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In this study, we report in vitro chloroquine (CQ) and artemisinin combination studies of eight
flavonoids against Plasmodium falciparum strains. The flavonoids were previously isolated from
Erythrina sp. (Family Leguminosae) growing in Kenya. Synergism was observed for chloroquine/
Sigmoidin E (5) combination at ratios of 5:1 and 3:1 respectively, while other chloroquine/flavonoids
combinations showed variable response; either additive or even antagonistic effects. The
artemisinin/abyssynone IV (1) combination also showed synergistic interaction at a ratio of 5:1. Further
investigations revealed that Abyssinone IV (1) and Abyssinone V (2) were effective inhibitors of

plasmodial growth and differentiation regulatory enzyme, pfmrk.
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INTRODUCTION

The theory underlying combination drug management of
tuberculosis, leprosy, and HIV infection is well known and
is now generally accepted for malaria. Combination of
drugs greatly lowers the probability of emergence of
resistance (Nicholas, 2004; Bell, 2005). The change from
monotherapy to combination therapy for malaria was
effected and enforced before the year 2000 in most
malaria endemic countries by government policies.
Several drug combinations for treatment of malaria are
now in use. They include pyronaridine/artemisinin; chlor-
proguanil/dapsone;  chlorproguanil/dapsone/artesunate
and artemether /lumefantrine (Coartem®) combinations.
However, the fast emergence of resistance to the
existing cheaply available combinations, like sulfadoxine/
pyrimethamine, is a major threat to the future of malaria
treatment and control efforts (Krishna et al., 2006; Nzila
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et al., 2000). Consequently, this medication has been
replaced with the more effective but costly Coartem®
(Mutabingwa et al., 2001). Furthermore, there is an
overall lack of chemical diversity among the commercially
available antimalarial drug compounds except for
artemisinin (Macreadie et al., 2000), a problem that is
further compounded by the fact that resistance to
artemisinin has been reported in various regions (Taylor
and White, 2004; Clark, 1996).

Recent studies have shown in-vitro antiplasmodial
activities of extracts from plants traditionally used as
antimalarials (Robert, 2003; Muregi et al., 2004; Brandao
et al., 1997; Francois et al., 1996; Freiburghaus et al.,
1996). Some of the most interesting results were from a
plant called Erythrina sp. (Family Leguminosae). The
plants in this family are widely used in traditional
medicine for treatment of malaria and microbial infections
(Kokwaro, 1993). Antiplasmodial activities of flavonoids
from the roots and stem bark of these species have been
reported (Yenesew et al., 2005; 2004; 2003a, b and c).

Cyclin-dependent protein kinases (CDKs) are attractive



targets for drug discovery. Recently efforts have led to
the identification of novel CDK selective inhibitors in the
development of treatments for cancers, neurological dis-
orders, and infectious diseases and CDKs have now
become the focus of rational drug design programs for
the development of new antimalarial agents. CDKs are
valid drug targets as they function as essential regulators
of cell growth and differentiation.

To date, several CDKs, pfmrk and PfPK5, have been
characterized from the genome of the malaria-causing
protozoan Plasmodium falciparum (Canduri et al., 2005;
Keenan et al., 2006). Many of the parasitic protein
kinases display profound structural and functional
divergences from their host counterparts and pfmrk and
PfPK5, most likely play an essential role in cell cycle
control and differentiation in P. falciparum. This, there-
fore, makes them an attractive target for antimalarial drug
development (Geyer et al., 2009). Various 1,3-diaryl-2-
propenones (chalcone derivatives) which selectivity
inhibit pfmrk in the low micromolar range (over PfPK5)
have been reported. It is believed that kinase inhibition
could be an additional mechanism of antimalarial activity
for this class of compounds.

In this study, potencies of chloroquine (CQ)/flavonoid
and artemisinin/flavonoid combinations were evaluated
against CQ sensitive (D6) and CQ resistant (W2) strains
of P. falciparum. The anti-P. falciparum, M015 Related
Kinase (pfmrk), of selected flavonoids has been
evaluated, in an attempt to contribute to the discovery of
new anti-malarial drugs.

