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Abstract: Artemisia annua is currently the only commercial source of the sesquiterpene 

lactone artemisinin. Since artemisinin was discovered as the active component of A. annua 

in early 1970s, hundreds of papers have focused on the anti-parasitic effects of artemisinin 

and its semi-synthetic analogs dihydroartemisinin, artemether, arteether, and artesunate. 

Artemisinin per se has not been used in mainstream clinical practice due to its poor 

bioavailability when compared to its analogs. In the past decade, the work with 

artemisinin-based compounds has expanded to their anti-cancer properties. Although 

artemisinin is a major bioactive component present in the traditional Chinese herbal 

preparations (tea), leaf flavonoids, also present in the tea, have shown a variety of 

biological activities and may synergize the effects of artemisinin against malaria and 

cancer. However, only a few studies have focused on the potential synergistic effects 

between flavonoids and artemisinin. The resurgent idea that multi-component drug therapy 

might be better than monotherapy is illustrated by the recent resolution of the World 

Health Organization to support artemisinin-based combination therapies (ACT), instead of 

the previously used monotherapy with artemisinins. In this critical review we will discuss 
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the possibility that artemisinin and its semi-synthetic analogs might become more effective 

to treat parasitic diseases (such as malaria) and cancer if simultaneously delivered with 

flavonoids. The flavonoids present in A. annua leaves have been linked to suppression of 

CYP450 enzymes responsible for altering the absorption and metabolism of artemisinin in 

the body, but also have been linked to a beneficial immunomodulatory activity in subjects 

afflicted with parasitic and chronic diseases. 

Keywords: Artemisia annua; artemisinin; flavonoids; antimalarial, anticancer; synergism 

 

1. Introduction 

A brief search through PubMed, on March 2010, using the keywords “artemisinin” and “malaria” 

returned 1,266 hits, while using “Artemisia annua” and “flavonoids” returned 12 hits, but “artemisia 

flavonoids” and “Artemisia annua flavonoids” combined with “malaria” returned only four and two 

hits, respectively. In the same way, “artemisinin” and “cancer” returned 117 hits, “Artemisia 

flavonoids” and “cancer”, 12 hits, and “Artemisia annua flavonoids” and “cancer”, only one hit. This 

search meant to establish that in the past 15 years there has been plenty of research on the activity of 

artemisinin against malaria, followed by less on cancer. However, much less work has focused on the 

role of flavonoids from A. annua against malaria and cancer. Although “flavonoids” and “cancer” 

returned 8,420 hits, the search for “flavonoids” and “malaria” returned only 68 hits, indicating that the 

beneficial effects of flavonoids in cancer prevention are well accepted, but not so much for their 

involvement in the treatment of malaria. While the potential synergistic effect of flavonoids with 

artemisinin or other anticancer and antimalarial drugs is far from fully explored, it seems worthwhile 

to investigate biological interactions of flavonoids and artemisinin derivatives in both malaria  

and cancer. 

In the light of recent reports of Plasmodium-resistant strains in Cambodia/Vietnam borders and the 

shortage of artemisinin as a raw material to produce artemisinin-based combination therapies (ACT), 

there is a pressing need to increase effectiveness and affordability of artemisinin derivatives and ACT. 

Using a combination of flavonoids with artemisinins might increase effectiveness of artemisinins, but 

the combination with pyrimethamine, sulfadoxine, and lumefantrine, recommended by the World 

Health Organization in current ACT, would still be needed to circumvent malaria recrudescence 

issues. It is known that flavonoids chelate metals such as iron and copper as part of their antioxidant 

effects and that iron chelating therapies have been recommended for malaria patients [1]. Thus, the use 

of flavonoids in combination with artemisinin might provide a more effective treatment for malaria. In 

that regard, flavonoids could serve as artemisinin synergists by reacting with iron and converting Fe+3 

to Fe+2 [2], the latter being important in the bioactivity of artemisinin [3], leading to the release of 

short-lived toxic free radicals that are part of the antimalarial and anticancer mode of action  

of artemisinin.  

Individuals afflicted with malaria and cancer have increased blood free radicals [4,5], possibly 

aggravating the disease scenario or leading to the generation of the disease in the case of cancer. Thus, 

it might make sense to combine antioxidant flavonoids, tannins, phenolic acids, and coumarins with 
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artemisinins to treat malaria and cancer, as well as to prevent the latter. The A. annua traditional tea is 

a rich source of both antioxidant phenolics (mostly flavonoids) and artemisinin [6,7]. Levels of 

artemisinin are lower in such teas than in current treatments with ACT and use of the tea [7,8], or 

artemisinin alone [9], leads to recrudescence levels that vary greatly, from as low as 10%, in the case 

of a seven-day course with artesunate [10] to 46%–80% in non-immune patients in Thailand and  

China [11]. This varying recrudescence is not only related to the short half-life of artemisinin, but also 

to the duration of treatment and to the loss in sensitivity to dihydroartemisinin (the active blood 

metabolite) by different strains of Plasmodium, which is remediated by the combination of artemisinin 

with other antimalarial drugs of longer half-lives and different modes of action [11]. However, the 

flavonoids could be the reason why the tea “reportedly” treated malaria for hundreds of years and, 

although recrudescence might have occurred then as well, there was compelling evidence from 

traditional Chinese herbal medicine to justify the addition of A. annua to the selection of Chinese 

plants screened for malaria in 1969, which eventually led to the discovery of artemisinin [12]. 

Although we do not recommend substitution of the tea for the WHO-recommended ACT, the tea might 

still be valuable in remote areas of Africa to delay malaria-induced coma and allow one to get to 

hospital and receive proper treatment. 

This review will focus on the flavonoids found in A. annua (Table 1) wherever they relate to 

anticancer or antimalarial effects, on their own or in synergism with other natural compounds, with 

synthetic anticancer and antimalarial drugs, and with artemisinins. However, one should keep an open 

mind and complete the idea where he/she judges we failed. No review is final and, based on what in 

currently known, or strictly based on the chemical structure of flavonoid, it is quite hard to predict the 

full spectrum of their biological activity. If there would be no biological activity or benefit for 

flavonoids, hydroxylated or methoxylated, glycosylated or not, why would plants go through such an 

energetically-expensive endeavor to produce so many different kinds of flavonoids? 

2. Classification of Plant Phenolics 

Phenolic phytochemicals (phenolics) occupy a unique position in the area of natural products due to 

their ubiquitous distribution throughout the plant kingdom and in products (fruits, vegetables, 

beverages, herbs, cosmetics and nutraceuticals) consumed by the general population on a regular  

basis [13].  Phenolics are biosynthesized by plants during normal development and in response to 

stress conditions such as exposure to UV radiation, pest attack, and wounding [14,15]. Phenolic 

compounds are known to provide protection against a wide range of diseases such as coronary heart 

disease, stroke, and certain types of cancers [16,17]. Chemically, phenolics are defined as a class of 

aromatic organic compounds with at least one hydroxyl group attached directly to a benzene ring [18]. 

Over 8000 phenolics with wide structural diversity and polarities have been isolated from plants [19].  

Phenolics can be chemically grouped into three broad categories: polyphenols (tannins and 

flavonoids), simple phenols (phenolic acids) and a miscellaneous group (Figure 1) [18]. Although we 

have used this classification, based on chemical structure, for this manuscript, the commonly used 

byosynthetical classification described in most reviews is also available at http://www.phenol-

explorer.eu/compound_classes. Phenolic acids are chemically defined as carboxylic acid derivatives of 

phenols, whereas no such clear definition for polyphenols is provided in the literature. Rather, 
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polyphenols are described a group of chemical substances found in plants, characterized by the 

presence of more than one phenol unit or building block per molecule. Polyphenols serve as 

antioxidants as they tend to prevent or neutralize the damaging effects of free radicals. They also give 

flowers, fruits, and vegetables their color.  

Polyphenols can be arranged into two broad classes: tannins and flavonoids. Tannins are astringent, 

bitter plant polyphenols that either bind or precipitate proteins. Tannins can be further classified 

chemically into two main groups, hydrolyzable and condensed. Hydrolyzable tannins decompose in 

water yielding various water-soluble products, such as gallic acid, protocatechuic acid and sugars. 

Condensed tannins, also known as proanthocyanidins, are polymers of 2 to 50 (or more) flavonoid 

units joined by carbon-carbon bonds, which are not cleaved by hydrolysis. Flavonoid is a general name 

for phytochemicals based on a 15 carbon (C6-C3-C6) skeleton. Over 4,500 different flavonoids have 

been isolated and identified from plants [20]. Flavonoids can be further divided into multiple groups 

such as flavones, flavonols, flavanones, dihydroflavonols, chalcones, aurones, isoflavonoids, 

biflavonoids, etc. Flavonoids can occur as free aglycons or as conjugated forms with methoxyl, 

glycosyl, isoprenyl, prenyl, methylenedioxy, aliphatic acids and other substituents [18,21,22].  

Phenolic acids on the other hand can be broadly grouped into two subgroups: hydroxylcinnamic and 

hydroxylbenzoic acids derivatives (Figure 1).  In many cases, the aldehyde analogs such as vanillin are 

also grouped with phenolic acids. The miscellaneous group comprises all other phenolic compounds 

not classified into the distinct subgroups above. These include lignans, lignins, coumarins, stilbenes 

derivatives like resveratrol, and other phenolic compounds [18]. Phenolic compounds can also occur as 

free aglycons or conjugated with one or more substituents such as methoxyl, glycosyl, prenyl, 

methylenedioxy, aliphatic acids, etc.  

Figure 1.General classification of plant phenolics, modified from [18]. 

Phenolics

Polyphenols Simple Phenols Miscellaneous

Tannins Flavonoids

Hydrolysable Condensed

Flavones
Flavonols
Aurones
Chalcones
Flavanone
Isoflavones
Flavanols
Anthocyanins

Phenolic acids

Hydroxy cinnamic
acid derivatives

Hydroxy benzoic
acid derivatives

Polymers of 
phenolic acid
derivatives

Polymers of 
catechins and
epicatechins

Lignans
Coumarins
Lignins
Resveratrol
Others

Note:  The phenolic compounds can occur in free aglycon and conjugated forms with 
sugars, acids, and other biomolecules.  
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3. Phenolics from A. annua 

A few recent reports indicate that A. annua is one of the four medicinal plants with the highest 

ORAC (oxygen radical absorbance capacity) level [23,24]. The total antioxidant capacity (ORAC) of 

A. annua leaves and inflorescences extracts was reported as 1,125 and 1,234 µmoles of Trolox equiv/g, 

respectively, which is half to two thirds of the ORAC of oregano (the highest reported ORAC for an 

herb) extracts. The high antioxidant activity of A. annua extract is most likely due to its high phenolic 

content. Over 50 different phenolic compounds belonging to five major groups (flavones, flavonols, 

coumarins, phenolic acids, and a miscellaneous group have been reported from A. annua (Figure 2). 

The prominent coumarins identified from A. annua are coumarin, aesculetin (6,7-dihydroxycoumarin), 

iso-fraxidin (7-hydroxy-6,8-dimethoxycoumarin), scopoletin (7-hydroxy-6-methoxycoumarin), 

scopolin (7-β-D-glucopyranoside-6-methoxycoumarin), and tomentin (5-hydroxy-6,7-dimethoxy-

coumarin). The main components of A. annua were recently identified by HPLC-MS as quercetin-

glucoside, flaviolin, rhamnetin, chrysoplenol D, and pilloin, although the HPLC-UV data suggested 

that when detection was done at 335 nm more than 40 components, including chlorogenic acid, were 

present [25]. The structures of the ten prominent flavones and thirty flavonols reported from A. annua 

are reported in Table 1 [25,26]. A highly specific feature of A. annua is the presence of significant 

quantities of structurally diverse polymethoxylated flavonoids [27,28]. In addition, other phenolic 

compounds such as 2,4-dihydroxy-6-methoxy-acetophenone, 5-nonadecyl-3-O-methyletherresorcinol, 

2,2,6-trihydroxychromene, and 2,2-dihydroxy-6-methoxychromene have also been isolated from A. 

annua [26]. 

Figure 2. Major phenolics from Artemisia annua, with the great majority being flavones or 

flavonols. 

Phenolics from Artemisia annua

Coumarins Flavones Flavonols Phenolic
acids

Miscellaneous 

1.  Coumarin
2.  Aesculetin
3.  Iso‐Fraxidin
4.  Scopoletin
5.  Scopolin
6.  Tomentin

7.  Apigenin
8.  Luteolin
9.  Luteolin‐7‐

methyl ether
10. Acacetin
11.Chrysoeriol
12. Chrysin
13. Cirsilineol
14. Cirsiliol
15. Cynaroside
16. Eupatorin
17. Cirsimaritin

18. Artemetin 36. Quercimeritrin
19. Chrysosplenol C      37. Retusin
20. Chrysosplenol D      38. Rhamnetin
21. Mikanin 39. Isorhamnetin
22. Astragalin 40. Rutin
23. Axillarin 41. Mearnsetin‐
24. Casticin glucoside
25. Eupatin 42. Chrysosplenetin
26. Kaempferol 43. 3,5‐Dihydroxy‐
27. Kaempferol‐6‐ 3,’4’,6,7, tetra‐

methoxy glucoside methoxyflavone
28. Tamarixetin 44. Syringetin
29. Myricetin 45. Isokaempferide
30. Gossypetin‐3, ‐

dimethyl ether        46. Quercetagetin
31. Laricitrin 3,4’‐dimethyl
32. Mearnsetin ‐ether
33. Quercetin
34. Quercetin‐3‐

glucoside
35. Quercetin‐3‐

methyl ether

47. Chlorogenic
acid

48. Quinic acid
49. Coumaric acid

50. 2,4‐Dihydroxy‐6
methoxy‐
acetophenone

51. 5‐Nonadecy‐3‐O 
methyl ether‐
recorcinol

52. 2,2,6‐trihydroxy 
chromene

53. 2,2‐didhyroxy‐6‐
methoxy‐
chromene

 



Molecules 2010, 15                            

 

3140

Table 1. Major phenolics reported from Artemisia annua and the general structure of flavonoids. 

The Structure number refers to the number given to each compound in Figure 2. Compounds 

with a 3-OH group attached to the 2,3-double bond, and adjacent to the 4-carbonyl group in the 

C ring are predicted to have major antioxidant activity [29]. Substituents (R) are numbered 

according to the ring position (A, C, and B). 

