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Combinations of Alkaloids Affecting Different Molecular Targets with
the Saponin Digitonin Can Synergistically Enhance Trypanocidal
Activity against Trypanosoma brucei brucei

Sonja Krstin, Herbenya Silva Peixoto, Michael Wink

Institute of Pharmacy and Molecular Biotechnology, Heidelberg University, Heidelberg, Germany

The flagellate Trypanosoma brucei causes sleeping sickness in humans and nagana in animals. Only a few drugs are registered to
treat trypanosomiasis, but those drugs show severe side effects. Also, because some pathogen strains have become resistant, new
strategies are urgently needed to combat this parasitic disease. An underexplored possibility is the application of combinations
of several trypanocidal agents, which may potentiate their trypanocidal activity in a synergistic fashion. In this study, the poten-
tial synergism of mutual combinations of bioactive alkaloids and alkaloids with a membrane-active steroidal saponin, digitonin,
was explored with regard to their effect on T. b. brucei. Alkaloids were selected that affect different molecular targets: berberine
and chelerythrine (intercalation of DNA), piperine (induction of apoptosis), vinblastine (inhibition of microtubule assembly),
emetine (intercalation of DNA, inhibition of protein biosynthesis), homoharringtonine (inhibition of protein biosynthesis), and
digitonin (membrane permeabilization and uptake facilitation of polar compounds). Most combinations resulted in an en-
hanced trypanocidal effect. The addition of digitonin significantly stimulated the activity of almost all alkaloids against trypano-
somes. The strongest effect was measured in a combination of digitonin with vinblastine. The highest dose reduction indexes
(DRI) were measured in the two-drug combination of digitonin or piperine with vinblastine, where the dose of vinblastine could
be reduced 9.07-fold or 7.05-fold, respectively. The synergistic effects of mutual combinations of alkaloids and of alkaloids with
digitonin present a new avenue to treat trypanosomiasis but one which needs to be corroborated in future animal experiments.

Typanosoma brucei is a single-celled protozoan that, if left un-
treated, can cause the deadly sleeping sickness (human African
trypanosomiasis [HAT]). Two trypanosome subspecies affect
people: T. b. gambiense (found in western and central Africa) and
T. b. rhodesiense (in eastern and southern Africa). The disease
caused by T. b. gambiense is more abundant and accounts for more
than 98% of all infections of patients. Infected persons go through
two stages of the disease. The first or hemolymphatic phase causes
fever, itching, and headache. In the second or neurological stage,
the blood-brain barrier is crossed by the parasite and the central
nervous system is affected. This is the stage at which the distur-
bance of the sleep cycle appears (hence the name of the disease).
The vector of T. brucei is the tsetse fly (genus Glossina), which can
transmit the parasite to a diversity of mammalian hosts, including
humans (1, 2).

Only four drugs are registered for treatment of the disease.
Suramin and pentamidine are used for the first stage of the sleep-
ing sicknesses caused by T. b. rhodesiense and T. b. gambiense,
respectively. Melarsoprol is registered for treatment of the neuro-
logical stage. Eflornithine is a drug which is less toxic than melar-
soprol but is effective only against T. b. gambiense (2). Suramin
and pentamidine were first synthesized more than 70 years ago,
and resistance to those two drugs seems to have been established
(3). Since only a few drugs, all of which exhibit severe side effects,
are registered for treatment of African trypanosomiasis and since
resistance to those drugs is emerging, new therapeutic strategies
are urgently required (4, 5).

New strategies include the development of new drugs such as
novel diamidines with better pharmacokinetic properties or of
new pentamidine-like prodrugs. New oral drugs, such as fexini-
dazole, benzoxaborole, and oxaboroles, are currently in clinical
trials. An interesting alternative to treatment with a single drug is
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the application of a combination therapy using two or more drugs.
Nifurtimox-eflornithine (NECT) combination therapy was devel-
oped for treatment of trypanosomiasis in 2009. It is being used for
treatment of the second stage of sleeping sickness, and it is con-
sidered one of the safest therapies (6).