MATERIALS AND METHODS

Flavonoids assayed

Flavonoids 1 - 8 were assayed in this study. These compounds
were from the library of compounds isolated, characterized and
reported by Yenesew et al., in their studies of 2003, 2004 and 2005.
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Antiplasmodial activity assay

Antiplasmodial activity test was based on the procedure previously
described by Desjardins et al. (1979). P. falciparum parasites were
maintained by standard culture method (Chulay et al., 1983; Trager
and Jansen, 1997). A two-fold serial drug dilution on 96-well plates
was done using the Berkmann 1000 TM automated laboratory
workstation with 50 pg/ml as starting concentration for all test
compounds. The reference drugs had varied preset starting dose.
Out of the eight rows on each plate, two were reference
antimalarials drugs - chloroquine and quinine- while six were the
different test samples.

For combination assays, a 96-well plate had first rows containing
the particular reference drug, and row two, the test sample. The
remaining six rows contained reference drug to sample drug
concentration ratios of 1:1, 3:1, 1:3, 4:1, 1:4 and 5:1 respectively.
The proportions were volume/volume parts of the combining
components at the preset working doses such that reference drugs
were at either 1000 mg/ml for chloroquine sulphate or 100 mg/ml
for artemisinin and 50 ug /ml for the sample drugs. For the assay,
25 pl aliquots of the drug were pipetted into each of the microtitre
wells on the plates. P. falciparum parasites were kept in continuous
culture to adapt and attain a parasitemia of 3 - 6% trophozoite
stages as proof to successful adaptation to in-vitro growth.

Aliquots of 200 pl of a 0.9% (v/v) suspension of parasitized
erythrocytes in culture medium were added to all test wells except
the three negative control wells. The plates were incubated at 37°C
in a gas mixture of 3% CO>-5% 0>—92% N,. After 24 h, each well
was pulsed with 25 pl of culture medium containing 0.5 uCi of [°H]
hypoxanthine and incubated for a further 18 h.

The contents of each well were harvested onto glass fiber filters,
washed thoroughly with distilled water, dried, and the radioactivity
(in counts per minute) measured by liquid scintillation counting.
These tests were carried out in ftriplicates. The concentration
causing 50% inhibition of radioisotope incorporation (ICso) was
determined by interpolation as described by Desjardins et al.
(1979).

The highest concentrations of drugs were placed in the first
column and subjected to a two-fold serial dilution across the row.
Each plate had two control drugs, that is, the first two drugs (row A-
chloroquine sulphate, and row B- quinine sulphate).

Data analysis

Oracle database software (Data Aspects Corporation, California
USA, 1996) was employed in analysis of data to give 50% inhibitory
concentration (ICsg). It is based on the inhibition of uptake of a
radioactive nucleic precursor (hypoxanthine) by parasites as a
measure of antiplasmodial activity. This program compares the
individual counts to the background and the positive control, and
plots a dose response curve (Frederich et al., 1999).

ICso was calculated using Equation 1:

(cpm test -mean cpm UC)
% inhibition = 100 — x 100
(mean cpm infected cells — mean cpm UC)

(1
where cpm = counts per minute, UC = uninfected cells

Exclusion was considered for all assays that showed: Bacterial
contaminations, ICso incorrectly aligned (failure to converge), low
counts in the control wells, and inability to fit a logistic dose-
response equation as shown by the analysis program. For
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Table 1. In vitro ICs values of flavonoids isolated from Erythrina sp. against W2 and D6 strains of P. falciparum.

- ICs0 (uMI)

Category of activity = Compound D6 W2
Abyssinone IV (1) 54+15 59+1.8

A Abyssinone V (2) 24+0.2 3.6+0.2
Sigmoidin E (5) 9.1+23 11.8+£25
5'-Prenylpratensein (7) 6.3+0.3 8715
Shinpterocarpin (8) 6.6+£1.2 8.3+1.1
Sigmoidin A (4) 5.8+0.6 59+141

B Abyssinone V-4' -methyl ether (3) 11.3x21 11124
Abyssinone 4' -methyl ether diacetate (6) 12.3 £ 3.1 12.4 £ 0.1

Reference drugs
Chloroquine 0.008 £0.0 0.075+£0.0
Quinine 0.050 £ 0.02 0.28 +0.02

combination assays, it gave 50% fractional inhibition concentration
(FICso) plot for every set of combination depicting synergistic,
additive and antagonistic effects. Scatter plots were generated from
the FICso to explain the potency of a given combination by putting
all the triplicate assays on one plane. Proguanil/artovaquone
combination was used as the positive control.