O

R4

O

R3

R5

R6

R
7

R8

R5

R3

R6

R
2

A

B

C

'

'

'

'

'

 

Structure Phenolic type Ring and substituent position  

No. Flavones C(R3) A(R5) A(R6) A(R7) A(R8) B(R2’) B(R3’) B(R4’) B(R5’) B(R6’) 

7 Apigenin H OH H OH H H H OH H H 

8 Luteolin (5,7,3’,4’-Tetrahydroxy flavone) H OH H OH H H OH OH H H 

9 Luteolin-7-methylether H OH H OCH3 H H OH OH H H 

10 
Acacetin (apigenin-4’-methyl ether) or 5,7-

dihydroxy-4-methoxy flavone 

H OH H OH H H H OCH3 H H 

11 
Chrysoeriol (Lutoelin-3’-methyl ether) or5,7,4’-

Trihydroxy-3’-methoxy flavone 

H OH H OH H H OCH3 OH H H 

12 Chrysin (5,7-Dihydroxy flavone) H OH H OH H H H H H H 

13 

Cirsilineol (6-Hydroxyluteolin-6,7,3’-trimethyl 

ether or 5,4’-dihydroxy-6,7,3’-trimethoxyflavone, 

Fastigenin, Anisomelin, Eupatrin) 

H OH OCH3 OCH3 H OH OCH3 OH H H 

15 

Cynaroside (Luteolin-7-glucoside or 5,7,3’,4’-

Tetrahydroxyflavone-7-glucoside or Glucoluteolin 

or Luteoloside or Cinaroside) 

H OH H OGlu H H OH OH H H 

16 
Eupatorin (6-Hydroxyluteolin-6,7,4’-trimethyl 

ether or 5,3’-Dihydroxy-6,7,4’-trimethoxyflavone) 

H OH OCH3 OCH3 H H OH OCH3 H H 

17 

Cirsimaritin (Scutellarin-6,7-dimethyl ether or 6-

Hydroxyapigenin-6,7-dimethyl ether or 5,4’-

Dihydroxy-6,7-Dimethoxyflavone or Scorphulein 

or Cirsumaritin or Cirsitakaogenin) 

H OH OCH3 OCH3 H H H OH H H 

18 Artemetin OCH3 OH OCH3 OCH3 H H OCH3 OCH3 H H 

19 Chrysosplenol-C OCH3 OH OH OCH3 H H OCH3 OH H H 
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Table 1. Cont. 

Structure Phenolic Type Ring and subsituent position  

No. Flavonol C(R3) A(R5) A(R6) A(R7) A(R8) B(R2’) B(R3’) B(R4’) B(R5’) B(R6’) 

20 Chrysosplenol-D OCH3 OH OCH3 OCH3 H H OH OH H H 

21 Mikanin OH OH OCH3 OCH3 H H H OCH3 H H 

22 Astragalin (Kaempferol-3-α-D-glucoside) O-glu OH H OH H H H OH H H 

23 

Axillarin (5,7,3’,4’-Tetrahydroxy-3,6-

dimethoxyflavone or quercetagetin -3,6- dimethyl 

ether) 

OCH3 OH OCH3 OH H H OH OH H H 

24 

Casticin (5,3’-dihydroxy-3,6,7,4’-tetramethyl ether 

flavone or Quercetagetin -3,6-7,4’-tetramethyl 

ether) 

OCH3 OH OCH3 OCH3 H H OH OCH3 H H 

25 

Eupatin (3,5,3’-Trihydroxy-6,7,4’-

trimethoxyflavone or Quercetagetin -3,6- dimethyl 

ether) 

OH OH OCH3 OCH3 H H OH OCH3 H H 

26 Kaempferol (3,5,7,4’-Tetrahydroxy flavone) OH OH H OH H H H OH H H 

27 Kaempferol-6-methox-3-O-β-D-glucoside OGlu OH OCH3 OH H H H OH H H 

28 Tamarixetin OH OH H OH H H OH OCH3 H H 

29 Myricetin (3,5,7,3’,4’,5’-Hexahydroxy flavone) OH OH H OH H H OH OH OH H 

30 Gossypetin- 3,8-dimethylether OCH3 OH H OH OH H OH OCH3 H H 

31 
Laricitrin (3,5,7,3’,4’, -Pentahydroxy 5’-

methoxyflavone) 

OH OH H OH H H OH OH OCH3 H 

32 
Mearnsetin (3,5,7,3’,5’, -Pentahydroxy 4’-

methoxyflavone or Myricetin-4-methyl ether) 

OH OH H OH H H OH OCH3 OH H 

33 Quercetin (3,5,7,3’,4’-Pentahydroxy flavone) OH OH H OH H H OH OH H H 

34 Quercetin-3’- O-β-D-glucoside OH OH H OH H H O-Glu OH H H 

35 Quercetin-3- methylether OCH3 OH H OH H H OH OH H H 

36 
Quercimeritrin (Quercetin-7-glucoside) OH OH H O-

Glu 

H H OH OH H H 

37 
Retusin (5-Hydroxy-3,7,3’4’-tetramethoxy flavone 

or Quercetin3,7,3’,4’-tetramethylether) 

OCH3 OH H OCH3 H H OCH3 OCH3 H H 

38 
Rhamnetin (Quercetin-7-methylether or 3,5,7,3’-

Tetrahydroxy-4’-methoxy flavone) 

OH OH H OCH3 H H OH OH H H 

39 
Isorhamnetin (Quercetin-3’-methylether or 

3,5,7,4’-Tetrahydroxy-3’-methoxy flavone) 

OH OH H OH H H OCH3 OH H H 

40 
Rutin (Quercetin-3-rutinoside) O-

Diglyc. 

OH H OH H H OH OH H H 

41 Mearncetin glucoside  OH OH H OGlu H H OH OCH3 OH H 

42 

Chrysosplenetin (5,4’-Dihydroxy-3,6,7,3’-

tetramethoxy flavone or Quercetagetin-3,6-7,3’-

tetramethyl ether) 

OCH3 OH OCH3 OCH3 H H OCH3 OH H H 

43 3,5-Dihydroxy-3’,4’,6,7,-Tetramethoxyflavone OH OH OCH3 OCH3 H H OCH3 OCH3 H H 

44 Syringetin (Myricetin-3’,5’-dimethyl ether) OH OH H OH H H OCH3 OH OCH3 H 

45 
Isokaempferide (5,7,4’-Trihydroxy-3-

methoxyflavone or Kaemferol-3-methyl ether) 

OCH3 OH H OH H H H OH H H 

46 Quercetagetin 3,4’-dimethyl ether OCH3 OH OH OH H H OH OCH3 H H 
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4. A. annua Has Different Chemotypes   

Artemisia annua (Asteraceae) is one of over 300 species of the genus Artemisia and the major 

source of artemisinin, although artemisinin has also been found in small concentrations in A.  

apiacea [30] and A. lancea [31]. Artemisia annua is a C-3 plant more adapted to temperate  

climates [32] similar to its probable origins in the Sichuan Province of China, but currently-developed 

cultivars have adapted very well to several countries in Asia, Africa, North and South America and 

grow in a variety of soils and latitudes varying from about 40 N to 40 S, although it has not adapted 

well to latitudes lower than 5 degrees from each side of the Equator, growing better in high altitudes 

where the latitude is so low [33]. The whole family is recognized as a rich source of terpenes and 

artemisinin is certainly a distinguished example of an important sesquiterpene found in A. annua, but 

the genus is also a rich source of hydroxylated and methoxylated flavonoids. 

Although there are many flavonoids that have been isolated from A. annua, we will focus on 

flavonoids tested for antimalarial, anti-cancer, antioxidant or other relevant biological activity in vitro 

and in vivo. In field cultivation of a A. annua cultivar of Italian origin, eupatin, chrysoplenetin, 

casticin, and artemetin were the main flavonoids identified [34]. Some of these compounds (e.g., 

casticin and chrysoplenetin), and artemisinin (0.22 g/100 g), reached the highest levels in flowers and 

leaves during full bloom. Although the peak artemisinin at full flowering for this low-artemisinin 

Italian cultivar agrees with others [35] who cultivated a low-artemisinin Chinese cultivar, the high-

artemisinin cultivars currently grown in Africa, China and Brazil reach their artemisinin peak before 

flowering and the seasonal accumulation of these flavonoids might also be different. However, if the 

high concentrations of polymethoxylated flavonoids are reached during flowering stages and assuming 

those are of better therapeutic value than the hydroxylated flavonoids, investigation on their anticancer 

and antimalarial activity, and on their synergistic effects with other compounds should include extracts 

made of flowering plant material and not only vegetative material, where artemisinin is produced at 

higher concentrations [36]. Thus, accepting the fact that A. annua has different chemotypes [37], 

different genetic backgrounds might lead to differences in total flavonoids and flavonoid 

accumulation. Recently, a Brazilian cultivar bred in Campinas, Brazil, was found to contain more 

flavonoids than a Chinese commercial cultivar [38]. The same Brazilian cultivar was also found to 

have higher ORAC values than a Chinese cultivar, indicating a higher content of antioxidant 

components, probably flavonoids [39]. Besides flavonoids, artemisinin and its precursors also vary in 

A. annua with some plants reported to be higher in artemisinic acid (1.9% w/w) than in artemisinin 

(0.16%) [40], which is opposite than what occurs in commercial cultivars used in Asia, Africa, and 

Brazil. This occurrence of different chemotypes with high artemisinin and dihydroartemisinic acid, but 

low artemisinic acid or with low artemisinin and dihydroartemisinic acid, but high artemisinic acid has 

been previously reported [41]. Thus, for any study using extracts, an HPLC analysis providing a 

profile and the quantification of the target metabolites is minimally required to allow to interpret the 

results and to compare between different experiments. 
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5. Antioxidant vs. Biological Activity of Flavonoids 

Antioxidant compounds can delay or inhibit oxidation of lipids and other molecules by inhibiting 

the initiation of propagation of oxidizing chain reactions. Flavonoids are well known for their 

antioxidant capacity due to their redox properties, and it has been assumed that a diet rich in 

flavonoids is inversely correlated with cell aging, lipid peroxidation, cancer, etc. However, it is not 

well established how flavonoids exert their beneficial action and it seems that the best antioxidant 

flavonoids, such as quercetin, are not necessarily the ones with the best bioavailability, stability, and 

biologic effect. While an inverse association between the development of lung cancer and the 

consumption of the highly-hydroxylated quercetin (from onion and apples) and naringin (from white 

grapefruit) by humans was found [42], methoxylated flavones have more recently been cited to be 

more stable and present in much higher amounts than their hydroxylated counterparts in 

pharmacokinetic studies done in rats using chrysin and its methoxylated version 5,7- 

dimethoxyflavone [43]. Furthermore, most dietary flavonoids from food sources are glycosylated, 

thereby further decreasing their bioavailability. Thus, it may well be that the inherent antioxidant 

activity of flavonoids and other polyphenols, which was for a long time believed to be directly 

correlated with their health effects, has nothing to do with their final biological effects.  

More and more evidence is available that the protective effect of flavonoids against oxidative stress 

is not mediated by direct radical scavenging. For example, it was shown that relatively low 

concentrations of flavonoids can increase intracellular glutathione levels via induction of transcription 

of gamma-glutamylcysteine synthetase [44]. Interestingly, this activity was selective for quercetin, 

kaempferol, and apigenin, whereas the more potent antioxidant flavonoid myricetin failed to induce 

the transcriptional activation. Thus, it may well be that the prooxidant properties of some flavonoids 

may be instrumental for their final health beneficial properties, via interaction with transcriptional 

activities modulated by antioxidant-response/electrophile-response elements with the Nrf-2-KeaP-1 

system as a major target [45]. Repeated mild cellular oxidative stress induced by flavonoids may boost 

cellular antioxidant defense systems and on the long term may shift the defense system to a higher 

steady state, thereby preventing disease development or reducing the impact of oxidative stress when 

disease occurs [46]. 

Furthermore, many flavonoids are extensively metabolized upon absorption (mostly phase II). It has 

been shown that flavonoid sulphates and glucuronides may at least in part be responsible for the 

beneficial effects of the oral intake of flavonoids. It was found that physiological levels of quercetin-

3’-O-sulphate and quercetin-3-O-glucuronide (1 µM), the main circulating metabolites after 

consumption  of quercetin-O-glucoside-rich diets by humans, effectively prevented peroxynitrite-

induced nitrotyrosine formation in human serum albumin in in vitro experiments [47]. Interestingly, 

only quercetin-3’-O-sulphate and quercetin itself was found to inhibit receptor-mediated contractions 

of the porcine isolated coronary artery by an endothelium-independent action, whereas quercetin-3-O-

glucuronide was inactive [48]. Such results add to our further understanding of the complexity of the 

biological activities exerted by flavonoids and their metabolites as a more plausible explanation in 

comparison to the mere simple direct anti-oxidant activity. Thus, although measuring antioxidant 

activities of natural products in vitro or by methods based on chemical quenching of standard oxidants 

(ORAC, FRAP, etc.) is still valuable as quick reference methods for the presence of polyphenols, in 
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vivo tests involving pharmacokinetics or ex vivo tests involving animal model systems closely related 

to humans (such as from the porcine one) must be used to understand the final biological response. 

6. Antioxidant Activity of A. annua Flavonoids 

Artemisia annua contains hydroxylated flavonoids that can be extracted in polar media, such as 

water or hydro-alcoholic solvents, but also has polymethoxylated flavonoids such as chrysosplenol D, 

eupatin, cirsilineaol, casticin, chrysoplenetin, and artemetin that are more efficiently extracted with 

low polarity solvents such as dichloromethane [38]. It is obvious that the role of flavonoids, be it direct 

or indirect, in disease prevention and amelioration is far from resolved. However, there is plenty of 

evidence that shows the beneficial effects and inverse relationships with cardiovascular disease, 

cancer, and also with parasitic diseases such as malaria. Evidence has been also accumulating on the 

synergistic effects of flavonoids with anticancer (Table 1) drugs and with anti-parasitic drugs, besides 

the facts that some flavonoids have curative effect on their own (discussed further). 

As we will approach the traditional artemisia tea later on, one might ask what would be the 

antioxidant activity of a water extract considering that the oxygen radical absorbance (ORAC) 

capacity test is performed in dry plant material extracted with 70% acetone, not the traditional way to 

make tea. To that effect, the screening of 45 Chinese plants for their antioxidant activity was 

performed by a modified ORAC in which the extraction was done with water at room temperature by 

vortexing for 2 hours and sonication for 15 minutes, instead of with 70% acetone [49]. The authors 

lyophilized the water extracts by vacuum and the performed the ORAC test. Two species of Artemisia 

took the 4th and 10th places for the highest ORAC values (µmoles of Trolox equivalents/g). Those 

were A. anomala (ORAC = 1400) and A. argyi (ORAC = 1150). Another report indicated that boiling 

A. annua for 1.5 hour in water followed by cooling and lyophilization also resulted in high ORAC 

values (2123 µmole·TE/g) while 70% ethanol extracts of the same plant material resulted in  

2535 µmoles TE/g [39]. This indicates that the antioxidant capacity of A. annua is stable to boiling, 

but there is no information on what type of flavonoids and phenolic acids are present in these water 

extracts. However, we assume that boiling water, but not water at room temperature, will extract some 

of the methoxylated flavonoids detected in dichloromethane extracts mentioned above. We also know 

that artemisinin, although mostly destroyed by boiling, will be present in at least 70% of the 

concentration found in hexane extracts when the plant material is steeped in hot water at 85–90 °C [50].  

7. Antimalarial Activity of Flavonoids  

Our literature review reveals that some flavonoid derivatives show antimalarial activity. 

Dehydrosilibin and dimethylallyl campferide were active against several strains of chloroquine-

resistant Plasmodium falciparum in vitro with IC50 values ranging from 1.7 to 24 µM, equivalent to 

0.8 to 11.5 µg/mL [51]. However, the naturally-occurring flavonoid silybin had no antiplasmodial 

activity. The mode of action of sylibin derivatives is unknown and although they had no synergistic 

effect with chloroquine, they reversed chloroquine resistance or affected Plasmodium p-glycoproteins. 

These authors also reported the effect of the silybin derivative dehydrosilybin on p-glycoprotein-like 

transporters in the protozoa Leishmania spp., leading to the parasite sensitization to daunomycin. 

Unfortunately, not all is good news for flavonoids and malaria. Rutin was reported as inactive against 
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avian malaria caused by artificial infection with Plasmodium (Bennettinia) juxtanucleare and actually 

caused a three-fold increase in mean parasitemia (over a 30 day period) compared to the untreated 

control [52]. Bennettinia is a sub-genus of the genus Plasmodium that infects avian hosts. However, 

chloroquine only reduced parasitemia in those chickens in 56.6%. Unfortunately, this study only tested 

rutin while other flavonoids could result in better anti-plasmodial activity.  

Eleven purified flavonoids from dietary sources were tested in vitro for their antimalarial activity 

against a chloroquine-sensitive (3D7) and a chloroquine-resistant (7G8) strain of P. falciparum. Eight 

showed activity against the 3D7 strain, with IC50 values ranging from 11–66 µM, but all showed 

measurable activity against the chloroquine-resistant 7G8, with activities ranging from 12 to  

76 µM [53]. Both 3D7 and 7G8 were most affected by luteolin (at 11 and 12 µM, respectively) and 

quercetin (at 15 and 14 µM, respectively), followed by apigenin (at 20 and 13 µM, respectively). An 

exception was noted for acacetin, which was fairly active against the chloroquine-resistant 7G8 strain 

(IC50 = 13 µM), but had much lower activity (IC50 > 100 µM) against the chloroquine susceptible 3D7 

strain. When the most active flavonoids or all 11 flavonoids were combined, there was an additive 

effect of the flavonoids. This indicates that a flavonoid-rich (plant-based) diet can play an important 

role in highly endemic malaria regions. It is also known that morbidity caused by malaria is higher in 

children under the age of five and pregnant women which are either malnourished or have 

compromised immune systems (or both). Thus, the sole fact of providing proper nutrition and 

increasing antioxidant levels through diet would have a pharmacological value to these afflicted 

populations. In addition, because antioxidant flavonoids are associated with immune systems 

modulation, children receiving a healthy level of flavonoids in their diet could have a better chance to 

cope with and overcome P. falciparum infections. 