For millennia, medicinal plants and their secondary metabo-
lites have played an important role in the treatment of different
diseases and health disorders (7). During the last 30 years, more
than 1,000 new drugs have been registered, 28% of which are
products that come from nature or are derivatives of natural prod-
ucts. Secondary metabolites also represent an interesting alterna-
tive to synthetic antiparasitic drugs (1). Many medicinal plants
and isolated natural products have already been screened, and
some which show a high degree of trypanocidal activity have been
discovered (8, 9, 10).

Complex extracts of medicinal plants are commonly used in
phytomedicine. These extracts consist of several bioactive com-
pounds from different classes which interact with a multitude of
targets (and are thus multitarget agents) (11, 12). Both clinical
studies and the experience gathered throughout history have
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shown that these mixtures have definite biological activity (12).
Regarding the efficacy of natural products in phytotherapy, it
seems that synergism of various compounds present in a plant
extract is crucial.

When the measured effect of a combination of 2 or more com-
pounds is greater than what would have been expected from the
effects of individual compounds, synergy is present (13). Using
two or more drugs in combination can lead to the maintenance or
enhancement of the main therapeutic effect, by lowering the dos-
age and consequently the toxicity of medications. Combination
therapies have already been used for many years against some of
the most threatening diseases, such as cancer, hypertension, and
AIDS, for the above-mentioned reasons (14).

Among plant secondary metabolites, alkaloids represent one
extensive and prominent nitrogen-containing class of bioactive
molecules (15). Wide structural diversity of alkaloids exists, and
the estimated number of structures exceeds 21,000 (12). In con-
trast to many terpenoids and phenolics, alkaloids often act upon a
particular and specific target in animals, especially one involved
with the nervous system, such as receptors of neurotransmitters,
ion channels, or enzymes which degrade neurotransmitters (16,
18). Among other drug classes, alkaloids have already been
screened for anti-inflammatory, anti-Alzheimer, neuromodula-
tory, anticancer, antitrypanosomal, and antimicrobial activity
(16,17, 18, 19, 20, 21, 22, 23).

In this study, six alkaloids which had previously been identified
as trypanocidal in earlier studies in our laboratory (S. Krstin and
M. Wink, submitted for publication) (23) and the steroidal sapo-
nin digitonin were tested in various combinations to explore
whether such combinations can result in synergistic trypanocidal
activity against bloodstream forms of T. b. brucei. Alkaloids affect-
ing different targets and those affecting the same molecular targets
were combined. Modes of action included intercalation of DNA,
induction of apoptosis, inhibition of microtubule assembly,
membrane permeabilization, and inhibition of protein biosynthe-
sis. Some of the selected alkaloids, such as chelerythrine or ber-
berine, have two or more targets in the cell. The steroidal saponin
digitonin was chosen because it disturbs membrane fluidity and
can facilitate the uptake of polar metabolites (24). Digitonin is an
amphiphilic membrane-disrupting steroid that can interact with
biomembranes containing cholesterol and lyse cells. It has already
been shown that digitonin can enhance the antimalarial activity of
the polar phenolic epigallocatechin gallate (EGCG) in a synergistic
fashion (25). This is the first report of studies demonstrating the
efficacy of combinations of alkaloids and digitonin against 7. b.
brucei.