Pfmrk kinase inhibition assays

Expression and purification of pfmrk was performed as described by
Li et al., (1996). The kinase assays were performed according to
the procedure of Roch et al., (2000). A standard reaction (30 pl)
contained 25 mM Tris-HCI, pH 7.5, 15 mM MgCl,, 2 mM MnCl; 15
UM ATP/0.05 pCi of [y -**P] ATP, and 5 pg of histone H1 (Life
Technologies, Inc.). Reactions were initiated by the addition of 0.5
pg each of the recombinant protein kinase and cyclin H as a
partner. Both proteins were allowed to form a complex at 30°C for
30 min in kinase assay buffer.

The respective flavonoids were then added and incubated at
30°C for 30 min; the negative controls were reaction mixtures
containing only the relevant concentration of solvent. The reaction
was stopped by the addition of Laemmli buffer. A fixed volume (25
pl) of each reaction was then spotted onto a small piece of
Whatman P81 phosphocellulose paper. The paper was washed five
times in 1% orthophosphoric acid, and the amount of acid-
precipitable radiolabel incorporated in histone H1 was quantified by
scintillation counting (Roch et al., 2000). From the differential
counts, 50% inhibitions (ICso) were established.

RESULTS AND DISCUSSION

Flavonoids 1-8 were selected based on their reported
antiplasmodial activity, which is either in category A or
category B (Yenesew et al., 2005; 2004a; 2003a, b and
c). These activities were confirmed during this study
(Table 1). It was necessary to re-evaluate the antiplasmo-
dial activities of the above compounds. This is because
these compounds had been stored for a long time and
their activity could have been affected.

All the flavonoids tested showed activities within 1Csq of
10 - 20 pM. Growth inhibition of the chloroquine-sensitive
(D6) strain by chalcones was better than that of the
chloroquine-resistant (W2) strain.

Chalcone, abyssinone V-4' -methyl ether (6) was
prepared by acetylation of abyssinone V-4' -methyl ether
(3) under reflux condition in an attempt to prepare
abyssinone V-4' -methyl ether diacetate. However, the
product formed a chalcone 6 where ring C has opened.
Interestingly, the chalcone showed comparable antiplas-
modial activity with that of the flavanone 3.

From this study, the tested compounds can be
identified as lead antimalarial structures since they had
activities in the same range as the lead antimalarial com-
pound licochalcone A (Ziegler et al., 2004). Structure—
activity relationship studies on the antimalarial activity of
chalcones have emphasized the importance of ring B for
activity (Ziegler et al.,, 2004). In particular, parasub-
stitution of ring B with oxygen and non-bulky substituents
like hydrogen has been reported to be desirable (Liu et
al., 2003). All tested chalcones had an oxygen group in
this position and showed antiplasmodial activity in the
range of category B. Notably, antiplasmodial activity
among these chalcones was comparable in spite of the
changes in size, type and position of substituents on ring
A.

Combination studies

The potency of flavonoids in combination with either
artemisinin or CQ was evaluated in assay against two
strains of P. falciparum. The flavonoids 1 - 8 being
natural products, were in short supply. The number of
assays carried out was limited by the availability of these
compounds.

Each of flavonoids 1 and 3 was used in combination



Table 2. FICso for atovaquone/Proguanil combinations
activity on D6 strain of P. falciparum.

Combining ratio Mean sum FICsos +SD

1:1 0.9+01
3:1 0.9+01
1:3 1.2+0.2
4:1 0.9+01
1:4 0.7+£0.2
5:1 1.4 0.2

Number of replicates, n = 3, D6 = CQ sensitive strain of P.
falciparum.
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Figure 1. Scatter plot for proguanil/atoquone combination against
D6 strain p. falciparum. Proguanil vs. atoquone plot 1; Proguanil

vs. atoquone plot 2; Proguanil vs. atoquone plot 3; Proguanil vs.
atoquone plot 4.
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Figure 2. Scatter plot for artemisinin/1 combination.
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with artemisinin. The results obtained are summarized in
Table 2 and Figures 1 and 3. On the other hand, the
results for combination studies of flavonoids 1 - 8 with CQ
are summarized in Tables 3 and 5, and Figures 4 - 8.