8. Antimalarial Activity of A. annua Flavonoids  

Several flavonoids have been extracted and reported from A. annua (Table 1). Some flavonoids 

from A. annua and their in vitro anti-plasmodial activity were recently cited [54] as the possible 

synergistic compounds found in the antimalarial tea, although their IC50 were much higher than that of 

artemisinin (0.03 µmol/L). These flavonoids were the following (with IC50 against Plasmodium in 

µmol/L): Artemetin (26), casticin (24), chrysoplenetin (23), chrysosplenol-D (32), cirsilineol (36), and 

eupatorin (65), although it is improbable that these high concentrations used in vitro could be 

replicated in vivo after oral delivery of these flavonoids. For instance, humans fed onions as the source 

of quercetin had an average blood quercetin level of 196 ng/mL after 2.9 h of food intake with levels 

going down to 10 ng/mL after 48 h [55]. 

Chrysosplenol-D, quercetin-glucoside, flaviolin, rhamnetin, and pilloin were also reported as major 

leaf flavonoids of A. annua [25]. Also, methoxylated flavonoids have been linked to artemisinin 

activation in vitro, maybe facilitating artemisinin interaction with heme [56] leading to the release of 

the artemisinin peroxide that is responsible for its antimalarial effects. 

Casticin and artemetin had no antiplasmodial activity in vitro when tested alone from 10-9 to 10-7 M, but 

showed synergistic effects when combined with artemisinin, both at 5 µM [28]. These authors noted 

that casticin had a better synergistic effect than artemetin, but neither had remarkable synergistic effect 

with chloroquine. Casticin is similar to artemetin, but has OH groups in A(R5) and B(R4’), while 
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artemetin has an OH group on A(R5), but OCH3 groups in A(R6), A(R7), C(R3), B(R4’), and B(R5’) 

(Table 1). The antiplasmodial activity of flavonoids from A. annua was confirmed in vitro by 

evaluating their inhibition of the incorporation of hypoxanthine by Plasmodium [57]. Artemetin, 

casticin, chrysosplenetin, chrysosplenol-D, circilineol and eupatorin all had no antiplasmodial 

activities on their own at 5.0 µM, but had antiplasmodial activity when tested at concentrations 

ranging from 23–65 µM or higher. Interestingly, these flavonoids except eupatorin, potentiated the 

antiplasmodial activity of artemisinin at 10-8 M when used at 5µM. Recently, quercetin at 1.0 mM was 

shown to have in vitro activity against P. falciparum strain 3D7 and had synergistic activity when 

combined, at 1.0 mM, with artemisinin at concentrations ranging from 0.626 to 20nM. It remains to be 

seen if the blood concentrations of quercetin obtained after oral consumption of dietary sources, as 

stated above, could achieve a similar effect. At the highest artemisinin concentration tested (40 nM) 

the combined effect of quercetin and artemisinin was similar to the effect of artemisinin alone [58]. 

Quercetin was shown to inhibit mammalian thioredoxin reductase and the inhibition was dependent on 

the redox environment [59]. That enzyme was also shown to be essential for the survival of the 

erythrocytic stage of P. falciparum [60] probably accounting for the synergistic effect of quercetin 

with artemisinin on P. falciparum, which might possess a thioredoxin reductase enzyme form that is 

more affected by quercetin than the mammalian counterpart. The methoxylated flavonoids artemetin, 

chrysoplenetin, chrysosplenol-D, and circilineol were all present in  chloroform extracts of A. annua 

and were linked to the in vitro anti-plasmodial activity of either whole plant or cell cultures [57].  

Considering that Plasmodium spp., besides depending on cyclin-dependent kinases, also have a 

putative serine-threonine kinase that holds considerable homology to other serine-threonine  

kinases [61] that hold affinity to flavonoids, it would be logical to expect that flavonoids that inhibit 

these kinases could also exert the same effect on Plasmodium kinases, thus hindering the protozoa 

development or proliferation in the body. 

9. Flavonoids and Cancer 

Unlike malaria, it is generally accepted that flavonoids prevent, delay, or help cure cancer. Thus, 

several reviews associating flavonoids from beverages (such as tea and wine), fruits, vegetables, and 

herbals with cancer can be found [62–64]. Flavonoids can affect cancer in different, but not always 

clear ways. Flavonoids can prevent DNA mutations that occur in critical genes, such as oncogenes or 

tumor-suppressing genes, thus preventing cancer initiation or progression [65]. These authors have 

cited studies where flavonoids, as antioxidants, inhibited carcinogenesis, and that some flavonoids 

such as fisetin, apigenin, and luteolin (the latter two produced by A. annua) are potent inhibitors of cell 

proliferation, while others inhibit angiogenesis. An inverse correlation has been found between dietary 

flavonoid intake and subsequent lung cancer occurrence [62], and quercetin (wide spread in the plants, 

including A. annua) intake from onions and apples was inversely associated with the risk of having 

lung cancer in a study involving 9,959 Finish men and women aged 15–99, with onions being effective 

particularly against squamous-cell carcinoma [42]. A current review mentions the involvement of 

flavonoids with the modulation of p-glycoproteins, the proteins associated with multi-drug resistance, 

inhibition of several enzymes of the CYP450 family, and modulation of phase-II enzymes. Because 

both classes of enzymes are involved in drug metabolism and in the process of chemical 
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carcinogenesis, interaction of flavonoids with these enzyme systems hold great therapeutic potential 

for detoxification, chemoprevention and the suppression of drug resistance [62]. Although there are 

hundreds of flavonoids that can act as modulators of oxidative stress, anti-cancer, and as drug 

synergists by inhibiting the enzyme systems mentioned above, we will focus on the main flavonoids 

produced by A. annua and that have been cited for their antioxidant and anti-cancer activity. 

10. Anticancer Activity of Artemisinin and A. annua Flavonoids  

Artemisinins show promising anti-cancer activities when tested in vitro and in vivo [66–69]. 

Artemisinins contain an endoperoxide group that is essential for their antimalarial and anticancer 

activities. Like hydrogen peroxide, H2O2, artemisinin reacts with ferrous iron, Fe2+, to generate radical 

species. The short-lived artemisinin-generated radical species have been linked to its anti-parasitic and 

anti-cancer activities. The anti-cancer activity of artemisinin derivatives can significantly increase 

when iron complexes are added in the cell culture medium [3, 66]. A covalent conjugate of artemisinin 

and transferring (ART-Tf), an iron transport protein in human, is actively taken up by cancer cells 

through the transferrin receptor (TfR)-mediated endocytosis pathway, and shows significantly higher 

anti-cancer activity than unconjugated artemisinin [70,71]. Like ART-Tf, artemisinin-peptide 

conjugates that are designed to target TfR also showed highly potent and selective anti-cancer  

activities [72]. These studies show the importance of iron metabolism in determining the effectiveness 

of artemisinin derivatives in killing cancer cells. Artemisinin derivatives induce programmed cell 

death of cancer cells by activating the intrinsic or the cytochrome C-mediated pathway for apoptosis, 

although the initial protein targets of artemisinin derivatives for apoptosis in human cancer cells have 

not yet been identified [71]. Although the generation of free radicals originating from the reaction of 

artemisinin with molecular iron is mentioned as one of the main mechanism for its anticancer activity, 

there are other mechanisms, crucial for cancer proliferation and survival that are affected by 

artemisinins. These mechanisms have been described in a current review [73] and will not be  

discussed here. 

Table 2. Synergism between flavonoids and anticancer drugs. 

Flavonoids Mean GI50 (M) [74] Synergy with anti-cancer agents 

Eupatin 4 mitoxantrone [75] 

Silybin  Paclitaxel [76], TRAIL [77], SN-38 [78], mitoxantrone [78], cisplatin 

[79], carboplatin [79] 

Quercetin 60 TRAIL [80], cisplatin [81], doxorubicin [82], vinblastine [83], paclitaxel 

[83], gemcitabine [84], topotecan [84]  

Apigenin 27a TRAIL [85,86], tamoxifen [87], fulvestrant [87] 

Luteolin N/A Rapamycin [88], doxorubicin [89], cisplatin [90], TRAIL [91] 

Kaempferol N/A TRAIL [92,93], vinblastine [83], paclitaxel [83], mitoxantrone [78] 
a The value was taken from the NCI website, http://dtp.nci.nih.gov/docs/dtp_search.html. 

 

The synergism of flavonoids and artemisinin in cancer treatment has not been reported. Flavonoids 

can potentially enhance the anti-cancer effect of artemisinins by increasing their bioavailability and 

serum half-life values [66], inhibiting metabolic enzymes [67], increasing the cellular Fe2+ level by 



Molecules 2010, 15                            

 

 

3148

reduction of Fe3+ [68], and by affecting key pro-apoptotic and anti-apoptotic proteins in cancer cells. 

The following sections summarize the anti-cancer activity of flavonoids found in A. annua extracts. 

Some of them show a potent synergism when combined with anti-cancer drugs (Table 2). 

10.1. Flavones 

Pilloin has shown a weak growth inhibition effect on transformed lymphocytes at a concentration 

of 3.0 mM [94]. Apigenin, besides A. annua, is widely found in edible plants such as celery, parsley, 

thyme, red pepper, onion, lettuce, berries, etc., and has been extensively studied for its anti-cancer 

effect [95]. When tested on A2780 (human ovarian cancer) cells, apigenin arrested cells at G2/M 

mitotic phase, and induced apoptosis at the concentration of 40 M [96]. Daily i.p. (intraperitoneal) 

injection of apigenin to a mouse xenograft model with subcutaneous implantation of A2780 cells 

significantly reduced tumor mass compared to the control group. Western blot analyses showed that 

apigenin suppressed the expression of ld1 (inhibitor of differentiation or DNA binding protein through 

activation transcription factor 3 (ATF3). Apigenin was also recently tested on S2-013 and CD18 

(human pancreatic cancer) cell lines [97]. In the study, apigenin was shown to inhibit the expression of 

GLUT-1 glucose transporter at a concentration of 25 M. Glucose transporters are generally over-

expressed in cancer tissues, and its over-expression is a poor prognosis factor in colorectal, breast, 

ovarian and gastric carcinomas. Apigenin also inhibited the phosphoinositol 3-kinase (PI3K)/Akt 

pathway, inducing the growth inhibition of the pancreatic cancer cells. 

Luteolin is widely distributed in many types of plants including fruits, vegetables, and medicinal 

herbs. Its anti-cancer activity has been reviewed extensively [98,99]. Luteolin induces apoptosis and 

inhibits cell proliferation, metastasis and angiogenesis. When tested in vitro, IC50 values ranged 

between 3 and 50 mM, and luteolin was active when tested in xenograft cancer models. Luteolin's 

cytotoxicity appeared to be associated with suppression of PI3K/Akt pathway, nuclear factor kappa B 

(NF-kB), and X-linked inhibitor of apoptosis protein (XIAP). Luteolin was shown to increase 

intracellular reactive oxygen species (ROS) in human hepatic cancer cells [100]. Proteomics analyses 

showed that peroxiredoxin (PRDX6) and prohibin (PHB) are key targets of luteolin. These two 

proteins are involved in ROS metabolism and apoptosis induction. 

Eupatorin was found in various medicinal plants, besides A. annua. The compound has shown a 

moderate cytotoxic effect [101,102] on MK-1 (human gastric adenocarcinoma), HeLa (human uterus 

carcinoma), B16F10 (murine melanoma), and 26-L5 (murine colon cancer) cell lines. Interestingly, the 

same compound was totally inactive against P-388 (lymphatic leukemia) cell line  [103]. Eupatorin 

inhibited the growth of MDA-MB-468 (human breast carcinoma) cell line in a dose dependent manner 

with an IC50 of 0.5 M. In the same assay, eupatorin showed only weak inhibitory effect against MCF-

10 (normal mammary tissue) cells. Eupatorin was found to be metabolized to the flavone cirsiliol and 

two other unidentified metabolites by a CYP450 enzyme, CYP1A1 [104]. The enzyme is present in 

MDA-MB0468 cells, but not expressed in MCF-10A healthy mammary cells. A similar activation of 

eupatorin by a CYP450 enzyme has also been observed in MCF-7 (human breast adenocarcinoma) 

cells [105]. 

Cirsilineol was tested on three cancer cell lines, HeLa, MK-1 and B16F10 [106]. Although 

cirsilineol was more potent than eupatorin against MK-1 cells, it was not effective against HeLa cells. 
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Both cirsilineol and eupatorin showed similar activity against B16F10 cells. In a separate study [107], 

cirsilineol inhibited the growth of four cancer cell lines, Caov-3, Skov-3, HeLa, PC3 and HepG2. 

Interestingly, cirsilineol had no effect on a normal human liver cell line (L02). Cirsilineol induced 

apoptosis in Caov-3 cells by releasing cytochrome-c from mitochondria, followed by activation of 

caspase-9, -3 and PARP proteins. 

10. 2. Flavonols 

Eupatin was tested on the NCI 60-cell line in vitro screen, and the mean GI50 value was  

4 M [108]. The growth inhibition data of structurally similar flavonoids suggest that anti-mitotic 

mechanism may be responsible for the anticancer activity of eupatin although eupatin itself is a poor 

inhibitor of tubulin polymerization. Eupatin was also highly active as a free radical scavenger when 

tested against the oxidizer 1,1-diphenyl-2-picrylhydrazyl (DPPH) [109]. Eupatin has been found to be 

a moderately potent inhibitor of ABCG2, breast cancer resistance protein(BCRP) or mitoxantrone 

resitance protein (MXR) [110]. The IC50 value of eupatin for ABCG2 inhibition was 2.2 M against 

(ABCG2 or BCRP). ABCG2 appears to be involved in the resistance to several chemotherapeutic 

agents, and eupatin and its derivatives may be a useful synergistic flavonoid in reversing the drug 

resistance of cancer cells. 

Quercetin is widely distributed in the plant kingdom, and has been extensively studied for its 

biological activities including anticancer activity. Quercetin inhibited the growth of MCF-7 breast 

cancer cell line with an IC50 value of 5.2 mg/mL [111]. Quercetin has been shown to inhibit protein 

kinase C and to bind to type-II estrogen binding sites. Interestingly, structurally similar flavonoids, 

myricetyn and epicatechin, did not show significant inhibitory activity against MCF-7 [112], 

indicating that some specific structure-related interactions between quercetin and its potential cellular 

target(s). Epicatechin, unlike quercetin, lacks an acetal group on C4 position. Quercetin also inhibits 

the growth of HT-29 colon cancer cell line with an IC50 = 81.2 mM [113]. In the presence of 150 mM 

of quercetin, surface expression of alkaline phosphatase was increased along with a marked increase in 

caspase-3 activity that lead to apoptosis. Quercetin synergized with cisplatin when tested against 

OVCA433 human ovarian cancer cells [114]. The synergy has been explained by the specific 

interaction between quercetin and type-II estrogen binding sites. Similar correlation between growth 

inhibition effect of quercetin and presence of type-II estrogen binding sites has been observed on colon 

and colorectal cancers. Quercetin also induced apoptosis on HSC-2 squamous cell carcinoma and HL-

60 promyelocytic leukemia cells. Western blots analysis did not show any consistent changes in Bax, 

Bad and Bcl-2 proteins upon quercetin treatment [116]. 

Quercetagetin 6,7,3’4’ tetramethyl ether (differ from artemetin only by having a OH on C-R3) was 

reported to be extremely effective in vitro against tumor cell lines P-388 (murine lumphocytic 

leukemia), A-549 (human lung carcinoma), MCF-7 (human breast adenocarcinoma), HT-29 (human 

colon adenocarcinoma), and KB (human nasopharynx carcinoma) with ED50 values of 4.9 × 10-1,  

4.81 × 10-1, 2.47, 1.25, and 6.80 × 10-1 µg/mL, respectively, while its 3-O-methyl analog artemetin 

(Table 1, No. 18) was not effective against any of these tumor cells [117]. Quercetagetin anticancer 

effects were recently confirmed when it was reported as a potent and selective inhibitor  

(IC50 = 0.34 µM) of a serine-threonine kinase (PIM1), implicated in the development of leukemia, 
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lymphoma, and prostate cancer [118]. In the same study, apigenin, quercetin, kaempferol, and luteolin 

(all found in A. annua and other plants) also inhibited PIM1 with IC50 of 0.94, 1.1, 1.3, and 1.6 µM, 

respectively. The authors presented evidence that quercetagetin is a direct ligand for the ATP-binding 

pocket of PIM1 kinase. However, it is known that kinase inhibitors usually bind to ATP-binding sites 

as reported for cyclin-dependent kinases involved in diseases such as cancer, viral infections, and 

infection by protozoan agents such as Plasmodium sp. and Leishmania [119]. Afinity to ATP-binding 

sites is a characteristic of several kinase inhibitors, including the flavonoid flavopiridol  (undergoing 

clinical trials for cancer treatment) and quercetagetin [118].  

