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Antimalarial properties of green tea
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Abstract

We show here that a crude extract of green tea as well as two of its main constituents, epigallocatechin-3-gallate (EGCGQG) and epicat-
echin gallate (ECG), strongly inhibit Plasmodium falciparum growth in vitro. Both these catechins are found to potentiate the antimalarial
effects of artemisinin without interfering with the folate pathway. The importance of these findings and their mechanistic implications are

discussed in view of future therapeutic strategies.
© 2006 Elsevier Inc. All rights reserved.
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Green tea has attracted large attention, recently, both in
the scientific community and in the public opinion, for its
pronounced health benefits towards a variety of disorders
ranging from cancer to weight loss [1]. A clear link between
the health benefits of green tea and the high content of
catechins has rapidly emerged [1,2]; in particular, much
emphasis has been given to the anticancer effects of these
substances and to the investigation of the underlying
biochemical mechanisms [3,4].

Appreciation of the health effects of green tea has longly
been hindered by the low oral bioavailability of its poly-
phenolic catechins [5]. Moreover, absorbed green tea cate-
chins are known to undergo rapid and extensive metabolic
transformations [6]. These are most probably the reasons
why no association has been reported so far between green
tea consumption and its antimalarial effects despite the
large use of this beverage in several Asian countries where
malaria is endemic.
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Catechins, the active substances of green tea, represent
ca. 15% of plant dry weight [7]. The most important green
tea catechins are (—)-epigallocatechin gallate (EGCG), (—)-
epigallocatechin (EGC), (—)-epicatechin gallate (ECG),
and (—)-epicatechin (EC), altogether accounting for over
85% of the total flavonoid content. Notably, all these sub-
stances are strictly related to each other from the chemical
and structural point of view as shown in Fig. 1. Among
green tea catechins, EGCG is by far the most abundant
(about 60% of total content; thus, one 240 ml cup of
brewed tea may contain up to 200 mg EGCQG).

In the frame of a larger research project aimed at
evaluating the possible interactions, in malaria treatment,
between artemisinins [8] and a variety of natural substanc-
es, we analysed the specific antiplasmodial properties in
vitro of the main green tea catechins, either alone or in
combination with artemisinins, against two distinct
Plasmodium falciparum strains: 3D7, chloroquine sensitive
(CQS), and FCR-1/FVO, chloroquine resistant (CQR).
Also, the antimalarial effects of crude extracts of green
tea were studied.
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Fig. 1. Chemical structure of the main green tea catechins.

Materials and methods

Reagents. Artemisinin, tea catechins and folinic acid used in this study
were from Sigma and green tea crude extract from Indena (extract from
Camellia sinensis contains 60.0% of total polyphenols, >40.0% of EGCG
by HPLC, and <0.1% of caffeine by HPLC).

Parasite maintenance. Cultures of P. falciparum, either 3D7 drug-sen-
sitive (CQS) or FCR-1/FVO resistant to chloroquine (CQR), were grown
in vitro in human red blood cells (O™) as formerly described [9].

In vitro determination of antimalarial activity of tea catechins. Tea
catechins were prepared as stock solutions in 95% ethanol and then diluted
in complete RPMI medium (containing 10% human serum). In all tests,
the concentration of ethanol was maintained at 0.02% and did not inhibit
the growth of control cultures. The four individual tea catechins were
presented at concentrations ranging between 1 and 250 uM. Growth
inhibition was evaluated by a well-established enzymatic method based on
lactate dehydrogenase activity of P. falciparum (pLDH) [10]. Two parasite
strains of P. falciparum, 3D7 drug-sensitive (CQS) and FCR-1/FVO
resistant to chloroquine (CQR), were used for the in vitro tests after cul-
ture syncronization by sorbitol [11]. The effects of tea catechins on cul-
tured parasites were determined by light microscopy and pLDH activity,
as previously described in detail [12]. Each assay was performed in trip-
licate, on three separate occasions.

Then P. falciparum growth inhibition was analysed as a function of
added artemisinin, at sublethal doses, ranging from 2.5 to 40 nM, either in
the presence (or in the absence) of 15 uM EGCG or of 2.5 uM ECG. The
effects of artemisinin and catechins were assessed using isobologram
analysis and by analysis of the sum of the fractional inhibitory concen-
trations (FICs) [13].