Activities were evaluated as mean sum of fifty-percent
fractional inhibition concentration (FICsy) and grouped
into three categories (Ohrt et al., 2002). Those showing
synergism (FICso<1), those showing additive effect (FICs
=1) and those showing antagonism (FICsy>1). The results
obtained illustrate activities ranging from having an
additive to antagonistic or synergistic effect in
combination, against the chloroquine-sensitive (D6) and
chloroquine-resistant (W2) strains of P. falciparum. Both
strains of plasmodium had comparable FICs, values
irrespective of the flavonoid used.

The control drug combination atovaquone/proguanil
(Table 3) displayed a range of responses across the
varying combinations ratios (Fivelman et al., 2004; White
and Olliaro, 1996). The ratios 1:1, 3:1 and 1:4 showed
activity with FICsy values <1 to symbolize synergistic
response.

Artemisinin/flavanoids combinations

The activity of the combination of artemisinin and
abyssinone IV (1) was diverse, but the two compounds
predominantly showed additive activity (Table 3, Figure
2). This was observed at the artemisinin/1 combination
ratios of 1:1, 3:1, 4:1 and 5:1 with FICs, values <1.
Synergism was most evident at combination ratio 5:1.
This ratio caused the highest reduction in amount of
individual component required to attain the 100%
inhibition of the chloroquine-sensitive (D6) strain of P.
falciparum (Table 3). The rest of the combination ratios
were either additive (1:3) or antagonistic (1:4).

At artemisinin/abyssinone 4' -methyl ether (3) com-
bination ratios of 3:1, 1:3 and 5:1, the drugs showed
additive activities (Table 3) against chloroquine-sensitive
(D6) strain of P. falciparum. Best activity for this com-
bination was at ratio of 5:1 with the lowest mean FICs
across the set of combinations tested. The other combi-
nation ratios had mean FICs, >1 showing antagonism.

Artemisinin is the only antimalarial drug with a notably
unique molecular structure (Macreadie et al., 2000). lts
mode of action has been described (Giao et al., 2004).

The tenacity of finding new molecules have bred the
need to reinforce existing ones through combining them
to reduce rate at which parasites develop resistance to
these drugs. Indeed, artemisinin has been successfully
combined with other antimalarial drugs, and the
artemether/lumefantrine combination (Coartem®) s
currently a first line antimalarial drug (Bukirwa et al.,
2006). Interactions of two phytochemicals, artemisinin
and licochalcone A, has been studied against synchro-
nized erythrocytic stages of chloroquine-sensitive 3D7
and chloroquine-resistant RKL 303 strains of P.
falciparum. These two compounds in combination
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Figure 3. Scatter plots for artemisinin/3 combination activity against W2 strain of P. falcinarum.

Table 3. FICs values for selected artemisinin/flavonoid combinations against D6 strain of P. falciparum.

Mean sum FICsgs +SD, number of replicates = 3.

Combining ratio

Artemisinin/1 combination Artemisinin/3 combination
1:1 0.9 +0.1 1.1+£0.0
3:1 1.0+£0.1 1.0+£0.1
1:3 1.210.2 1.0x£0.2
4:1 1.0+£0.0 1.0+£0.2
14 1.3 0.2 1.0+£0.2
5:1 0.6+0.0 1.0+£0.1

Number of replicates, n = 3, D6 = chloroquine sensitive strain of P. falciparum.

Table 4. Mean sum fractional inhibition concentration (FICso) for chloroquine/flavonoid combinations activity
on D6 strain of P. falciparum.

Mean sum FICsps £SD

Combining ratio

cQ/2 cQ/3 cQ/s cQ/7 cQ/4
1:1 1.6+0.3 1.3+04 1.2+0.1 1.2+0.1 32%+1.8
3:1 1.7+0.2 1.1x0.2 0.6 £0.8 1.4+0.0 1.7+0.6
1:3 1.3+0.1 1.4+05 1.1+0.8 1.3+0.1 46+3.0
4:1 1.4+0.2 1.2+0.2 1.0 +0.1 1.4+03 1.5+0.3
1:4 1.4+0.1 1604 1.2+0.2 1.0 0.2 3622
5:1 1.3+0.2 1.0+0.1 0.8 £0.0 0.7+0.2 0.80 + 0.1

Number of replicates, n =3, D6 = chloroquine sensitive strain.