Chrysosplenetin has been tested for its anti-cancer activity on Lu1, LNCaP, MCF-7, and HUVEC 

cell lines, and has been found to be inactive (ED50 > 5.0 g/mL) [120]. Although one study cannot rule 

out the possible beneficial effect of chrysosplenetin, it has a striking structural similarity with 

quercetin, which is active against cancer, inhibits protein kinases, etc., as previously described but, 

unlike quercetin the positions C3, A7, and B3’ are occupied by CH3 groups in chrysosplenetin, what 

might make it less active than quercetin. Another factor to consider is the threshold to be established 

(in this case 5.0 µg/mL) and used as a guide of activity or lack of in both in vitro and in vivo  

screening assays. 

Casticin has exhibited a potent anticancer activity against PC-12 (GI50 = 114 nM) and HCT116 

(GI50 = 119 nM) [121]. The activity was comparable to that of cisplatin. Casticin was also tested on 

two human epidermoid carcinoma cell lines, KB and A431 [122]. While the growth of KB cells was 

significantly inhibited by casticin (IC50 = 0.23 M), the compound had only a minimal effect on the 

growth of A431 cells. Two normal cell lines, 3T3 Swiss Albino (mouse) and TIG-103, were not 

affected by casticin. Flow cytometry analyses showed that casticin induces significant arrest of KB 

cells at the mitotic phase G2-M. Casticin disrupts mitotic spindles that may be responsible for the G2-

M arrest of KB cells. Similar observations have been reported with MCF-7 breast cancer sublines 

MN1 and MDD2 [123]. Casticin treatment increased the expression of p21, resulting in the inhibition 

of cyclin-dependent kinases (Cdk). Furthermore, casticin inhibited the expression of cyclin-A and Bcl-

2 proteins, inducing apoptosis of these cells. It has also been suggested that casticin inhibits 

anticancer, and may be able to reverse drug resistance when combined with other anticancer drugs, 

including artemisinin which seems not to exert any inhibition on anticancer by itself [124]. 

Artemetin is structurally very similar to casticin, which differs only by a hydroxyl group on the 3' 

position of the B ring, occupied by a methyl group in artemetin. Artemetin showed a moderate anti-

cancer activity (IC50 = 16 M) when tested on two human epidermoid carcinoma cell lines, KB and 

A431 [122]. The activity was 7–8 times lower than that of casticin. Artemetin has shown a significant 

anti-cancer activity against HL60 (human promyelocytic leukemia) cells with an IC50 = 6.44 M [125]. 

Chrysosplenol-D inhibited the growth of KB cells with an ED50 = 13.95 g/mL [126]. In a study 

with HeLa cells, chrysosplenol-D markedly inhibited the incorporation of 32P into phospholipids 

when the cells are stimulated by 12-O-tetradecanoylphobol-13-acetate (TPA) [127]. Chrysosplenol-D 

is one of the active ingredients in Fructus Viticis (Vitex trifolia), a traditional Chinese medicine, that 

has been used to treat human cancer. Chrysosplenol-D inhibited the growth of tsFT210 (a mouse cdc2 

mutant) cells with an IC50 = 3.5 g/mL by inducing apoptosis. 

Rhamnetin inhibited the growth of HeLa cells with an IC50 = 7.0 g/mL [128]. Rhamnetin and other 

flavonoids were evaluated for their ability to inhibit cyclooxygenase-2 (COX-2). COX-2 plays an 
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important role in cancer development. Both quercetin and rhamnetin inhibited the growth of DLD-1 

(human colon adenocarcinoma) cell line with a remarkable suppression of COX-2 transcriptional 

activity (LD50 = 18.6 mM for rhamnetin) [129]. Rhamnetin also showed a moderate antiproliferative 

activity against MDA-MB-435 (ER- human breast cancer), MCF-7, DU-145 (androgen receptor 

negative prostate cancer), HT-29 (human colon cancer), DMS-114 (human lung cancer), and SK-

MEL5 (human melanoma) cell lines with IC50 values of 22 - 85 M [130]. Rhamnetin and other 

related flavonoids have been suggested to bind to vascular endothelial growth factor (VEGF), based in 

silco screening [131]. 

Kaempferol, in addition to A. annua, has been isolated from Ginkgo biloba, a popular medicinal 

plant in Asian countries. Kaempferol inhibited the growth of ovarian cancer cell lines, OVCAR-3 and 

A2780/CP70 [132]. The effect was moderate, 91% inhibition of OVCAR-3 cells and 94% inhibition of 

A2780/CP70 cells by 20 M and 40 M kaemferol, respectively. Interestingly, kaempferol 

significantly reduced both angiogenesis and VEGF gene expression at both mRNA (transcriptional) 

and protein (translational) levels. Both hypoxia inducible factor-1 (HIF-1) and ESRRA were also 

down-regulated by kaempferol. Both proteins are involved in regulating VEGF expression. Kampferol 

induces apoptosis in MCF-7 cells at a concentration of 50 M [133]. Western blot analyses show the 

cleavage of PARP and activation of caspases-7 and 9 as well as an increase in Bax expression. In a 

separate study with multidrug resistant cells, MCF-7/ADR, kaempferol was shown to inhibit  

p-glycoprotein with an efficacy similar to that of verapamil [134]. The growth of another breast cancer 

cell line, MDA-MB-453, was also inhibited by kaempferol [135]. When the cells were exposed to 

kaempferol, cell cycle arrest occurred at G2/M phase, apparently caused by the down-regulation of 

CDK1 and cyclin A and B.  Kaempferol and other two flavonoids, quercetin and myricetin, prevented 

the cell migration and metastasis of DAOY (medulloblastoma) cells by inhibiting hepatocyte growth 

factor (HGF)/Met signaling [136]. Among the three flavonoids tested, kaempferol was the most 

effective with an IC50 value of 0.5 M. Kaempferol was ineffective in inhibiting the growth of human 

glioma cells U251 and U87. However, exposure to kaempferol sensitized these cell lines to tumor 

necrosis factor-related apoptosis ligand (TRAIL) [92,93]. Kaempferol induced the proteosomal 

degradation of survivin, thus increasing the sensitivity of the treated cells to TRAIL-induced 

apoptosis. Kaempferol was also recently shown to be moderately-active against pancreatic cancer 

[137], prostate cancer [138], lung non-small cell carcinoma [139] in vitro. 

Isorhamnetin is not only found in various plants, but also is an immediate metabolite of quercetin in 

mammals. Isorhamnetin inhibited the growth of BEL-7402 (human hepatocellular carcinoma) cells 

with an IC50 = 74.4 g/mL at 72 h [140]. Incubation with 50 mg/mL of isorhamnetin induced apoptosis 

in 13.77% of BEL-7402 cells. The growth of Eca-109 (human esophageal squamous carcinoma) cells 

was inhibited by isorhamnetin, with an IC50 = 40 g/mL [141]. Western blot analyses showed that 

incubation with isorhamnetin decreased the expression of Bcl-2, c-myc and H-ras while the 

expressions of Bax, c-fos and p53 increased. Isorhamnetin induced apoptosis in LLC (Lewis lung 

cancer) cells, and inhibited the cellular growth with an IC50 value of 40 M [142]. The apoptosis was 

mediated by the release of cytochrome-c from mitochondria, and subsequent activation of caspase 

enzymes. Mouse xenograft model with LLC cells showed that i.p. injections of isorhamnetin  

(0.5 mg/kg/day) significantly reduced the tumor volume. The efficacy was about 10 times better than 

that of quercetin. 
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Astragalin is a 3-O--D-glucoside of kaemferol.  Astragalin was tested on several cancer cell lines, 

including DU-145 [143], GLC4 (human sall cell lung carcinoma), and COLO 320 (human colorectal 

cancer) [144], with only a weak growth inhibitory effect. 

Isoquercitrin and quercimeritrin are the 3-O--D-glucoside and 7-O--D-glucoside of quercetin, 

respectively. In an ex vivo angiogenesis assay, isoquercitrin had the strongest activity, completely 

inhibiting microvessel growth at 100 M [145]. Both quercetin and quercimeritrin had a weaker effect 

on angiogenesis. Quercetin, isoquercitrin and quercimeritrin inhibited the growth of HUVEC cells at 

100 M, but only quercetin and isoquercitrin were able to inhibit the HUVEC tube formation. 

Other flavonoids including flaviolin, luteolin 7-methyl ether, tomentin, isokampferide, luteolin-7-

methyl ether, quercetagetin 3-methyl ether, luteolin 7-methyl ether have been isolated from Artemisia 

annua [146], but their anti-cancer activities have not been well studied. 

11. Flavonoid Metabolism 

For the flavonoids to exert their putative role as oxidative stress modulators, antimalarial, 

anticancer, or synergistic effects, they are required to be absorbed from the gastrointestinal tract. Pig 

microbiota has been studied by fluorescence in situ hybridization and found to be very similar to 

human microbiota [147]. Phenolic acids have shown good absorption in the gut, leading to their 

potential antioxidant effects in the blood [148]. Thus, although bioavailability of intact polyphenols 

might be low, the large pool of phenolics acids resulting from microbial and mammalian metabolism 

might be responsible for their antioxidant (or stress modulatory) activity [149]. This idea might also 

hold for flavones present in A. annua (Figure 2), believed to have individual or synergistic antimalarial 

and anticancer activity, but that assumption have not been tested yet. Quercetin and catechin levels 

peaked at approximately one hour after ingestion by rats with quercetin levels remaining fairly 

constant in the blood (3–4 µM) for 24 hours. Although a small portion of both catechin and quercetin 

were eliminated through the feces from 12 to 24 hours after intake, a significant part was absorbed 

either intact or as metabolites and was detected in the blood, small and large intestine, cecum and to a 

minor extent in liver and kidney (mostly quercetin), with part being eliminated through the urine [150]. 

In general, plasma concentrations have been reported to vary from 0.3–0.75 µmol/L after 

consumption of 800–100 mg of quercetin equivalents present in apples, onions, or meals rich in plant 

products but values can be as high as 6.0 µmoles/L for naringenin, present in grapefruit juice, after 

ingestion of 200 mg [151]. While this review does not focus on flavonoid metabolism, its 

understanding is crucial for designing studies involving these polyphenols in humans and animals. 

Thus, we recommend the reading of two excellent reviews on bioavailability and bioefficacy of 

polyphenols in humans [152,153]. 

12. Artemisinin Metabolism and Its Synergism with Synthetic and Natural Products 

Metabolic and pharmacokinetic studies of artemisinin derivatives such as artesunate, artemether, 

and artemether show that they have a short half-life (1–2 h) in the blood when taken orally but have a 

longer half-life (7–9 h) when taken intramuscularly. In vitro metabolic studies with human liver 

microsomes that had the capability of metabolizing different drugs showed that artemisinin was 

metabolized majorly by the CYP450 enzyme CYP2B6 with a secondary contribution of CYP34A in 
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individuals with low CYP2B6 expression [154]. Bioavailability of artemisinin was reduced five-fold 

after five days of continuous oral administration, but p-glycoproteins were not involved in artemisinin 

clearance from the cells [124]. 

Malaria infection itself has a significant effect on the pharmacokinetics of artemisinin derivatives. 

For example, when artesunate was given orally, peak plasma concentrations and the relative 

bioavailability of dihydroartemisinin (the major metabolite of artemisinin derivatives) were higher in 

malaria patients given artesunate than in healthy patients [155]. Pharmacokinetic parameters also 

changed significantly for artesunate and dihydroartemisinin in rats infected with Fasciola hepatica 

compared to healthy animals [156]. Thus, the bioavailability of artemisinin from tea or extracts in 

humans infected with malaria still needs to be investigated beyond the typical 5–7 days of treatment. 

The data should be compared to that of pure artemisinin or its derivatives given to healthy volunteers. 

We speculate that artemisinin (from tea or ACT) will have a better effect if taken for a short period 

because, after 5–7 days of treatment, pharmacological levels of artemisinin in the blood would 

decrease significantly due to degradation by induced CYP450 enzymes. Bioavailability of artemisinin 

derivatives may also change under other disease conditions such as cancer or malaria. For cancer 

treatment, it would require a longer treatment than that for malaria, and it would be useful to test if 

simultaneous use of flavonoids would keep artemisinin therapeutic levels in the blood for longer. 

Although synergism in some cases can lead to drug overdose, its beneficial aspects can be explored 

to improve the bioavailability of a drug with a wide safety margin such as artemisinin. In Table 2, we 

have shown the synergistic effect of flavonoids with anticancer drugs. Here we will report what we 

found regarding synergy between flavonoids, curcuminoids, and other natural compounds with 

artemisinin and its related compounds used to treat malaria and other parasitic diseases. 

Curcumin fed orally at 100 mg/kg to mice in combination with artemether at 0.75 and  

1.5 mg/mouse resulted in better survival rates for mice infected with Plasmodium berghei [157]. 

Although the dose of curcumin used was fairly high, those authors reported that curcumin toxicity is 

very low and as much as 8.0 g/day was well tolerated by cancer patients for three months without 

toxicity. Quercetin is wide spread in the plant kingdom and a major flavonoid of A. annua [158]. 

Quercetin was reported to increase the bioavailability of moxidectin (and anthelmintic drug) in  

lambs [159]. The methoxylated flavonols chrysosplenol-D and chrysoplenetin, which alone had very 

weak growth inhibitory action, had a synergistic effect with berberine against Staphylococcus  

aureus [160]. The authors attributed this synergism to the inhibition of an S. aureus multidrug 

resistance (MDR) pump. Chrysosplenol-D, chrysoplenetin and other methoxylated flavonols produced 

by cell cultures of A. annua were previously reported to potentiate the activity of artemisinin against 

Plasmodium falciparum [57]. Epigallocatechin gallate and catechin gallate were the most effective 

catechins from a crude green tea extract to have antimalarial effects of their own and to potentiate the 

effects of artemisinin in vitro [161]. Ellagic acid, found in plants that contain hydrolyzable tannins, 

was found to have antimalarial effects in vitro and in vivo (in mice) against Plasmodium vinckei 

petteri. However, although its in vivo effects showed 100% parasite growth inhibition when given 

intraperitoneously at 1.0 mg/kg/day, there was no effect when ellagic acid was given orally, even at 

1.0 g/kg/day. This indicates that its oral bioavailability is very poor. The authors reported the 

synergistic effects (in vitro) of ellagic acid with chloroquine, mefloquine, artesunate, and atovaquone, 

but its slight antagonistic effect with artemisinin [162]. 
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Artemisia annua tea was also effective against Toxoplasma gondii, although artemisinin was only 

present at 0.2% in the tea [163]. However, neither the tea nor sulfadiazines were able to control 

completely the infection with survival ranges from 20–50%. In addition, these authors reported an in 

vitro immunostimulatory activity of the tea.   

Grapefruit juice significantly increased the oral bioavailability of artemether without an effect on 

the elimination half-life [164]. The authors suggested a possible role of intestinal CYP3A4 in the 

presystemic metabolism of artemether. In this study, the inhibitory effects of grapefruit juice on 

CYP450 and CYP2B5 were apparent but serum liver enzymes were unchanged compared with the 

uninfected control group. Co-administration of grapefruit juice with artemether (150 mg/kg) achieved 

complete protection of mice from damage induced by Schistosoma mansoni infection, eliminated eggs, 

and prevented pathological granulomatous lesions [165]. According to a recent review [166], the major 

constituents in grapefruit juice are flavonoids, of which the most prevalent is naringin, which is 

responsible for the bitter taste of grapefruit and is present at a concentration of up to 1,200 mg/mL. 

Other flavonoids, such as quercetin and kaempferol, are present in trace amounts. Naringin in 

grapefruit juice is metabolized in vivo, probably in the small intestine, to give the aglycone, 

naringenin. Furanocoumarins are minor components present in grapefruit juice, and include 6’,7’-

dihydroxy-bergamottin and its more lipophilic analog, bergamottin, which is found at the higher 

concentration of 10 mg/mL. The flavonoids and furanocoumarins of grapefruit juice have the ability to 

modulate CYP3A4 and p-glycoproteins, raising the potential of drug interactions and thus are 

considered to have synergistic affects with artemisinin. As the duration of effect of grapefruit juice can 

last 24 h, repeated consumption can lead to a cumulative effect on the pharmacokinetics of co-

administered drugs. Other herbs or herbal compounds that are known to inhibit CYP3A4 (intestinal) 

are bitter orange, berberine, and piperine [167]. 