MATERIALS AND METHODS

Chemicals. Emetine, berberine, suramin (=95%), fetal bovine serum
(FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) (=97.5%), dimethyl sulfoxide (DMSO) (=99.9%), HEPES
(=95%), glucose (=95%), pyruvate, hypoxanthine (98%), thymidine
(99% to 100%), adenosine, digitonin, piperine (97%), bathocuproinedis-
ulfonic acid disodium salt, and B-mercaptoethanol were purchased from
Sigma-Aldrich GmbH, Germany. Chelerythrine and homoharringtonine
came from Baoji Herbest Bio-Tech Co., Ltd. (Baoji, Shaanxi, China), and
minimal essential medium (MEM), nonessential amino acids (NEAA),
penicillin, streptomycin, and r-glutamine from Gibco Invitrogen, Ger-
many. Vinblastine was obtained from the pharmacy of the Heidelberg
University Hospital (Heidelberg, Germany) as a ready-to-use injection
solution (1 mg/ml).
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Celllines. T. b. brucei was kindly supplied by Peter Overath (Max Planck
Institut fiir Biologie, Tiibingen, Germany) and has been cultured at the Insti-
tute of Pharmacy and Molecular Biotechnology (IPMB, Heidelberg, Ger-
many) since 1999. T. b. brucei bloodstream forms were maintained in com-
plete Baltz medium (26) and cultivated at 37°C in 5% CO, and 95%
humidity. All experiments were performed with cells in their logarithmic-
growth phase. T. b. brucei was used, as this subspecies is nonpathogenic for
humans, which facilitates its study under laboratory conditions.

MTT cytotoxicity assay. Using the MTT cytotoxicity assay, the trypano-
cidal potential of combinations of alkaloids and digitonin was investigated
(27). The MTT assay is a rapid, quantitative and versatile colorimetric assay
and is based on the measurement of viability, indicated by the reduction of the
proportion of the tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] to its purple formazan salt in the mitochon-
dria of living cells. Dead cells cannot reduce the tetrazolium salt, and therefore
a distinction between live and dead cells can be made.

Combinations of alkaloids and digitonin. Stock solutions of drugs
were prepared in water or dimethyl sulfoxide (DMSO) in concentrations
that ranged from 0.1 to 50 mM. To determine whether combinations of
alkaloids and digitonin result in a synergistic, additive, or antagonistic
effect, a fixed nontoxic concentration (20% inhibitory concentration
[IC,,] orless) of alkaloids or digitonin was added to serial 2-fold dilutions
of another alkaloid or digitonin. Serial dilutions were performed in the
respective media, and the maximal concentration of DMSO did not ex-
ceed 1%. T. b. brucei cells (in a 96-well plate; Greiner Labortechnik) (2 X
10*/well) were incubated with test compounds for 48 h under standard
conditions. Afterward, 0.5 mg/ml of MTT was added. After 4 h of incu-
bation, the formazan crystals produced by viable cells were dissolved in
100 pl of DMSO and the reaction mixture was shaken at room tempera-
ture for 10 min. Then, the absorbance of the wells was measured at 570 nm
using a Biochrome Asys UVM340 microplate reader (Biochrom, United
Kingdom). The trypanocidal drug suramin (IC5, = 0.13 uM) was used as
a positive control.

Analysis of combination effects. Analyzing data from combination
studies is complicated and very critical matter. Therefore, in order to
correctly estimate the nature of a combination, four different analytical
methods were applied to the analysis of the combination effect.

First of all, the combination index (CI) was calculated. It represents a
general expression of drug interactions in pharmacology, and determin-
ing CI values is a simple way to quantify either synergism or antagonism.
It is calculated as follows:

CI_C(A,X) C (B, X)
T IC(X,A)  IC(X,B)

(1

where C (A, X) and C (B, X) represent the concentrations of drug A and
drug B used in combination to produce mean effect X (ICs,). IC (X, A)
and IC (X, B) represent the median-effect (ICs,) values for single drugs A
and B. The combination index (CI) quantitatively describes synergism
(CI < 1), additive effect (CI = 1), and antagonism (CI > 1) (28, 29).

