cardunculus for use in future biological applications.
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