The above examples show that more research should be done on the favorable interactions between 

artemisinin and the natural antioxidant compounds like the ones cited above. For instance, although 

these examples provided focus mostly on the antioxidant flavonoids, some diversification towards 

other metal-chelating, antioxidant, compounds such as the hydrolyzable tannins found in grape seeds, 

pomegranates, cinnamon, and other natural food sources is necessary. The recent results obtained in 

vitro and in vivo on the antimalarial properties of ellagic acid, a major component of hydrolyzable 

tannins illustrate the need for this diversification [168]. 

Although examples of natural compounds with artemisinin-derived drugs are not many, there are 

previous examples in the literature on the synergism between artemisinin and pharmaceutical-grade 

drugs (some of natural origin) against chloroquine-resistant and -sensitive strains of Plasmodium 

falciparum in vitro such as mefloquine and quinine [169] methylene blue [170]; atovaquone and 

mefloquine [162], etc. Other drugs such as ketokonazole, orphenandrine, and 8-methoxypsoralen 

inhibited artemisinin metabolism by CYP2B6 enzymes in 46%, 76%, and 82%, respectively [154]. 

These authors also determined that the latter two drugs, when combined, inhibited artemisinin 

metabolism by 90%. These results indicate that co-administration of artemisinin with compounds that 

inhibit CYP2B6 and CYP34A might provide a way to keep artemisinin at pharmacologically-active 

levels in the blood. Some natural dietary compounds have been found to play that role. These 

synergistic interactions eventually led to the recommendation of artemisinin combination therapies 

(ACT) to substitute monotherapies based on artemisinin-derived drugs as it has been recommended by 
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the World Health Organization since 2001 and finally agreed upon by pharmaceutical producers  

in 2006 [171]. 

The findings reported above indicate that the synergistic interaction of flavonoids and other natural 

compounds with artemisinin. Thus, the flavonoids, coumarins, and other compounds found in the tea 

and alcoholic extracts of A. annua might increase significantly the efficacy of artemisinin and its 

derived drugs against parasitic diseases such as malaria. The only pharmacokinetics study available 

indicates that although absorption of artemisinin from the tea was faster, the bioavailability of 

artemisinin from tea was similar to the one reported for the pure compound [7]. However, the study 

was done in healthy volunteers and the whole liter of tea was consumed in five doses of 200 mL in no 

more than 15 minutes.   

13. What Lessons Can We Learn from the Tea? 

Artemisia annua has been traditionally used for over two thousand years to treat “intermittent 

fevers” (back then, the word malaria did not exist) and for hemorrhoids. Ge Hong, in the 4th century 

CE (common era) recommended soaking “a bunch of fresh plant in two sheng (2 × 200 mL) of water, 

then wringing it out and ingesting the juice in its entirety” [172]. That might have created an emulsion 

of the water with the essential oils, plant waxes, flavonoids, and quinic acids. However, that  

author [172] noted that in the history of qing hao (green herb currently identified as A. annua) A. 

annua and A. apiacea were confused as the same plant. Chinese scholars, even back then, separated 

the two species as one with markedly blue-green color (blue-green hao, or blue-green herb, or qing 

hao), which was A. apiacea, and another one light-green color (huang hua hao), which was A. annua. 

Although A. apiacea is now known to have a small concentration of artemisinin [30], it has similar 

flavonoids that might have contributed to its anti-fever properties. 

Currently, the recommended tea recipe is made of 4.5–9.0g of dried A. annua leaves prepared as an 

infusion (steeping or immersion in hot water). Although artemisinin is poorly soluble in water, and 

reported to be present in only 10.6 mg/mL when boiling water is poured over artemisinin [173], hot 

water (85–90 °C) can extract approximately 80% of the artemisinin extracted by petroleum ether from 

leaves [6]. In the first clinical trial, approximately 40% of the artemisinin contained in leaves was 

extracted by adding boiling water to dry leaves, with brief stirring. Boiling the leaves for five minutes 

reduced the content of artemisinin in the tea [174]. These authors reported a 92% clearance  

(44 patients) in parasitemia in 48 patients given the tea four times a day for seven days. Boiling the tea 

for 1.5 h destroyed approximately 90% of the artemisinin (compared to petroleum ether extracts), but 

only about 25% of dihydroartemisinic acid and artemisinic acid, as determined by HPLC-UV 

(Ferreira, unpublished). In addition, the oxygen radical absorbance capacity (ORAC) value of the 

boiled extract was still almost as high as the antioxidant activity of an ethanolic extract (2,123 vs. 

2,535 µmoles TE/g) of the same plant material [39]. In a second study using a randomized trial 

involving 132 patients, the authors [173] determined that the artemisinin content of the leaves was 

1.4% and that the tea made with 9.0 g of leaves provided 94.0 mg of artemisinin/patient/day, which is 

only 19% of the artemisinin provided by a 500 mg/day dose of artemisinin. However, while its known 

that pure artemisinin availability drops to about 30% by day five of consecutive oral administration 

due to the action of CYP450 enzymes, it is unknown if the same fact occurs with artemisinin provided 
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with a mixture of flavonoids (as the tea) that are assumed to inhibit CYP450 enzymes. Regardless of 

blocking CYP450 enzymes or not, both studies resulted in a high recrudescence rate of malaria (also 

reported to malaria treated by any artemisinin-related drug monotherapy) and the authors did not 

recommend the tea as a substitute for the currently WHO-recommended ACT. In a study with the tea, 

artemisinin was absorbed faster from the tea than from artemisinin capsules by human subjects and 

reached plasma peak concentrations of 240 ng/mL less than an hour from oral intake [7], falling to a 

little over 50 ng/mL two hours after intake, and approximately 20 ng/mL three hours after intake. 

According to the authors, the plasma concentration three hours after intake (20 ng/mL) was 

approximately 40% of the peak concentration reported after oral intake of 500 mg of artemisinin from 

capsules, but still higher than the 9.0 ng/mL reported to inhibit growth of P. falciparum in vitro [54]. 

Interestingly, the half-life of flavonoids seem to be much longer as reported for quercetin consumed as 

onions, which peaked in the plasma at 196 ng/mL after 2.9 hours, but that was stioll present at 10 

ng/mL 48 hours after the consumption of the onions [175]. 

A study using mice infected with Plasmodium chabaudi chabaudi compared artemisinin from tea 

(present at 34 mg/mL) with artemisinin-tea equivalent provided as pure artemisinin (34 mg/mL) and 

with an artemisinin combination therapy (ACT) at the dose recommended by the WHO [176]. The 

authors reported that although control mice and mice treated with the pure artemisinin equivalent 

found in the tea died at day 5, infected mice treated with artemisia tea survived until day 11, and mice 

treated with the WHO-recommended ACT survived the infection.  This shows that although the tea (as 

currently prepared) is not recommended as a substitute, it could buy valuable time for someone 

infected with malaria and far from a hospital or clinic. In the Brazilian Amazon or in sub-Saharan 

Africa, it might take 2–3 days for a person afflicted with malaria to reach a hospital, assuming that the 

hospital has the proper antimalarial drug in stock, considering the high use of the drug in a highly 

endemic area. 

Most recently, an interesting study published this month compared the traditionally made tea 

preparation (soaking for 2 and 12 hours and wringing the juice out of the plants) with a more labor 

intensive (“pounding” fresh plants to produce a thick green extract) and compared these two types of 

extracts with a 30 mg/kg dose of artemisinin in Plasmodium berghei-infected mice [177]. The authors 

found that, although artemisinin is not soluble in water, soaking fresh branches for 2 and 12 hours did 

extract artemisinin, although the “pounding” method resulted in about 20 times and four times more 

artemisinin than the infusion made with the dried branches and the infusion made only by soaking 

fresh branches for 12 hours, respectively. Interestingly, the authors reported that the “pounded” juice 

was dark green while the infusions obtained from soaked material were clear. This indicates the 

presence of chlorophyll extracted from the palisade parenchyma (tissue layer immediately underneath 

the epidermis) of leaves, where the flavonoids might also be present. The authors reported that the 

infusions provided from 9–27 mg of artemisinin equivalents/kg of live mouse weight and, compared to 

the 30 mg/kg of pure artemisinin, the infusions that provided 18 and 27 mg/kg of artemisinin 

equivalents suppressed parasitemia 2.6 times better than pure artemisinin at 30 mg/kg. Finally, they 

concluded that artemisinin alone could not account for those results and that only the green pounded 

juice presented in vivo antiplasmodial activity in mice. We see these results as a clear indication that 

other components extracted in the pounded juice (most probably) flavonoids and other components 

Have palyed a major role in synergizing the antiplasmodial activity of artemisinin. 
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Some important questions, however, are: (1) how fast are the flavonoids present in these extracts 

eliminated from the body? (2) would a pharmaceutical preparation containing artemisinin and the 

bioactive flavonoids, taken 4 times a day for 5–7 days, be more efficient than the tea to clear 

parasitemia?, (3) how long the effect of flavonoids on CYP450 enzymes would last, and (4) could the 

recurrence issue be avoided by using the appropriate dosage of artemisinin and flavonoids taken for 

longer than the 5- to 7-day course recommended? After all we have learned so far about artemisinin 

and flavonoid extraction and analysis, can we improve the way of making the artemisinin tea to 

improve its efficacy? For instance if polymethoxylated flavonoids are more bioavailable and bioactive 

than hydroxylated flavonoids, can hot water extract them or should one add a small percentage (5% or 

so) of grain alcohol? If the full flowering stage has been reported as the developmental stage highest in 

those flavonoids, shouldn’t we also investigate the effect of tea made from flowering material? 

Considering the different biotypes of A. annua, the tea should be standardized so that everyone 

interested could have access to the same tea material, which would be lyophilized and kept frozen and 

protected from light in the attempt to prevent degradation of its flavonoids. What is currently know, 

however, does not indicate that the traditional artemisia tea is recommended as a substitute for the 

ACT, but that it could be valuable in delaying coma until the patient reaches a clinic or hospital 

stocked with ACT.  

14. Conclusions  

Although we could not find any studies where the combination of a group of flavonoids (other than 

from the artemisia tea), specific flavonoids, or at least a crude plant extract was tested in combination 

with an antimalarial or anticancer drug in vivo, recent evidence is that common dietary flavonoids 

(also found in A. annua) such as quercetin, apigenin, luteolin, and kaempferol had both individual and 

synergistic effects against Plasmodium falciparum in vitro [53]. Also, there is evidence that 

artemisinin was absorbed faster by healthy males who took the A. annua tea than by the ones who took 

pure artemisinin from tablets [7]. Consumption of quercetin, from onions and apples, was also reported 

as having an inverse association with lung cancer risk [42], which is hypothesized to be due to the 

flavonoid modulation of CYP450 enzymes, p-glycoproteins, and phase-II enzymes involved in the 

metabolism of anticancer and other drugs.  However, the role of flavonoids also extends to the 

inhibition of activation of pro-carcinogens, proliferation of cancer cells, apoptosis, and angiogenesis, 

activation of immune response triggered by cancer cells, and modulation of inflammatory  

responses [62].   

Based on the FRAP assay, quercetin was reported to outperform catechins and vitamin E as an 

antioxidant [178]. These results certainly justify new efforts in the evaluation of flavonoids from A. 

annua, or other plant sources, in combination with artemisinin and its related drugs in the fight against 

malaria, cancer, or as a plain source of antioxidants. Artemisinin is the most important antimalarial 

after quinine, but its combination with other drugs is recommended to prevent recurrence and the 

build-up of drug resistance by Plasmodium strains. Although the use of ACT is current in practice, 

artemisinin has not been tested in combination with flavonoids in vivo in humans and, mostly 

important, in children who have little immunity against malaria and are its major victims. Natural 

products constitute over 50% of the anticancer arsenal as natural compounds (14%), derivatives 
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(26%), or as synthetic products modeled after the natural model (14%) [179]. However, most are very 

expensive due to their very low content in the plant, such as vincristine, the plant source having a slow 

growth such as Taxus spp., or the source of the compound being the bark or root of a tree, leading to 

the destruction of the plant source. Artemisia annua can produce from 0.5 to over 1% artemisinin in 

leaf biomass that can reach at least two tons/ha and can be cultivated in a variety of soils and in a wide 

range of latitude and altitude, in six months or less [33]. Both artemisinin and flavonoids can be 

extracted from the same biomass by a combination of ethanol and water at the right temperature more 

efficiently than with hot water alone (as the traditional tea). Unfortunately, the current method of 

commercial extraction with hexane focuses only on artemisinin, neglecting all the flavonoids that 

remain in the extracted by-rpoduct. This by-product can be further explored as a rich source of 

flavonoids or immediately used in animal feed. Lastly, over 2,00 years of traditional use of tea and 

animal studies with artemisinin have shown that both A. annua flavonoids and artemisinin have a 

wider therapeutic margin than several anticancer natural products currently in use, and without the 

undesirable side-effects caused by them. Of course, only experimentation will tell if the same benefits 

and low toxicity of artemisinin observed for the short-term treatment of malaria will also be obtained 

for its long-term use against cancer. All of these facts taken into consideration certainly indicate that 

the research of the sesquiterpene lactone artemisinin, combined with A. annua flavonoids, as 

anticancer and anti-parasitic drugs have certainly more to offer than research conducted with either of 

those natural product classes alone.  

Finally, A. annua is an important medicinal plant as a source of artemisinin, currently the most 

effective drug against malaria parasites. Artemisinin also shows anti-proliferative activities against 

other parasitic organisms and cancer cells in animals with the same potential to benefit humans. In 

ancient China, A. annua was used as tea to treat variety of medical conditions and was considered a 

preparation that favoured longevity. The artemisinin content in current cultivars is commonly around 

1%, and one may wonder if all the medical effects of the traditional A. annua tea are solely attributed 

to artemisinin. The plant is a rich source of polyphenols, and we suspect that these polyphenols 

contribute to some of the medical benefits of drinking A. annua tea. Some polyphenols are known to 

have their own biological activities, and to synergize common anti-cancer drugs. The research on A. 

annua polyphenols is expected to require a substantial amount of resources due to the number of 

polyphenols present in the plant and the difficulties associated with their isolation. However, it is 

worthwhile to look into the great potential interaction between artemisinin and polyphenols. This 

research, however, will be faster and easier accomplished by an international and multidisciplinary 

collaboration among physicians, chemists, phytochemists, horticulturists, traditional geneticist and 

molecular biologists, etc. is spursued by different groups interested in making a real contribution in the 

field of cancer, malaria, and other diseases to which artemisinin has shown a promising effect. 

References 

1. Mabeza, G.F.; Loyevsky, M.; Gordeuk, V.R.; Weiss, G. Iron chelation therapy for malaria: a 
review. Pharmacol. Therapeut. 1999, 81, 53–75. 

2. Tsao, R.; Deng, Z. Separation procedures for naturally occurring antioxidant phytochemicals. J. 
Chromat. B 2004, 812, 85–99. 



Molecules 2010, 15                            

 

 

3159

3. Efferth, T.; Benakis, A.; Romero, M.R.; Tomicic, M.; Rauh, R.; Steinbach, D.; Häfer, R.; 
Stamminger, T.; Oesch, F.; Kaina, B.; Marschall, M. Enhancement of cytotoxicity of 
artemisinins toward cancer cells by ferrous iron. Free Rad. Biol. Med. 2004, 37, 998–1009. 

4. Erel, O.; Vural, H.; Aksoy, N.; Aslan, G.; Ulukanligil, M. Oxidative stress of platelets and 
thrombocytopenia in patients with vivax malaria. Clin. Biochem. 2001, 34, 341–344. 

5. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and 
antioxidants in oxidative stress-induced cancer. Chemico-Biologic. Interact. 2006, 160, 1–40. 

6. Willcox, M.; Falquet, J.; Ferreira, J.F.S.; Gilbert, B.; Hsu, E.; Magalhães, P.M.; Plaizier-
Vercammen, J.; Sharma, V.P.; Wright, C.W.; Yaode, W. Artemisia annua as an herbal tea for 
malaria. African J. Trad. Complem. Altern. Med. 2007, 4, 121–123. 

7. Rath, K.; Taxis, K.; Walz, G.; Gleiter, C.H.; Li, S.-M.; Heide, L. Pharmacokinetic study of 
artemisinin after oral intake of a traditional preparation of Artemisia annua L. (annual 
wormwood). Am. J. Trop. Med. Hyg. 2004, 70, 128–132. 