Furthermore, dose reduction indexes (DRI) or reversal ratios (RR) or
cytotoxicity enhancement ratios (CER) were used to determine if a combina-
tion could lead to a reduction of the alkaloid drug dose. Dose reduction is
important, because it could lead to reduced toxicity and to maintained or
increased main therapeutic efficacy. Favorable DRI values would be >1,
whereas unfavorable ones would be <1, but values above 1 do not necessarily
represent synergism, because additive effects, and even slight antagonism, can
also lead to values of >1. DRI values are calculated as follows (14):

1Cs [drug alone]
DRI = . — 2)
ICs [drug in combination with the partner drug]

In addition, the nature of the interaction between compound A and com-
pound B was analyzed using an isobologram. The ICs,, concentrations of
drugs A and B are plotted on the x and y axes in a two-coordinate plot,
corresponding to (C,, 0) and (0, Cy), respectively. The line connecting
these two points is the line of additivity. The concentrations of the two
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FIG 1 Dose dependence of alkaloids alone and in combination with a fixed concentration of another alkaloid or digitonin. Data are represented as means = SD
(expressed as percentages) of cell viability in response to different concentrations of samples.

drugs that had been used in a combination to provide the same effect,
denoted as (C,, Cy), are placed in the same plot. When C, and Cy are
located below the line, the result of the combination effect is synergy; if
they are on the line, it is a sign of additivity; and if they are above the line,
it is a sign of antagonism (29).

Finally, the median-effect equation was used. This equation is applicable
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to and can describe behavior in many biological systems, such as enzymatic,
cellular, and whole-animal systems. The median-effect equation is as follows:

D
% = (5" )

where D represents the dose, f, represents the fraction of the affected
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TABLE 1 Trypanocidal activity of alkaloids and digitonin alone and in combinations

IC5, £ SD of the drug in combination with (uM)“:

ICs, = SD of the

serially diluted ~ Berberine Chelerythrine Emetine Homoharringtonine Piperine Vinblastine Digitonin
Drug drug alone (uM) (1.87) (0.07) (0.005) (0.002) (14) (0.04) (0.94)
Berberine 6.85 * 0.82 2.80 = 0.85 6.09 *+ 0.82 4.18 £ 0.35 6.05 *1.60 3.31 £0.91 2.64 £ 0.63
Chelerythrine 0.33 = 0.006 0.30 = 0.04 0.27 =0.04  0.30 £ 0.06 0.20 = 0.04 0.25=*0.04  0.27 £ 0.06
Emetine 0.03 = 0.007 0.02 = 0.002  0.02 * 0.001 0.01 £ 0.002 0.02 £ 0.002 0.01 =0.004 0.01 = 0.001
Homobharringtonine 0.01 = 0.0002 0.009 = 0.002 0.009 = 0.002 0.007 % 0.002 0.01 = 0.003 0.009 = 0.001 0.009 %= 0.002
Piperine 72.40 = 2.43 31.88 £2.37 5747 £ 11.70 16.83 =194 53.31 £ 2.40 35.03 £ 1.71 55.09 * 6.75
Vinblastine 0.21 = 0.06 0.12 +0.007 0.22*£0.02 0.13*=0.02  0.22 = 0.01 0.03 = 0.01 0.02 £ 0.006
Digitonin 6.89 * 0.57 4.02 = 1.09 8.39 = 0.55 11.47 £ 0.85 6.80 = 0.90 7.03 £0.84 8.13 £1.01

@ A fixed concentration (indicated in parentheses) was chosen for each combination partner.

(killed) cells, and f, represents the fraction of the unaffected (viable) cells
left after exposure to dose D of the drug. D,, represents the dose required
to achieve the median effect (equivalent to the IC,), and m is a Hill-type
coefficient signifying the sigmoidal property of the dose-effect curve.
The median-effect equation can be linearized by taking the logarithms
of both sides, and the median-effect plots were drawn by plotting log
[(f,) "' — 1] * against log D. The linearity of the median-effect plot (as
determined from linear-regression-coefficient [R] values) determines the
applicability of the present method (30).