Table 5. Mean sum fractional inhibition concentration (FICso) for chloroquine/flavonoid combinations activity on W2 strain of P. falciparum.
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Mean sum FICs¢s £SD

Combining ratio

ca/2 cQ’/3 cQrss CcQ/6 cQ/7 cQ/s
1:1 1.8+0.1 1.3+0.1 1.8+0.5 1.3+04 24+03 26%03
3:1 1.9+0.1 1.2+0.1 1.7+04 1.3+0.2 1.9+0.6 21+01
1:3 1.7+04 1.4+0.1 2107 1.4+05 1.7 +0.1 1.6+0.6
4:1 1.8+0.1 1.1+0.1 1.7 £0.1 1.2+0.2 1.7+04 1.4 +0.1
1:4 1.2+0.0 1.3+0.1 21+07 1.6+04 1.3+04 1.2+0.1
5:1 1.4+05 09+0.2 1.0+0.1 1.0+0.1 1.4+0.2 22+0.8

Number of replicates, n=3, W= chloroquine resistant strain.

showed synergistic antiplasmodial activity in vitro on
these strains (Mishra et al., 2008). However, the present
results show potent antagonistic activity for the tested
artemesinin/flavonoid combinations against P. falciparum,
with synergistic and additive effects only being observed
at higher artemisinin ratios.

Emergence of drug-resistant P. falciparum strains to
conventional first-line antimalarial drugs has compelled
many countries to reorient their drug policies to adopt
artemisinin-based combination therapies (ACTs) for treat-
ment of uncomplicated malaria. This has increased the
demand of artemisinin, already a scarce commodity.
Extensive use of available ACTs will invariably lead to
emergence of resistance to these combinations. Thus,
there is need to search for new artemisinin-based, inex-
pensive, synergistic combinations to reduce dependence
on artemisinin. The current study indicates that the tested
flavonoids do not act synergistically with artemisinin at
low ratios. Notably these favonoids have either category
A or B activities antiplasmodial activities.

Chloroquine/flavonoid combinations

The results of CQ/ flavonoid combination studies are
presented in Tables 4 - 5, and some of the isobolagrams
in Figures 4 - 7. Compound 5 in combination with chloro-
quine yielded additive to synergistic response (Figure 7),
while the other flavonoids with chloroquine combinations
were mainly antagonistic against the strains of P.
falciparum.  Synergistic response was seen at
chloroquine/ 5 ratios of 5:1 and 3:1 with the latter being
the best overall chloroquine/flavonoid combination activity
observed in this study (Table 4), against CQ Dé6.
Interestingly, 2 singly showed the best activity, among all
the flavonoids tested in this study (Table 1), against both
strains of P. falciparum yet 2 exhibited antagonistic
interactions with CQ. This raises questions on the
interaction and mechanism of action of these com-
pounds. Chloroquine mechanism of action is mainly
through oxidative stress (Domarle et al., 1998) while
flavonoids are antioxidants (Liu et al., 2003). Notably,

abyssinone 4'-methyl ether (3) had category B activity
against both P. falciparum strains; yet again it showed
antagonistic interactions. The interaction of chloroquine
with shinpterocarpan (8) against chloroquine-resistant
(W2) strains of P. falciparum was indifferent but tended
more towards antagonism (mean sum FICsos >1). Ironi-
cally, compound 8 singly, showed category A but did not
augment the activity of chloroquine. Such antagonistic
responses have been shown in mefloquine/artemisinin
combinations, which are singly very effective against P.
falciparum but antagonistic in combination (Gupta et al.,
2002).

Studies on the binding affinity of chalcones to
ferriprotoporphyrin IX (FP) versus antiplasmodial activity
have revealed a negative correlation (Elena, 2003).
Although the activity patterns portrayed by chalcones in
this study against the various strains of P. falciparum
were similar to that of reference drugs that act by
impairing binding of (FP) to haemozoin, it is likely that
antiplasmodial activities of chalcones may be mediated
by other means.