8. Blanke, C.H.; Naisabha, G.B.; Balema, M.B.; Mbaruku, G.M.; Heide, L.; Muller, M.S. Herba 
Artemisiae annuae tea preparation compared to sulfadoxine-pyrimethamine in the treatment of 
uncomplicated falciparum malaria in adults: a randomized double-blind clinical trial. Trop. Doct. 
2008, 38, 113–116. 

9. Ittarat, W.; Pickard, A.L.; Rattanasinganchan, P.; Wilairatana, P.; Looareesuwan, S.; Emery, K.; 
Low, J.; Udomsangpetch, R.; Meshnick, S.R. Recrudescence in artesunate-treated patients with 
falciparum malaria is dependent on parasite burden not on parasite factors. Am. J. Trop. Med. 
Hyg. 2003, 68, 147–152. 

10. Price, R.; van Vugt, M.; Nosten, F.; Luxemburger, C.; Brockman, A.; Phaipun, L.; 
Chongsuphajaisiddhi, T.; White, N. Artesunate versus artemether for the treatment of 
recrudescent multidrug-resistant falciparum malaria. Am. J. Trop. Med. Hyg. 1998, 59, 883–888. 

11. Menard, D.; Matsika-Claquin, M.D.; Djalle, D.; Yapou, F.; Manirakiza, A.; Dolmazon, V.; 
Sarda, J.; Talarmin, A. Association of failures of seven-day courses of artesunate in a non-
immune population in Bangui, Central African Republic with decreased sensitivity to 
Plasmodium falciparum. Am. J. Trop. Med. Hyg. 2005, 73, 616–621. 

12. Hsu, E. Reflections on the 'discovery' of the antimalarial qinghao. Brit. J. Clin. Pharmacol. 2006, 
61, 666–670. 

13. Quideau, S. Why bother with polyphenols? In Groupe Polyphenols: The International Society 
Dedicated to the Promotion of Research on Polyphenols; Bordeaux, France, 2009. 

14. Luthria, D.L.; Mukhopadhyay, S.; Krizek, D.T. Content of total phenolics and phenolic acids in 
tomato (Lycopersicon esculentum Mill.) fruits as influenced by cultivar and solar UV radiation. 
J. Food Comp. Anal. 2006, 19, 771–777. 

15. Naczk, M.; Shahidi, F. Extraction and analysis of phenolics in food. J. Chrom. A 2004,  
1054, 95–111. 

16. George, T.W.; Niwat, C.; Waroonphan, S.; Gordon, M.H.; Lovegrove, J.A.; Paterson, E. Effect 
of chronic and acute fruit and vegetable juice consumption on cardiovascular disease risk factor. 
Acta Hort. 2009, 841, 201–206. 

17. Aggarwal, B.B. Targeting inflammatory pathways for chronic diseases by phytochemicals 
derived from spices, fruits, vegetables, and traditional remedies. Acta Hort. 2009, 841, 33–46. 



Molecules 2010, 15                            

 

 

3160

18. Luthria, D.L. Significance of sample preparation in developing analytical methodologies for 
accurate estimation of bioactive compounds in functional foods. J. Sci. Food Agric. 2006,  
86, 2266–2272. 

19. Robbins, R.J. Phenolic acids in foods: an overview of analytical methodology. J. Agric. Food 
Chem. 2003, 51, 2866–2887. 

20. Croteau, R.; Kutchan, T.M.; Lewis, N.G. Natural products (secondary metabolites). In 
Biochemistry & Molecular Biology of Plants; Buchanan, B.R., Jones, W.G., Eds.; American 
Society of Plant Physiologists: Rockville, MD, USA, 2000; pp. 1250–1318. 

21. Antolovich, M.; Prenzler, P.; Robards, K.; Ryan, D. Sample preparation in the determination of 
phenolic compounds in fruits. Analyst 2000, 125, 989–1009. 

22. Escarpa, A.; Gonzalez, M.C. An overview of analytical chemistry of phenolic compounds in 
foods. Crit. Rev.Analyt. Chem. 2001, 31, 57–139. 

23. Brisibe, E.A.; Umoren, U.E.; Brisibe, F.; Magalhäes, P.M.; Ferreira, J.F.S.; Luthria, D.; Wu, X.; 
Prior, R.L. Nutritional characterisation and antioxidant capacity of different tissues of Artemisia 
annua L. Food Chem. 2009, 115, 1240–1246. 

24. Zheng, W.; Wang, S.Y. Antioxidant activity and phenolic compounds in selected herbs. J. Agric. 
Food Chem. 2001, 49, 5165 – 5170. 

25. Lai, J.-P.; Lim, Y.H.; Su, J.; Shen, H.-M.; Ong, C.N. Identification and characterization of major 
flavonoids and caffeoylquinic acids in three Compositae plants by LC/DAD-APCI/MS. J. 
Chrom. B 2007, 848, 215–225. 

26. Brown, G.D. Two new compounds from Artemisia annua. J. Nat. Prod. 1992, 55, 1756–1760. 
27. Bhakuni, R.S.; Jain, D.C.; Sharma, R.P.; Kumar, S. Secondary metabolites of Artemisia annua 

and their biological activity. Curr. Sci. 2001, 80, 35–48. 
28. Elford, B.C.; Roberts, M.F.; Phillipson, J.D.; Wilson, R.J. Potentiation of the antimalarial 

activity of qinghaosu by methoxylated flavones. Trans. R. Soc. Trop. Med. Hyg. 1987, 81,  
434–436. 

29. Rice-Evans, C.A.; Miller, N.J.; Paganga, G. Structure-antioxidant activity relationships of 
flavonoids and phenolic acids. Free Rad. Biol. Med. 1996, 20, 933–956. 

30. Liersch, R.; Soicke, H.; Stehr, C.; Tullner Formation of artemisinin in  Artemisia annua  during 
one vegetation period. Planta Med. 1986, 52, 387–390. 

31. Luo, S.D.; B.M., N.; Hu, W.Y.; Xie, J.L. Studies on peroxides of Artemisia lamcea. J. Nat. Prod. 
1991, 54 573–575. 

32. Marchese, J.A.; Broetto, F.; Ming, L.C.; Ducatti, C.; Rodella, R.A.; Ventrella, M.C.; Gomes, 
G.D.R.; de Franceschi, L. Carbon isotope composition and leaf anatomy as a tool to characterize 
the photosynthetic mechanism of Artemisia annua L. Braz. J. Plant Phys. 2005, 17, 187–190. 

33. Ferreira, J.F.S.; Laughlin, J.C.; Delabays, N.; Magalhães, P.M. Cultivation and genetics of 
Artemisia annua for increased production of the anti-malarial artemisinin. Plant Gen. Resourc. 
2005, 3, 206–229. 

34. Baraldi, R.; Isacchi, B.; Predieri, S.; Marconi, G.; Vincieri, F.F.; Bilia, A.R. Distribution of 
artemisinin and bioactive flavonoids from Artemisia annua L. during plant growth. Biochem. 
Syst. Ecol. 2008, 36, 340–348. 



Molecules 2010, 15                            

 

 

3161

35. Ferreira, J.F.S.; Simon, J.E.; Janick, J. Developmental studies of Artemisia annua: Flowering 
and artemisinin production under greenhouse and field conditions. Planta Med. 1995, 61,  
167–170. 

36. Ferreira, J.F.S. Seasonal and post-harvest accumulation of artemisinin, artemisinic acid, and 
dihydroartemisinic acid in three accessions of Artemisia annua cultivated in West Virginia, 
USA. Planta Med.2008, 74, 310–311. 

37. Wallaart, T.E.; Pras, N.; Quax, W.J. Seasonal variations of artemisinin and its biosynthetic 
precursors in tetraploid Artemisia annua plants compared with diploid wild-type. Planta Med. 
1999, 65, 723–728. 

38. Bilia, A.R.; Magalhães, P.M.; Bergonzi, M.C.; Vincieria, F.F. Simultaneous analysis of 
artemisinin and flavonoids of several extracts of Artemisia annua L. obtained from a commercial 
sample and a selected cultivar. Phytomedicine 2006, 13, 487–493. 

39. Ferreira, J.F.S. Artemisia species in small ruminant production: their potential antioxidant and 
anthelmintic effects. In Appalachian Workshop and Research Update: Improving small ruminant 
grazing practices; Morales, M., Ed.; Mountain State University/USDA: Beaver, WV, USA,  
2009; pp. 53–70. 

40. Ro, D.-K.; Paradise, E.M.; Ouellet, M.; Fisher, K.J.; Newman, K.L.; Ndungu, J.M.; Ho, K.A.; 
Eachus, R.A.; Ham, T.S.; Kirby, J.; Chang, M.C.Y.; Withers, S.T.; Shiba, Y.; Sarpong, R.; 
Keasling, J.D. Production of the antimalarial drug precursor artemisinic acid in engineered yeast. 
Nature 2006, 440, 940–943. 

41. Wallaart, T.E.; Pras, N.; Beekman, A.C.; Quax, W.J. Seasonal variation of artemisinin and its 
biosynthetic precursors in plants of Artemisia annua of different geographical origin: Proof for 
the existence of chemotypes. Planta Med. 2000, 66, 57–62. 

42. Le Marchand, L.; Murphy, S.P.; Hankin, J.H.; Wilkens, L.R.; Kolonel, L.N. Intake of flavonoids 
and lung cancer. J. Natl. Cancer Inst. 2000, 92, 154–160. 

43. Walle, T. Methoxylated flavones, a superior cancer chemopreventive flavonoid subclass? Semin. 
Cancer Biol. 2007, 17, 354–362. 

44. Myhrstad, M.C.W.; Carlsen, H.; Nordström, O.; Blomhoff, R.; Moskaug, J.Ø. Flavonoids 
increase the intracellular glutathione level by transactivation of the [gamma]-glutamylcysteine 
synthetase catalytical subunit promoter. Free Rad. Biol. Med. 2002, 32, 386–393. 

45. Nakamura, Y.; Miyoshi, N. Electrophiles in foods: The current status of isothiocyanates and their 
chemical biology. Biosci. Biotechnol. Biochem. 2010, 74, 242–255. 

46. Moskaug, J.O.; Carlsen, H.; Myhrstad, M.C.W.; Blomhoff, R. Polyphenols and glutathione 
synthesis regulation. Am. J. Clin. Nutr. 2005, 81, 277S–283S. 

47. Yokoyama, A.; Sakakibara, H.; Crozier, A.; Kawai, Y.; Matsui, A.; Terao, J.; Kumazawa, S.; 
Shimoi, K. Quercetin metabolites and protection against peroxynitrite-induced oxidative hepatic 
injury in rats. Free Rad. Res. 2009, 43, 913–921. 

48. Suri, S.; Liu, X.H.; Rayment, S.; Hughes, D.A.; Kroon, P.A.; Needs, P.W.; Taylor, M.A.; 
Tribolo, S.; Wilson, V.G. Quercetin and its major metabolites selectively modulate cyclic GMP-
dependent relaxations and associated tolerance in pig isolated coronary artery. Brit. J. 
Pharmacol. 2009, 159, 566–575. 

49. Liao, H.; Banbury, L.K.; Leach, D.N. Antioxidant activity of 45 Chinese herbs and the 
relationship with their TCM characteristics. eCAM 2008, 5, 429–434. 



Molecules 2010, 15                            

 

 

3162

50. Willcox, M.; Falquet, J.; Ferreira, J.F.S.; Gilbert, B.; Hsu, E.; Magalhães, P.M.; Plaizier-
Vercammen, J.; Sharma, V.P.; Wright, C.W.; Yaode, W. Artemisia annua as a herbal tea for 
malaria. Afr. J. Trad. CAM 2007, 4, 121–123. 

51. Monbrison, F.; Maitrejean, M.; Latour, C.; Bugnazet, F.; Peyron, F.; Barron, D.; Picot, S. In vitro 
antimalarial activity of flavonoid derivatives dehydrosilybin and 8-(1;1)-DMA-kaempferide. 
Acta Trop. 2006, 97, 102–107. 

52. Silveira, P.; Vashist, U.; Cabral, A.; Amaral, K.; Soares, G.; Dagosto, M. Effect of rutin and 
chloroquine on White Leghorn chickens infected with Plasmodium (Bennettinia) juxtanucleare. 
Trop. Anim. Health Produc. 2009. 

53. Lehane, A.; Saliba, K. Common dietary flavonoids inhibit the growth of the intraerythrocytic 
malaria parasite. BMC Res. Notes 2008, 1, 26. 

54. Willcox, M. Artemisia species: from traditional medicines to modern antimalarials-and back 
again. JACM 2009, 15, 101–109. 

55. Hollman, P.C.H.; Gaag, M.V.D.; Mengelers, M.J.B.; Van Trijp, J.M.P.; De Vries, J.H.M.; Katan, 
M.B. Absorption and disposition kinetics of the dietary antioxidant quercetin in man. Free Rad. 
Biol. Med. 1996, 21, 703–707. 

56. Bilia, A.R.; Lazari, D.; Messori, L.; Taglioli, V.; Temperini, C.; Vincieri, F.F. Simple and rapid 
physico-chemical methods to examine action of antimalarial drugs with hemin: Its application to 
Artemisia annua constituents. Life Sci. 2002, 70, 769–778. 

57. Liu, K.C.-S.; Yang, S.-L.; Roberts, M.E.; Elford, B.C.; Phillipson, J.D. Antimalarial activity of 
Artemisia annua flavonoids from whole plants and cell cultures. Plant Cell Rep. 1992,  
11, 637–640. 

58. Bilia, A.R.; Sannella, A.R.; Vincieri, F.F.; Messori, L.; Casini, A.; Gabbiani, C.; Severini, C.; 
Majori, G. Antiplasmodial effects of a few selected natural flavonoids and their modulation of 
artemisinin activity. Nat. Prod. Commun. 2008, 3, 1999–2002. 

59. Lu, J.; Papp, L.V.; Fang, J.; Rodriguez-Nieto, S.; Zhivotovsky, B.; Holmgren, A. Inhibition of 
mammalian thioredoxin reductase by some flavonoids: implications for myricetin and quercetin 
anticancer activity. Cancer Res. 2006, 66, 4410–4418. 

60. Krnajski, Z.; Gilberger, T.W.; Walter, R.D.; Cowman, A.F.; Müller, S. Thioredoxin reductase is 
essential for the survival of Plasmodium falciparum erythrocytic stages. J. Biolog. Chem. 2002, 
277, 25970–25975. 

61. Kun, J.F.J.; Hibbs, A.R.; Saul, A.; McColl, D.J.; Coppel, R.L.; Anders, R.F. A putative 
Plasmodium falciparum exported serine/threonine protein kinase. Mol. Biochem. Parasitol. 
1997, 85, 41–51. 

62. Kale, A.; Gawande, S.; Kotwal, S. Cancer phytotherapeutics: role for flavonoids at the cellular 
level. Phytoth. Res. 2008, 22, 567–577. 

63. Arts, I.C.W. A review of the epidemiological evidence on tea, flavonoids, and lung cancer. J. 
Nutr. 2008, 138, 1561S–1566S. 

64. Le Marchand, L. Cancer preventive effects of flavonoids-a review. Biomed. Pharmacother. 
2002, 56, 296–301. 

65. Nijveldt, R.J.; van Nood, E.; van Hoorn, D.E.C.; Boelens, P.G.; van Norren, K.; van Leeuwen, 
P.A.M. Flavonoids: a review of probable mechanisms of action and potential applications. Am. J. 
Clin. Nutr. 2001, 74, 418–425. 



Molecules 2010, 15                            

 

 

3163

66. Lai, H.; Singh, N.P. Selective cancer cell cytotoxicity from exposure to dihydroartemisinin and 
holotransferrin. Cancer Lett. 1995, 91, 41–46. 

67. Moore, J.C.; Lai, H.; Li, J.-R.; Ren, R.-L.; McDougall, J.A.; Singh, N.P.; Chou, C.-K. Oral 
administration of dihydroartemisinin and ferrous sulfate retarded implanted fibrosarcoma growth 
in the rat. Cancer Lett. 1995, 98, 83–87. 

68. Efferth, T.; Dunstan, H.; Sauerbrey, A.; Miyachi, H.; Chitambar, C.R. The anti-malarial 
artesunate is also active against cancer. Int. J. Oncol. 2001, 18, 767–773. 

69. Singh, N.P.; Lai, H. Selective toxicity of dihydroartemisinin and holotransferrin toward human 
breast cancer cells. Life Sci. 2001, 70, 49–56. 

70. Lai, H.; Sasaki, T.; Singh, N.P.; Messay, A. Effects of artemisinin-tagged holotrasferrin on 
cancer cells. Life Sci. 2005, 76, 1267–1279. 