Statistical analysis. All experiments were carried out in triplicate and
repeated at least three times unless otherwise stated. Using four-parame-
ter logistic regression and SigmaPlot 11.0 software, a sigmoidal curve was
fitted and the IC,,, which represents a 50% reduction in viability com-
pared to the results seen with nontreated cells, was calculated. The data are
represented as means = standard deviations (SD). Isobologram analysis
results, the correlation coefficients (r) for the regression lines of median-
effect plots, and the results of statistical tests were also determined by
using SigmaPlot 11.0 software. A P value below 0.05 was considered to
represent statistical significance.

RESULTS

Bloodstream forms of T. b. brucei were treated with a dilution
series of mutual combinations of the alkaloids berberine, chel-
erythrine, emetine, homoharringtonine, piperine, and vinblas-
tine, as well as with combinations of each of those alkaloids with
digitonin. The resulting dose dependence of trypanocidal activity
is illustrated for some combinations in Fig. 1. IC5s of drugs alone
and in combination with the potential enhancer are documented
in Table 1. To quantify the interactions among drugs, combina-
tion index (CI) values were calculated (Table 2). To better under-
stand the results, an isobologram analysis was done and dose re-
duction indexes (DRI) were calculated, and the results are
illustrated and documented in Fig. 2 and Table 2, respectively.

Our results clearly show that the investigated combinations of
alkaloids can exert a synergistic trypanocidal effect. The addition
of a nontoxic concentration of berberine resulted in synergism
with piperine and vinblastine, with DRI values of 2.27 and 1.80,
respectively (Table 2). Chelerythrine was able to synergistically
enhance the activity of berberine, lowering the IC;, from 6.85 to
2.80 wM, with a CI value below 1.

Almost all combinations with vinblastine resulted in a syner-
gistic or additive interaction. The strongest interaction was mea-
sured in combination with piperine, with which the trypanocidal
effect was increased 7.05-fold (Table 2). Almost any combination
of alkaloids with a serial dilution of piperine caused a synergistic
enhancement of the trypanocidal activity, with a highest DRI
value of 4.30 in a combination with emetine (Table 2). Emetine
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could synergistically influence the antiparasitic effect of homohar-
ringtonine, piperine, and vinblastine.

The addition of digitonin promoted synergism in almost all
combinations. The highest dose reduction index value was mea-
sured when digitonin was combined with vinblastine, where the
dose was reduced 9.07 times (Table 2). To our surprise, almost all
combinations of a fixed concentration of alkaloids with digitonin,
except the combination with berberine, were neither synergistic
nor additive, with DRI values below 1 (Table 2).

DISCUSSION

In this study, known bioactive alkaloids were tested in order to
determine whether their mutual combinations and combinations
with a steroidal saponin, digitonin, could lead to synergistically
enhanced antiparasitic activity. Combinations generally resulted
in synergistic potentiation of trypanocidal activity.

In our experiments, alkaloids with five different modes of ac-
tion were combined in a series of experiments in order to deter-
mine which combinations result in the strongest synergism. Being
one of the strongest membrane-disrupting agents, digitonin was
selected as a representative of membrane-permeating compounds
(25). The alkaloids indicated in parentheses are associated with
DNA intercalation (berberine, chelerythrine, and emetine), in-
duction of apoptosis (piperine), inhibition of the microtubule as-
sembly (vinblastine), and inhibition of protein biosynthesis (ho-
moharringtonine and emetine) (18, 31).