Folate pathway “rescue’ experiment. The experiment was carried out by
addition of folinic acid (5-formyltetrahydrofolic acid = FA, Sigma) 500
pg/ml to the growth medium; growth inhibition was evaluated with respect
to a control as earlier described [14]. We also checked that such a concen-
tration of FA, given alone, does not affect significantly P. falciparum growth.

Results
In vitro P. falciparum growth inhibition studies

The growth inhibition effects of the individual green tea
catechins and of green tea crude extracts were measured on

two P. falciparum strains, 3D7 drug-sensitive (CQS) and
FCR-1/FVO resistant to chloroquine (CQR), according
to the procedure reported in the experimental section.
Relevant antiplasmodial effects were indeed found for
EGCG and ECG, in terms of 50% inhibitory concentration
(ICsp) (Fig. 2). The following values were determined:
EGCG (3D7 ICsy=37.240 uM, 95% CI =26.41-67.68;
FCR-1/FVO ICsy=31.381 uM, 95% CI =21.05-55.43)
and ECG (3D7 1Cs5y = 10.897 uM, 95% CI =4.321-18.41;
FCR-1/FVO ICso = 7.237 uM, 95% CI = 2.563-16.40), as
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Fig. 2. Antiplasmodial activities of catechins. Percentage of inhibitions of
3D7 and FCR-1/FVO P. falciparum strains against increasing concentra-
tions of EGCG (A), ECG (B) or EGCG from green tea crude extract (C),
respectively. The data are expressed assuming no inhibition for untreated
controls.
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Table 1

ICso values for EGCG, ECG, green tea extract, artemisinin (ART), ART/15uM EGCG and ART/2.5uM ECG against 3D7 and FCR-1/FVO

P. falciparum strains

Plasmodium falciparum strains

Name of compounds

ICs (95% CI)

3D7

FCR-1/FVO

(—)-Epigallocatechin gallate (EGCG) uM
(—)-Epicatechin gallate (ECG) uM
Green tea (EGCG) uM

Artemisinin (ART) nM

ART/15 uM EGCG

ART/2.5 uM ECG

37.240 uM (26.41-67.68)
10.897 uM (4.321-18.41)
30.766 pM (26.03-37.14)
14.084 nM (13.28-16.14)
8.433nM (3.711-12.88)"
9.540 M (3.655-14.18)"

31.381 pM (21.05-55.43)
7.237 uM (2.563-16.40)
28.616 M (20.82-41.12)
12.008 1M (9.553-14.97)
9.375 nM (1.2-16.58)"
4.079 nM (0.08-11.39)"

" P<0.001.

summarized in Table 1. Notably, both these catechins
showed somewhat higher antiplasmodial effects on the
CQR strain; ECG resulted in general more “active” than
EGCG.

The ICsy values measured for EGC were far higher
(IC59 > 300 uM) whereas EC turned out to be substantially
ineffective (ICs5o > 500 pM). Notably, the crude extract was
found to produce appreciable growth inhibition effects that
are well consistent with its EGCG content (the green tea
crude extracts contains ~40% w/w of EGCG). ICs, values
of 30.766 uM (95% CI = 26.03-37.14) on CQS strain and
28.616 uM (95% CI =20.82-41.12) on CQR strain were
determined (Fig. 2 and Table 1).

Subsequently, we analysed the possible pharmacological
interactions between artemisinin and EGCG or ECG on
both CQS and CQR parasite strains. Artemisinin is a well
known, potent, and clinically established antimalarial drug,
with an ICs value falling in the low nanomolar range [8].
We wondered whether green tea catechins might potentiate
its action; possible interactions among green tea catechins
and artemisinin were evaluated through an established
methodology relying on the so called “isobologram’ anal-
ysis [13,15].

Using EGCG 15 uM and ECG 2.5 uM in combination
with artemisinin, the sum of FICs was found to be 1 and
0.9 for the 3D7 CQS strain, respectively, and 1.2 and
0.68 for FCR-1/FVO CQR strain. The results of isobolo-
gram analysis are consistent with an essentially additive
effect of both these catechins with artemisinin, as shown
in Fig. 3; a sub-synergistic effect might be attributed to
ECG on the CQR P. falciparum strain. Notably, the
described additive effects are quite evident in the lower
artemisinin concentration range.