71. Nakase, I.; Gallis, B.; Takatani-Nakase, T.; Oh, S.; Lacoste, E.; Singh, N.P.; Goodlett, D.R.; 
Tanaka, S.; Futaki, S.; Lai, H.; Sasaki, T. Transferrin receptor-dependent cytotoxicity of 
artemisinin-transferrin conjugates on prostate cancer cells and induction of apoptosis. Cancer 
Lett. 2009, 274, 290–298. 

72. Oh, S.; Kim, B.J.; Singh, N.P.; Lai, H.; Sasaki, T. Synthesis and anti-cancer activity of covalent 
conjugates of artemisinin and a transferrin-receptor targeting peptide. Cancer Lett. 2009,  
274, 33–39. 

73. Firestone, G.L.; Sundar, S.N. Anticancer activities of artemisinin and its bioactive derivatives. 
Expert Rev. Mol. Med. 2009, 11, 1–15. 

74. Beutler, J.A.; Hamel, E.; Vlietinck, A.J.; Haemers, A.; Rajan, P.; Roitman, J.N.; Cardellina II, 
J.H.; Boyd, M.R. Structure-Activity Requirements for Flavone Cytotoxicity and Binding to 
Tubulin. J. Med. Chem. 1998, 41, 2333–2338. 

75. Henrich, C.J.; Bokesch, H.R.; Dean, M.; Bates, S.E.; Robey, R.W.; Goncharova, E.I.; Wilson, 
J.A.; McMahon, J.B. A yigh-throughput cell-based assay for inhibitors of ABCG2 activity. J. 
Biomolec. Screen. 2006, 11, 176–183. 

76. Zhou, L.; Liu, P.; Chen, B.; Wang, Y.; Wang, X.; Internati, M.C.; Wachtel, M.S.; Frezza, E.E. 
Silibinin restores paclitaxel sensitivity to paclitaxel-resistant human ovarian carcinoma cells. 
Anticancer Res. 2008, 28, 1119–1127. 

77. Son, Y.-G.; Kim, E.H.; Kim, J.Y.; Kim, S.U.; Kwon, T.K.; Yoon, A.-R.; Yun, C.-O.; Choi, K.S. 
Silibinin Sensitizes Human Glioma Cells to TRAIL-Mediated Apoptosis via DR5 Up-regulation 
and Down-regulation of c-FLIP and Survivin. Cancer Res. 2007, 67, 8274–8284. 

78. Imai, Y.; Tsukahara, S.; Asada, S.; Sugimoto, Y. Phytoestrogens/Flavonoids Reverse Breast 
Cancer Resistance Protein/ABCG2-Mediated Multidrug Resistance. Cancer Res. 2004, 64, 
4346–4352. 

79. Dhanalakshmi, S.; Agarwal, P.; Glode, L.M.; Agarwal, R. Silibinin sensitizes human prostate 
carcinoma DU145 cells to cisplatin- and carboplatin-induced growth inhibition and apoptotic 
death. Int. J. Cancer 2003, 106, 699–705. 

80. Kim, J.Y.; Kim, E.H.; Park, S.S.; Lim, J.H.; Kwon, T.K.; Choi, K.S. Quercetin sensitizes human 
hepatoma cells to TRAIL-induced apoptosis via Sp1-mediated DR5 up-regulation and 
proteasome-mediated c-FLIPS down-regulation. J. Cell Biochem. 2008, 105, 1386–1398. 

81. Chan, M.M.; Fong, D. Overcoming ovarian cancer drug resistance with phytochemicals and 
other compounds. Prog. Cancer Drug Resist. Res. 2007, 1–28. 



Molecules 2010, 15                            

 

 

3164

82. Zanini, C.; Giribaldi, G.; Mandili, G.; Carta, F.; Crescenzio, N.; Bisaro, B.; Doria, A.; Foglia, L.; 
Cordero di Montezemolo, L.; Timeus, F.; Turrini, F. Inhibition of heat shock proteins (HSP) 
expression by quercetin and differential doxorubicin sensitization in neuroblastoma and Ewing's 
sarcoma cell lines. J. Neurochem. 2007, 103, 1344–1354. 

83. Limtrakul, P.; Khantamat, O.; Pintha, K. Inhibition of P-glycoprotein function and expression by 
kaempferol and quercetin. J. Chemother. 2005, 17, 86–95. 

84. Sliutz, G.; Karlseder, J.; Tempfer, C.; Orel, L.; Holzer, G.; Simon, M.M. Drug resistance against 
gemcitabine and topotecan mediated by constitutive hsp70 overexpression in vitro: Implication 
of quercetin as sensitizer in chemotherapy. Brit. J. Cancer 1996, 74, 172–177. 

85. Szliszka, E.; Czuba, Z.P.; Jernas, K.; Krol, W. Dietary flavonoids sensitize HeLa cells to tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL). Int. J. Mol. Sci. 2008, 9, 56–64. 

86. Horinaka, M.; Yoshida, T.; Shiraishi, T.; Nakata, S.; Wakada, M.; Sakai, T. The dietary 
flavonoid apigenin sensitizes malignant tumor cells to tumor necrosis factor-related apoptosis-
inducing ligand. Mol. Cancer Ther. 2006, 5, 945–951. 

87. Long, X.; Fan, M.; Bigsby, R.M.; Nephew, K.P. Apigenin inhibits antiestrogen-resistant breast 
cancer cell growth through estrogen receptor-alpha-dependent and estrogen receptor-alpha-
independent mechanisms. Mol. Cancer Ther. 2008, 7, 2096–2108. 

88. Chiang, C.-T.; Way, T.-D.; Lin, J.-K. Sensitizing HER2-overexpressing cancer cells to luteolin-
induced apoptosis through suppressing p21WAF1/CIP1 expression with rapamycin. Mol. Cancer 
Ther. 2007, 6, 2127–2138. 

89. Du, G.-J.; Song, Z.-H.; Lin, H.-H.; Han, X.-F.; Zhang, S.; Yang, Y.-M. Luteolin as a glycolysis 
inhibitor offers superior efficacy and lesser toxicity of doxorubicin in breast cancer cells. 
Biochim. Biophys. Acta Res. Commun. 2008, 372, 497–502. 

90. Shi, R.; Huang, Q.; Zhu, X.; Ong, Y.-B.; Zhao, B.; Lu, J.; Ong, C.-N.; Shen, H.-M. Luteolin 
sensitizes the anticancer effect of cisplatin via c-Jun NH2-terminal kinase-mediated p53 
phosphorylation and stabilization. Mol. Cancer Ther. 2007, 6, 1338–1347. 

91. Shi, R.-X.; Ong, C.-N.; Shen, H.-M. Protein Kinase C Inhibition and X-Linked Inhibitor of 
Apoptosis Protein Degradation Contribute to the Sensitization Effect of Luteolin on Tumor 
Necrosis Factor-Related Apoptosis-Inducing Ligand-Induced Apoptosis in Cancer Cells. Cancer 
Res. 2005, 65, 7815–7823. 

92. Siegelin, M.D.; Reuss, D.E.; Habel, A.; Herold-Mende, C.; von Deimling, A. The flavonoid 
kaempferol sensitizes human glioma cells to TRAIL-mediated apoptosis by proteasomal 
degradation of survivin. Mol. Cancer Ther. 2008, 7, 3566–3574. 

93. Yoshida, T.; Konishi, M.; Horinaka, M.; Yasuda, T.; Goda, A.E.; Taniguchi, H.; Yano, K.; 
Wakada, M.; Sakai, T. Kaempferol sensitizes colon cancer cells to TRAIL-induced apoptosis. 
Biochem. Biophys. Res. Commun. 2008, 375, 129–133. 

94. Michelis, F.; Tiligada, E.; Skaltsa, H.; Lazari, D.; Skaltsounis, A.-L.; Delitheos, A. Effects of the 
flavonoid pilloin isolated from Marrubium cylleneum on mitogen-induced lymphocyte 
transformation. Pharmaceut. Biol. 2002, 40, 245–248. 

95. Patel, D.; Shukla, S.; Gupta, S. Apigenin and cancer chemoprevention: progress, potential and 
promise (review). Int. J. Oncol. 2007, 30, 233–245. 

96. Li, Z.-D.; Hu, X.-W.; Wang, Y.-T.; Fang, J. Apigenin inhibits proliferation of ovarian cancer 
A2780 cells through Id1. FEBS Lett. 2009, 582, 1999–2003. 



Molecules 2010, 15                            

 

 

3165

97. Melstrom, L.G.; Salabat, M.R.; Ding, X.-Z.; Milam, B.M.; Strouch, M.; Pelling, J.C.; Bentrem, 
D.J. Apigenin Inhibits the GLUT-1 Glucose Transporter and the Phosphoinositide 3-Kinase/Akt 
Pathway in Human Pancreatic Cancer Cells. Pancreas 2008, 37, 426–431. 

98. Lin, Y.; Shi, R.; Wang, X.; Shen, H.-M. Luteolin, a flavonoid with potential for cancer 
prevention and therapy. Curr. Cancer Drug Targets 2008, 8, 634–646. 

99. Seelinger, G.; Merfort, I.; Woelfle, U.; Schempp, C.M. Anti-carcinogenic effects of the flavonoid 
luteolin. Molecules 2008, 13, 2628–2651. 

100. Yoo, D.R.; Jang, Y.H.; Jeon, Y.K.; Kim, J.Y.; Jeon, W.; Choi, Y.J.; Nam, M.J. Proteomic 
identification of anti-cancer proteins in luteolin-treated human hepatoma Huh-7 cells. Cancer 
Lett. 2009, 282, 48–54. 

101. Nagao, T.; Abe, F.; Kinjo, J.; Okabe, H. Antiproliferative constituents in plants 10. Flavones 
from the leaves of Lantana montevidensis Briq. and consideration of structure-activity 
relationship. Biol. Pharm. Bull. 2002, 25, 875–879. 

102. Tezuka, Y.; Stampoulis, P.; Banskota, A.H.; Awale, S.; Tran, K.Q.; Saiki, I.; Kadota, S. 
Constituents of the vietnamese medicinal plant Orthosiphon stamineus. Chem. Pharm. Bull. 
2000, 48, 1711–1719. 

103. Dobberstein, R.H.; Tin-Wa, M.; Fong, H.H.S.; Crane, F.A.; Farnsworth, N.R. Flavonoid 
constituents from Eupatorium altissimum L. (Compositae). J. Pharm. Sci. 1977, 66, 600–602. 

104. Androutsopoulos, V.P.; Arroo, R.R.J.; F., H.J.; Surichan, S.; A., P.G. Antiproliferative and 
cytostatic effects of the natural product eupatorin on MDA-MB-468 human breast cancer cells 
due to CYP1-mediated metabolism. Breast Cancer Res. 2008, 10, R39. 

105. Androutsopoulos, V.P.; Li, N.; Arroo, R.R.J. The methoxylated flavones eupatorin and cirsiliol 
induce CYP1 enzyme expression in MCF7 cells. J. Nat. Prod. 2009, 72, 1390–1394. 

106. Nagao, T.; Abe, F.; Kinjo, J.; Okabe, H. Antiproliferative constituents in plants 10. Flavones 
from the leaves of Lantana montevidensis Briq. and consideration of structure-activity 
relationship. Biol. Pharm. Bull. 2002, 25, 875–879. 

107. Sheng, X.; Sun, Y.; Yin, Y.; Chen, T.; Xu, Q. Cirsilineol inhibits proliferation of cancer cells by 
inducing apoptosis via mitochondrial pathway. J. Pharm. Pharmacol. 2008, 60, 1523–1529. 

108. Beutler, J.A.; Hamel, E.; Vlietinck, A.J.; Haemers, A.; Rajan, P.; Roitman, J.N.; Cardellina II, 
J.H.; Boyd, M.R. Structure-activity requirements for flavone cytotoxicity and binding to tubulin. 
J. Med. Chem. 1998, 41, 2333–2338. 

109. Bai, N.; Zhou, Z.; Zhu, N.; Zhang, L.; Quan, Z.; He, K.; Zheng, Q.Y.; Ho, C.-T. Antioxidant 
flavonoids from the flower of Inula britannica. J. Food Lip. 2005, 12, 141–149. 

110. Henrich, C.J.; Bokesch, H.R.; Dean, M.; Bates, S.E.; Robey, R.W.; Goncharova, E.I.; Wilson, 
J.A.; McMahon, J.B. A high-throughput cell-based assay for inhibitors of ABCG2 activity. J. 
Biomol. Screen. 2006, 11, 176–183. 

111. So, F.V.; Guthrie, N.; Chambers, A.F.; Carroll, K.K. Inhibition of proliferation of estrogen 
receptor-positive MCF-7 human breast cancer cells by flavonoids in the presence and absence of 
excess estrogen. Cancer Lett. 1997, 112, 127–133. 

112. Rodgers, E.H.; Grant, M.H. The effect of the flavonoids quercetin, myricetin and epicatechin on 
the growth and enzyme activities of MCF7 human breast cancer cells. Chemico-Biol. Interact. 
1998, 116, 213–228. 



Molecules 2010, 15                            

 

 

3166

113. Wenzel, U.; Herzog, A.; Kuntz, S.; Daniel, H. Protein expression profiling identifies molecular 
targets of quercetin as a major dietary flavonoid in human colon cancer cells. Proteomics 2004,  
4, 2160–2174. 

114. Scambia, G.; Ranelletti, F.O.; Panici, P.B.; Bonanno, G.; Vencenzo, R.D.; Piantelli, M.; 
Mancuso, S. Synergistic Antiproleferative Activity of Quercetin and Cisplatin on Ovarian Cancer 
Cell Growth. Anti-Cancer Drugs 1990, 1, 45–48. 

115. Ranelletti, F.O.; Ricci, R.; Larocca, L.M.; Maggiano, N.; Capelli, A.; Scambia, G.; Benedetti-
Panici, P.; Mancuso, S.; Rumi, C.; Piantelli, M. Growth-inhibitory effect of quercetin and 
presence of type-II estrogen-binding sites in human colon-cancer cell lines and primary 
colorectal tumors. Int. J. Cancer. 2006, 50, 486–492. 

116. Chowdhury, S.A.; Kishino, K.; Satoh, R.; Hashimoto, K.; Kikuchi, H.; Nishikawa, H.; Shirataki, 
Y.; Sakagami, H. Tumor-specificity and apoptosis-inducing activity of stilbenes and flavonoids. 
Anticancer Res. 2005, 25, 2055–2063. 

117. Zheng, G.Q. Cytotoxic terpenoids and flavonoids from Artemisia annua. Planta Med. 1994,  
60, 54–57. 

118. Holder, H.; Zemskova, M.; Zhang, C.; Tabrizizad, M.; Bremer, R.; Neidigh, J.W.; Lilly, M.B. 
Characterization of a potent and selective small-molecule inhibitor of the PIM1 kinase. Mol. 
Cancer Ther. 2007, 6, 163–172. 

119. Knockaert, M.; Greengard, P.; Meijer, L. Pharmacological inhibitors of cyclin-dependent 
kinases. Trends Pharmacol. Sci. 2002, 23, 417–425. 

120. Chin, Y.-W.; Jones, W.P.; Mi, Q.; Rachman, I.; Riswan, S.; Kardono, L.B.S.; Chai, H.-B.; 
Farnsworth, N.R.; Cordell, G.A.; Swanson, S.M.; Cassady, J.M.; Kinghorn, A.D. Cytotoxic 
clerodane diterpenoids from the leaves of Premna tomentosa. Phytochemistry 2006,  
67, 1243–1248. 

121. Ono, M.; Yanaka, T.; Yamamoto, M.; Ito, Y.; Nohara, T. New diterpenes and norditerpenes from 
the fruits of Vitex rotundifolia. J. Nat. Prod. 2002, 65, 537–541. 

122. Kobayakawa, J.; Sato-Nishimori, F.; Moriyasu, M.; Matsukawa, Y. G2-M arrest and antimitotic 
activity mediated by casticin, a flavonoid isolated from Viticis Fructus (Vitex rotundifolia Linne 
fil.). Cancer Lett. 2004, 208, 59–64. 

123. Haidara, K.; Zamir, L.; Shi, Q.-W.; Batist, G. The flavonoid casticin has multiple mechanisms of 
tumor cytotoxicity action. Cancer Lett. 2006, 242, 180–190. 