In our previous study (Krstin and Wink, submitted), we were
able to show that alkaloids which intercalate DNA, such as chel-
erythrine, emetine, and berberine, display high trypanocidal ac-
tivity, with IC5ys below 10 pM. Our present results suggest that, in
a combination of alkaloids with the same mode of action, namely,
intercalation of DNA, the interaction leads to an additive effect
rather than synergism. However, the addition of the DNA inter-
calator chelerythrine to another DNA intercalator, berberine, en-
hanced the activity of berberine in a synergistic fashion. How to
explain the exception? The answer could lie in the fact that ber-
berine and chelerythrine affect a wider range of targets in a cell.
Their main activity is focused on DNA, but it has also been dem-
onstrated that they can inhibit protein biosynthesis and induce
programmed cell death in human cells and even in trypanosomes
(24, 32). It has already been demonstrated that a combination
of chelerythrine with mitoxantrone, a drug that also interca-
lates DNA, exerts additivity, which agrees with the data from
this study (33).

In our previous study, homoharringtonine exerted the stron-
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In Vitro Combination Therapy against T. b. brucei

gest antitrypanosomal activity, with an IC;, of 10 nM, which is
stronger even than that of the trypanocidal drugs used in the
study, namely, suramin, diminazene, and pentamidine (Krstin
and Wink, submitted). Homoharringtonine is one of the strongest
inhibitors of protein biosynthesis known from plants. On the basis
of our findings, its addition to a DNA intercalator leads to a higher
antitrypanosomal effect. This suggests that the depletion of nor-
mal protein synthesis and the intercalation of DNA, which conse-
quently results in stabilization of the double helix, impairment of
the replication process, and induction of frameshift mutations,
are responsible for a synergistic effect (1). Generally, when a com-
bination of two or more drugs with different mechanisms of ac-
tion is used, the combination can fight against the disease more
effectively (14).

Although piperine has low antitrypanosomal activity, it has
been shown that, in higher concentrations, it is able to induce
apoptosisin T. b. brucei (32). The addition of any drug to piperine
and vice versa resulted in at least additive effects if not synergism.
It seems that by inducing apoptosis we can make the trypano-
somes more sensitive to almost any drug irrespective of the mech-
anism.

Vinblastine is a drug that has a high level of antitrypanosomal
activity, with an ICs, of 0.21 .M, and whose main mechanism of
action is inhibition of the assembly of microtubules by binding to
tubulin (1). The highest DRI values seen in this study were calcu-
lated when piperine or digitonin was added to a serial dilution of
vinblastine. Vinblastine could synergistically enhance the activity
of almost all alkaloids in this study. Since movement of the cell is
vital for the survival of trypanosomes, our results could be inter-
preted as meaning that any destabilization of the cytoskeleton
could increase the sensitivity of trypanosomes to any other drug.
In the case of digitonin, our results show that, by permeating the
membrane of a parasitic cell, the trypanocidal activity of almost
any alkaloid is increased. A similar finding, in which the uptake of
polar drugs was enhanced by the addition of digitonin, has been
obtained from human cells (34). The strongest effect was mea-
sured when digitonin was added to vinblastine. However, vinblas-
tine is a highly lipophilic drug and can diffuse the membrane
easily. Since both compounds (vinblastine and digitonin) are in-
hibitors of ABC transporters (35, 36), which are also active in
trypanosomes (37), we suggest that digitonin inhibits the efflux
system and thus increases the internal vinblastine concentrations.

In conclusion, the results presented here show that a combina-
tion of individual alkaloids with each other and with digitonin
often potentiates trypanocidal activity. This especially applies to
combinations of an alkaloid which targets the cytoskeleton and/or
membrane with another compound exhibiting another mode(s)
of action. Although the mechanisms of some actions seem logical,
more studies conducted on a molecular level are necessary to bet-
ter understand these results. Since we used only two drugs in any
one combination, one of the aspects that should be investigated in
future work is a combination of three or more substances, which
could probably potentiate the antiparasitic activity even more.
This in vitro study has given us an insight into which combinations
could be interesting for in vivo combination studies, to better un-
derstand the pharmacokinetics and pharmacodynamics of the
corresponding drug combinations. However, considering that
our results are limited to in vitro conditions, in vivo studies are
required to corroborate the synergistic effects.
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