Mechanistic studies: the “folate pathway” hypothesis

The essential additivity of the effects caused by epicate-
chin and artemisinin, given in combination, suggests that
these substances may interfere with P. falciparum metabo-
lism at two distinct sites. Where this not the case, the
reducing properties of epicatechins would be expected to
antagonize—rather than increase—the biological effects
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Fig. 3. Isobolograms showing the interaction between artemisinin and
EGCG or ECG catechins when administered on 3D7 and FCR-1/FVO
P. falciparum strains, respectively.

of artemisinin, as previously found in the case of glutathi-
one and other reductants [16]. Notably, recent studies
directed to elucidate the mechanisms of their anticancer
actions revealed that green tea catechins possess relevant
antifolic effects as a consequence of direct inhibition of
DHFR (dihydrofolate reductase) [17]. This observation is
further supported by the evident chemical and structural
analogy of tea catechins to some classical antifolic agents
e.g. trimethoprim and methotrexate.

Since inhibition of folates represents a typical mecha-
nism of action for a few clinically established antimalarial
drugs [18,19], we hypothesized that such a mechanism
might be operative also in the case of EGCG and of
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structurally related catechins. This hypothesis was prompt-
ly tested in our laboratory through a simple experiment,
carried out according to the procedure recently described
by Djapa et al. [14]. In detail, we investigated whether
administration of appropriate amounts of folinic acid, a
well-known folate pathway ‘“‘rescue” agent [14,20] might
reverse the growth inhibition effects of EGCG. We found
that addition of excess folinic acid (at 500 pg/ml) does
not reverse appreciably the antimalarial activity of
100 uM EGCQG. Indeed, comparable inhibition values were
measuredin the two cases (76% EGCG + FA versus 79%
EGCG alone), at variance with the case reported by Djapa
et al. [14]. This observation suggests that the relevant anti-
plasmodial effects of EGCG are not a consequence of
folate pathway inhibition but must arise from interference
with a different biochemical pathway.

Discussion and conclusions

Establishing unambiguously the antimalarial effects
in vitro of the crude extract of green tea as well as of some
of its major polyphenolic constituents represents, in our
opinion, a result of great interest. Indeed, these substances
are very abundant and widespread in the malaria endemic
countries, are cheap and easily accessible, safe and virtually
lacking of systemic toxicity. Our results might pave the way
toward the development of these substances into effective
antimalarial agents. Moreover, the additive/sub-synergistic
interaction observed between EGCG or ECG and artemis-
inin might be conveniently exploited to design new and/or
more effective combination therapies.

Particular attention has been paid to the molecular
mechanisms that might be at the basis of the observed
in vitro antimalarial effects of these epicatechins. Despite
the structural relatedness of catechins to classical antifolic
agents and the reported ability of epicatechins to inhibit
crucial enzymes of the folic acid pathway, a simple and
direct rescue experiment, carried out in our laboratory,
has shown that this mechanism is likely not to account
for observed P. falciparum growth inhibition. Other
mechanisms of action should be searched for.

Notably, it has recently been reported that C-3 gallic
acid esters of catechins, namely ECG, EGCG, (—)-catechin
gallate, and (—)-gallocatechin gallate, are potent inhibitors
of three important enzymes (FabG, FabZ, and Fabl)
involved in the fatty acid biosynthesis of P. falciparum with
ICsq values in the range of 0.2-1.1 uM while gallic acid and
other similar phenolic compounds are devoid of any
enzyme inhibitory activity [21]. Kinetic analysis using
(—)-catechin gallate as model compounds revealed that
FabG was inhibited in a noncompetitive manner. FabZ
was inhibited competitively, whereas both compounds
behaved as tight-binding noncompetitive inhibitors of
Fabl. It is well conceivable that interference with fatty acid
biosynthesis may represent a primary mechanism to
explain the observed in vitro growth inhibition effects [22].

In any case, our results unequivocally demonstrate
that two green tea catechins, i.e. EGCG and ECG,
and, accordingly, green tea crude extracts, strongly
inhibit P. falciparum growth in vitro. Additionally, both
catechins have been shown to potentiate, at least moder-
ately, the antiplasmodial effects of artemisinin, when the
latter is administered at sub-lethal doses. To the best of
our knowledge, this is the first report of direct antima-
larial effects for green tea crude extracts. Appropriate
pharmaceutical strategies might now be devised to
increase the low bioavailability of green tea catechins
and to protect them against rapid in vivo metabolic
transformations, in such a way to make them more ame-
nable as antimalarial agents, either alone or in combina-
tion therapies.
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