124. Svensson, U.S.; Sandstrom, R.; Carlborg, O.; Lennernas, H.; Ashton, M. High in situ rat 
intestinal permeability of artemisinin unaffected by multile dosing and with no evidence of P-
glycoprotein involvement. Drug Metab. Disp. 1999, 27, 227–232. 

125. Li, S.; Pan, M.-H.; Lai, C.-S.; Lo, C.-Y.; Dushenkov, S.; Ho, C.-T. Isolation and syntheses of 
polymethoxyflavones and hydroxylated polymethoxyflavones as inhibitors of HL-60 cell lines. 
Bioorg. Med. Chem. 2007, 15, 3381–3389. 

126. Arisawa, M.; Hayashi, T.; Shimizu, M.; Morita, N.; Bai, H.; Kuze, S.; Ito, Y. Isolation and 
cytotoxicity of two new flavonoids from Chrysosplenium grayanum and related flavonols. J. Nat. 
Prod. 1991, 54, 898–901. 

127. Arisawa, M.; Shimizu, M.; Satomi, Y.; Nishino, A.; Nishino, H.; Iwashima, A. Inhibition of 
tumor-promoter-enhanced 32Pi-incorporation into cellular phospholipids by flavonols from 
genus Chrysosplenium. Phytother. Res. 1995, 9, 222–224. 



Molecules 2010, 15                            

 

 

3167

128. Mori, A.; Nishino, C.; Enoki, N.; Tawata, S. Cytotoxicity of plant flavonoids against HeLa cells. 
Phytochemistry 1988, 27, 1017–1020. 

129. Mutoh, M.; Takahashi, M.; Fukuda, K.; Komatsu, H.; Enya, T.; Matsushima-Hibiya, Y.; Mutoh, 
H.; Sugimura, T.; Wakabayashi, K. Suppression by flavonoids of cyclooxygenase-2 promoter-
dependent transcriptional activity in colon cancer cells: structure-activity relationship. Jpn. J. 
Cancer Res. 2000, 91, 686–691. 

130. Manthey, J.A.; Guthrie, N. Antiproliferative Activities of Citrus Flavonoids against Six Human 
Cancer Cell Lines. J. Agric. Food Chem. 2002, 50, 5837–5843. 

131. Lee, J.-Y.; Jeong, K.-W.; Kim, W.; Heo, Y.S.; Kim, Y. Binding Models of Flavonols to Human 
Vascular Endothelial Growth Factor Receptor 2. Bull. Korean Chem. Soc. 2009, 30, 2083–2086. 

132. Luo, H.; Rankin, G.O.; Liu, L.; Daddysman, M.K.; Jiang, B.-H.; Chen, Y.C. Kaempferol inhibits 
angiogenesis and VEGF expression through both HIF dependent and independent pathways in 
human ovarian cancer cells. Nutr. Cancer 2009, 61, 554–563. 

133. Kang, G.-Y.; Lee, E.-R.; Kim, J.-H.; Jung, J.W.; Lim, J.; Kim, S.K.; Cho, S.-G.; Kim, K.P. 
Downregulation of PLK-1 expression in kaempferol-induced apoptosis of MCF-7 cells. Eur. J. 
Pharmacol. 2009, 611, 17–21. 

134. Chung, S.Y.; Jang, D.S.; Han, A.-R.; Jang, J.O.; Kwon, Y.; Seo, E.-K.; Lee, H.J. Modulation of 
P-glycoprotein-mediated resistance by kaempferol derivatives isolated from Zingiber zerumbet. 
Phytother. Res. 2007, 21, 565–569. 

135. Choi, E.J.; Ahn, W.S. Kaempferol induced the apoptosis via cell cycle arrest in human breast 
cancer MDA-MB-453 cells. Nutr. Res. Pract. 2008, 2, 322–325. 

136. Labbe, D.; Provencal, M.; Lamy, S.; Boivin, D.; Gingras, D.; Beliveau, R. The flavonols 
quercetin, kaempferol, and myricetin inhibit hepatocyte growth factor-induced medulloblastoma 
cell migration. J. Nutr. 2009, 139, 646–652. 

137. Zhang, Y.; Chen, A.Y.; Li, M.; Chen, C.; Yao, Q. Ginkgo biloba extract kaempferol Inhibits cell 
proliferation and induces apoptosis in pancreatic cancer cells. J. Surg. Res. 2008, 148, 17–23. 

138. Bandyopadhyay, S.; Romero, J.R.; Chattopadhyay, N. Kaempferol and quercetin stimulate 
granulocyte-macrophage colony-stimulating factor secretion in human prostate cancer cells. Mol. 
Cell. Endocrinol. 2008, 287, 57–64. 

139. Leung, H.W.-C.; Lin, C.-J.; Hour, M.-J.; Yang, W.-H.; Wang, M.-Y.; Lee, H.-Z. Kaempferol 
induces apoptosis in human lung non-small carcinoma cells accompanied by an induction of 
antioxidant enzymes. Food Chem. Tox. 2007, 45, 2005–2013. 

140. Teng, B.-S.; Lu, Y.-H.; Wang, Z.-T.; Tao, X.-Y.; Wei, D.-Z. In vitro anti-tumor activity of 
isorhamnetin isolated from Hippophae rhamnoides L. against BEL-7402 cells. Pharmacol. Res. 
2006, 54, 186–194. 

141. Ma, G.; Yang, C.; Qu, Y.; Wei, H.; Zhang, T.; Zhang, N. The flavonoid component isorhamnetin 
in vitro inhibits proliferation and induces apoptosis in Eca-109 cells. Chemico-Biol. Interact. 
2007, 167, 153–160. 

142. Lee, H.-J.; Lee, H.-J.; Lee, E.-O.; Ko, S.-G.; Bae, H.-S.; Kim, C.-H.; Ahn, K.-S.; Lu, J.; Kim, S.-
H. Mitochondria-cytochrome C-caspase-9 cascade mediates isorhamnetin-induced apoptosis. 
Cancer Lett. 2008, 270, 342–353. 



Molecules 2010, 15                            

 

 

3168

143. De Leo, M.; Braca, A.; Sanogo, R.; Cardile, V.; DeTommasi, N.; Russo, A. Antiproliferative 
activity of Pteleopsis suberosa leaf extract and its flavonoid components in human prostate 
carcinoma cells. Planta Med. 2006, 72, 604–610. 

144. Woerdenbag, H.J.; Merfort, I.; Passreiter, C.M.; Schmidt, T.J.; Willuhn, G.; van Uden, W.; Pras, 
N.; Kampinga, H.H.; Konings, A.W.T. Cytotoxicity of flavonoids and sesquiterpene lactones 
from Arnica species against the GLC4 and the COLO 320 cell lines. Planta Med. 1994,  
60, 434–437. 

145. Matsubara, K.; Ishihara, K.; Mizushina, Y.; Mori, M.; Nakajima, N. Anti-angiogenic activity of 
quercetin and its derivatives. Lett. Drug Design Disc. 2004, 1, 329–333. 

146. Wright, C.W.; Warhurst, D.C. The mode of action of artemisinin and its derivatives. In 
Artemisia; Wright, C.W., Ed.; Taylor & Francis Inc.: New York, NY, USA, 2002; pp. 249–288. 

147. Hein, E.-M.; Rose, K.; van't Slot, G.; Friedrich, A.W.; Humpf, H.-U. Deconjugation and 
degradation of flavonol glycosides by pig cecal microbiota characterized by fluorescence in situ 
hybridization (FISH). J. Agric. Food Chem. 2008, 56, 2281–2290. 

148. Konishi, Y.; Kobayashi, S.; Shimizu, M. Tea polyphenols inhibit the transport of dietary 
phenolic acids mediated by the monocarboxylic acid transporter (MCT) in intestinal caco-2 cell 
monolayers. J. Agric. Food Chem. 2003, 51, 7296–7302. 

149. Van't Slot, G.; Humpf, H.-U. Degradation and metabolism of catechin, epigallocatechin-3-gallate 
(EGCG), and related compounds by the intestinal microbiota in the pig cecum model. J. Agric. 
Food Chem. 2009, 57, 8041–8048. 

150. Abrahamse, S.L.; Kloots, W.J.; van Amelsvoort, J.M.M. Absorption, distribution, and secretion 
of epicatechin and quercetin in the rat. Nutr. Res. 2005, 25, 305–317. 

151. Manach, C.; Scalbert, A.; Morand, C.; Remesy, C.; Jimenez, L. Polyphenols: food sources and 
bioavailability. Am. J. Clin. Nutr. 2004, 79, 727–747. 

152. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy, C. Bioavailability and 
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am. J. Clin. Nutr. 
2005, 81, 230S–242S. 

153. Williamson, G.; Manach, C. Bioavailability and bioefficacy of polyphenols in humans. II. 
Review of 93 intervention studies. Am. J. Clin. Nutr. 2005, 81, 243S–255S. 

154. Svensson, U.S.H.; Ashton, M. Identification of the human cytochrome P450 enzymes involved in 
the in vitro metabolism of artemisinin. Br. J. Clin. Pharmacol. 1999, 48, 528–535. 

155. Batty, K.T.; Thu, L.T.A.; Davis, T.M.E.; Ilett, K.F.; Mai, T.X.; Hung, N.C.; Tien, N.P.; Powell, 
S.M.; Thien, H.V.; Binh, T.Q.; Kim, N.V. A pharmacokinetic and pharmacodynamic study of 
intravenous vs. oral artesunate in uncomplicated falciparum malaria. Br. J. Clin. Pharmacol. 
1998, 45, 123–129. 

156. Keiser, J.; Gruyer, M.-S.; Perrottet, N.; Zanolari, B.; Mercier, T.; Decosterd, L. Pharmacokinetic 
parameters of artesunate and dihydroartemisinin in rats infected with Fasciola hepatica. J. 
Antimicrob. Chemother. 2009, 63, 543–549. 

157. Nandakumar, D.N.; Nagaraj, V.A.; Vathsala, P.G.; Rangarajan, P.; Padmanaban, G. Curcumin-
Artemisinin Combination Therapy for Malaria. Antimicrob. Agents Chemother. 2006,  
50, 1859–1860. 



Molecules 2010, 15                            

 

 

3169

158. Lai, J.-P.; Lim, Y.H.; Su, J.; Shen, H.-M.; Ong, C.N. Identification and characterization of major 
flavonoids and caffeoylquinic acids in three Compositae plants by LC/DAD-APCI/MS. J. 
Chrom. B 2007, 848, 215–225. 

159. Dupuy, J.; Larrieu, G.; Sutra, J.F.; Lespine, A.; Alvinerie, M. Enhancement of moxidectin 
bioavailability in lamb by a natural flavonoid: quercetin. Vet. Parasitol. 2003, 112, 337–347. 

160. Stermitz, F.R.; Scriven, L.N.; Tegos, G.; Lewis, K. Two flavonols from Artemisa annua which 
potentiate the activity of berberine and norfloxacin against a resistant strain of Staphylococcus 
aureus. Planta Med. 2002, 68, 1140–1141. 

161. Sannella, A.R.; Messori, L.; Casini, A.; Vincieri, F.F.; Bilia, A.R.; Majori, G.; Severini, C. 
Antimalarial properties of green tea. Biochem. Biophys. Res. Commun. 2007, 353, 177–181. 

162. Gupta, S.; Thapar, M.M.; Wernsdorfer, W.H.; Bjorkman, A. In vitro interactions of artemisinin 
with atovaquone, quinine, and mefloquine against Plasmodium falciparum. Antimicrob. Agents 
Chemother. 2002, 46, 1510–1515. 

163. de Oliveira, T.C.; Silva, D.A.O.; Rostkowska, C.; Béla, S.R.; Ferro, E.A.V.; Magalhães, P.M.; 
Mineo, J.R. Toxoplasma gondii: effects of Artemisia annua L. on susceptibility to infection in 
experimental models in vitro and in vivo. Experim. Parasitol. 2009, 122, 233–241. 

164. van Agtmael, M.A.; Gupta, V.; van der Wösten, T.H.; Rutten, J.P.B.; van Boxtel, C.J. Grapefruit 
juice increases the bioavailability of artemether. Eur. J. Clin. Pharmacol. 1999, 55, 405–410. 

165. El-Lakkany, N.M.; Seif el-Din, S.H.; Badawy, A.A.; Ebeid, F.A. Effect of artemether alone and 
in combination with grapefruit juice on hepatic drug-metabolising enzymes and biochemical 
aspects in experimental Schistosoma mansoni. Int. J.  Parasitol. 2004, 34, 1405–1412. 

166. Zhou, S.; Lim, L.Y.; Chowbay, B. Herbal modulation of p-glycoprotein. Drug Metab. Rev. 2004, 
36, 57–104. 

167. Yarnell, E.; Abascal, K. Interaction of herbal constituents with cytochrome P450 enzymes. 
Altern. Complem. Ther. 2007, 239–247. 

168. Soh, P.N.; Witkowski, B.; Olagnier, D.; Nicolau, M.-L.; Garcia-Alvarez, M.-C.; Berry, A.; 
Benoit-Vical, F. In vitro and in vivo properties of ellagic acid in malaria treatment. Antimicrob. 
Agents Chemother. 2009, 53, 1100–1106. 

169. Ekong, R.; Warhurst, D.C. Synergism between arteether and mefloquine or quinine in a 
multidrug-resistant strain of Plasmodium falciparum in vitro. Trans. Royal Soc. Trop. Med. 
Hyg.1990, 84, 757–758. 

170. Akoachere, M.; Buchholz, K.; Fischer, E.; Burhenne, J.; Haefeli, W.E.; Schirmer, R.H.; Becker, 
K. In vitro assessment of methylene blue on chloroquine-sensitive and -resistant Plasmodium 
falciparum strains reveals synergistic action with artemisinins. Antimicrob. Agents Chemother. 
2005, 49, 4592–4597. 

171. WHO. WHO announces pharmaceutical companies agree to stop marketing single-drug 
artemisinin malaria pills. Available online: http://www.who.int/mediacentre/news/releases/2006/ 
pr23/en/print.html/, (accessed on 29 April 2010).  

172. Hsu, E. The history of qing hao in the Chinese materia medica. Transac. Royal Soc. Trop. Med. 
Hyg. 2006, 100, 505–508. 

173. Mueller, M.S.; Runyambo, N.; Wagner, I.; Borrmann, S.; Dietz, K.; Heide, L. Randomized 
controlled trial of a traditional preparation of Artemisia annua L. (Annual Wormwood) in the 
treatment of malaria. Trans. Royal Soc. Trop. Med. Hyg. 2004, 98, 318–321. 



Molecules 2010, 15                            

 

 

3170

174. Mueller, M.S.; Karhagomba, I.B.; Hirt, H.M.; Wemakor, E. The potential of Artemisia annua L. 
as a locally produced remedy for malaria in the tropics: agricultural, chemical and clinical 
aspects. J. Ethnopharm. 2000, 73, 487–493. 

175. Hollman, P.C. Evidence for health benefits of plant phenols: Local or systemic effects. J. Sci. 
Food Agric. 2001, 81, 842–852. 

176. Atemnkeng, M.A.; Chimanuka, B.; Dejaegher, B.; Heyden, Y.V.; Plaizier-Vercammen, J. 
Evaluation of Artemisia annua infusion efficacy for the treatment of malaria in Plasmodium 
chabaudi chabaudi infected mice. Exper. Parasitol. 2009, 122, 344–348. 

177. Wright, C.W.; Linley, P.A.; Brun, R.; Wittlin, S.; Hsu, E. Ancient chinese methods are 
remarkably effective for the preparation of artemisinin-rich extracts of qing hao with potent 
antimalarial activity. Molecules 2010, 15, 804–812. 

178. Dueñas, M.; González-Manzano, S.; González-Paramás, A.; Santos-Buelga, C. Antioxidant 
evaluation of O-methylated metabolites of catechin, epicatechin and quercetin. J. Pharm. 
Biomed. Anal. 2010, 51, 443–449. 

179. Kinghorn, D.A.; Farnsworth, N.; Soejarto, D.; Cordell, G.; Swanson, S.; Pezzuto, J.; Wani, M.; 
Wall, M.; Oberlies, N.H.; Kroll, D.; Kramer, R.; Rose, W.; Vite, G.; Fairchild, C.; Peterson, R.; 
Wild, R. Novel strategies for the discovery of plant-derived anticancer agents. Pharm. Biol. 
2003, 41, 53–67. 

 
Sample Availability:  Limited samples of a high-antioxidant ethanolic (70% ethanol) extract of A. 
annua are available from the corresponding author for chromatographic analysis.  

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
 

 