Activity of selected flavonoid against P. falciparum
MO15-related protein kinase (pfmrk)

In addition to antiplasmodial activity, selected flavonoids
were screened against cyclin dependent Kinase (CDK)
pfmrk. Protein kinases are a family of enzymes whose
key function is involvement in signal transduction for all
organisms. This makes it a very attractive target for
therapeutic interventions. This enzyme has been targeted
in many diseases such as cancer, diabetes, inflamma-
tion, arthritis (Vieth et al., 2004) and lately protozoan
parasites, specifically P. falciparum (Doerig, 2004).
Recently several highly specific cdk inhibitors have been
described. Olomoucine has been tested on a wide range
of protein kinases, and shown to act very specifically on
most members of the CDK family with ICs, values in the
range of 3 - 50 uM (Vesely et al., 1994). Also, 0.2 uM
flavopiridol arrests the cell cycle of breast carcinoma cells
at the G/M transition and inhibits purified sea star cdc2
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Figure 4. Scatter plot for chlorogine/2 combination against D6 strain P. falciparum.
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Figure 5. Scatter plot for chloroquine/2 combination activity against W2 strain of P.
falciparum.

kinase with an ICs, of 0.5 uM (Worland et al., 1993). Both ATP-analogues (Vesely et al., 1994). These two com-
drugs: Olomoucine and flavopiridol, act as CDK-specific pounds have shown inhibition of kinase activity of PfPK5
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Figure 6. Scatter plot for chloroquine/6 combination against D6 strain P.
falciparum. JKT 29A = Abyssinone-4’-methyl ether diacetate.
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Table 6. In vitro ICso of flavonoid activity against CDK-pfmrk.

Test compound

Anti-pfmrk ICso

uM
Abyssinone IV (1) 0.05
Abyssinone V (2) 0.04
Abyssinone V-4' - methylether (3) >0.24

(ICsp values flavopiridol 0.06 uM, olomoucine 0.000015
UM [15 PM]), as well as inhibition of growth of parasite
cultures (ICso values flavopiridol 2 uM, olomoucine
0.000015 uM [15 PM]) (Graeser et al.,, 1996). In this
study, compounds that have very good antiplasmodial
activities of category A (26, 27, 69), were screened
against CDK Pfmrk.

Interestingly in this study, many compounds that have
good in vitro activity against the P. falciparum parasites
are effective inhibitors of the pfmrk. Notably, abyssinone
V (27) that had the best antiplasmodial activity also
showed the best inhibition potency. It is interesting to
note that when the 4' -OH in abyssinone IV (26) is
methylated (abyssinone V-4-methyl ether 28) the pfmrk
ICso increased more than five-fold showing the
importance of free -OH at C-4'.

Compounds 1 - 3, with category A antiplasmodial
activity, were tested for their pfmrk activities. The results
of the pfmrk assays are listed in Table 6.

Flavonoids 1 and 2 have good in vitro activity against the
P. falciparum parasites and were found to be effective

inhibitors of the pfmrk (Table 5). Notably, abyssinone V
(2) that had the best antiplasmodial activity also showed
the best inhibition (ICsy of 0.038 uM), while chalcone (3),
did not show anti-pfmrk activity within the range of
concentration (highest = 0.3 uM). It is important to note
that when the 4' -OH in abyssinone IV (1) is methylated
(abyssinone V-4'-methyl ether 3) the pfmrk ICsq increases
more than five-fold and hence indicates the importance of
free -OH at C-4'".

Conclusion

The flavonoids tested in this study probably have a
mechanism of action similar to chloroquine since they
have better activity against the chloroquine-sensitive (D6)
than the chloroquine-resistant (W2) strain of P.
falciparum. In addition, the most active flavonoid (2) in
combination with chloroquine was antagonistic across
most ratios. In addition, the most active flavonoid in com-
bination with chloroquine showed antagonistic activity
across all ratios. Since flavonoids are antioxidants, it is
possible that as strong oxidants, they may scavenge the
chloroquine that is needed to inhibit heme binding thus,
leading to the observed antagonism. The chloroquine/
flavonoid and artemisinin/flavonoid combination ratio of
5:1 was the best combination giving synergistic response
in most of the tested combinations. It is therefore possible
that antiplasmodial activity of flavornoids could also be
mediated by pfmrk inhibition since the molecules with the
best antiplasmodial activity proved to be effective pfmrk
inhibitors.
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