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Abstract: Artemisinin and its synthetic derivatives are widely used for antimalarial agents in the world. Moreover, they
are discovered to additionally use as anticancer, antiangiogenesis, antiviral, immunosuppressive, and antifungal agents.
Recent research results supported that it is a very promising field in drug discovery. In this review, it will discuss the
structural and biological features of artemisinin and its derivatives that have published since 2003 except antimalarial, and
show that they are useful lead compounds for novel drug discovery.

Key Words: Artemisinin, artemisinin derivatives, natural product, endoperoxide, lead compound, drug discovery.

1. INTRODUCTION

The natural sesquiterpene endoperoxide artemisinin (1,
Fig. (1)), which was isolated from Artemisia annua L., has
become a useful lead compound in the development of anti-
malarial drugs [1]. Semi-synthetic acetal-type artemisinin
derivatives such as artemether (3), arteether (4), sodium arte-
sunate (5), and sodium artelinate (6) were synthesized from
dihydroartemisinin (2) that is clinically used for malarial
patients for their efficacy [2-5], although dihydroartemisinin
(2), a metabolite of those drugs, has neurotoxicity in animal
model [6, 7]. In particular, artemisinin derived antimalarial
agents are effectively active against multidrug-resistant
Plasmodium falciparum and Plasmodium vivax [8]. Since the
active principle of 4. annua was disclosed as artemisinin, the
therapeutic potential of artemisinin and their synthetic ana-
logues in treating malaria has been extensively reviewed [9-
12]. Recently, as well as there are excellent review paper for
pharmacological usefulness and mechanistic study on them
[13-17], reviews for combination therapy for amtimalarial
are also published [18-20].

Moreover, extensive researches based on structural modi-
fication and mechanistic study for improving their potency
and bioavailability were used to develop a new kind of ap-
proach for different diseases, which are a variety of tumor,
viral, fungal infection, and unwanted immune response in
transplantation. Since these kinds of problems in human be-
ing are also critical to control a quality of human life, novel
lead compound to be able to develop potent drugs with high
effectiveness, bioavailability and low toxicity is urgent. In
my opinion, artemisinin will be the clue to accomplish our
goal, especially for medicinal and pharmaceutical chemist.

Fortunately, new trials to use artemisinin as a lead mole-
cule for drug discovery against various diseases are rapidly
growing and the researches are on going [21-23]. In this re-
view, I will discuss the structural and biological features of
artemisinin and its derivatives that have published since
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2003 except antimalarial, and show that they are useful lead
compounds for novel drug discovery.

2. ANTICANCER ACTIVITY

It has been reported that artemisinin and its derivatives
have a cytotoxic effect against a variety of cancer cell lines
and their biological activity including cytotoxicity is vari-
ously changed according to kinds of additive drug or mole-
cules for combination therapy.

Recently, there is a good report for treatment against
brain tumor using artemisinin derivatives. In particular, since
single therapy of artemisinin-related drug candidates is less
effective, combination therapy with additive compound to
enhance therapeutic efficacy is most common.

A combination treatment of artesunate (5) and the epi-
dermal growth factor receptor (EGFR) tyrosine kinase in-
hibitor OSI-774 (Erlotinib, 7, Fig. (2)) exhibited an interesting
cytotoxic activity against glioblastoma multiforme (GBM)
including U-87MG transduced with EGFR and non-trans-
duced GBM cell lines [24]. OSI-774 (7) is a small molecule
quinoline compound that induces apoptosis and cell cycle
arrest [25, 26].

Combinational treatment of artesunate (5) with OSI-774
(7) effectively inhibited the U-87MG,AEGFR cell, G-210GM
and G-599GM as shown in Fig. (2). In U-87MG, AEGFR
cell, the increment of inhibition by artesunate (5) plus OSI-
774 (7) was 25-folds in comparing to artesunate (5) alone,
while, in G-210GM and G-599GM, the multiplicity of inhi-
bition by combination treatment was 14.1- and 7.0 folds,
respectively [24].

Iron (IT) in heme activates the peroxide bond of artemis-
inin (1), and then generates the radical oxygen species re-
sponsible for the antimalarial activity [17, 27, 28]. Because
similar mechanism can also be applied to increase the cyto-
toxicity against cancer cell lines, research result for cytotox-
icity was already published in the past [29-33].

When compared with cytotoxicity of artemisinin deriva-
tives without iron ion against CCRF-CEM leukemia and
U373 astrocytoma cell, the cytotoxicities of artesunate (5),

© 2007 Bentham Science Publishers Ltd.
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Artemisinin (1)

Dihydroartemisinin (2)

Fig. (1). Artemisinin and its acetal-type artemisinin derivatives.

artemisinin microencapsulated in maltosyl-B-cyclodextrin
(ART-MCD), and artemisinins with iron(I)-glycine sulfate
and transferrin were increased from 1.5-fold to 10.3-fold
[34].

As already published report [29-33], iron ion enhanced
not only the cytotoxic effect of artemisinin (1) and their re-
lated derivatives against cancer cell lines, but also the speci-
ficity for cancer cell over normal cells [35, 36]. Its enhance-
ment was caused from that iron-carrying plasma glycopro-
tein transferrin can be easily transported into cell via recep-
tor-medicated endocytosis [37] because transferrin receptor
was much more expressed on cell surface in cancer cell than
normal cell [38].

Interesting conjugate, artemisinin-tagged holotransferrin
(10, Fig. (3)), was obtained from attaching artelinic acid hy-
drazide (8) with lysine residues on the surface of oxidized
holotransferrin (9), and its cytotoxic activity and specificity
were tested on a human leukemia cell line (Molt-4) and nor-
mal human lymphocytes. Basically, it was conformed by
comparing MALDI-MS data that 4.1 of artemisinin moieties
were tagged on one protein on average [39].

\O/\/O
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R: B-OMe, Artemether (3)
B-OEt, Arteether (4)
0-OCO(CH;),CO,Na,
Sodium artesunate (5)
B-OCH,C¢H4CO,Na-p,
Sodium artelinate (6)

After treatment with the tagged-compound (10) or dihy-
droartemisinin (2) on Molt-4 and human lymphocytes for
72hrs, the ICsy of the each compound was evaluated shown
in Fig. (3). When comparing to dihydroartemisinin (2), the
tagged-compound (10) is more potent against Molt-4 and
less potent upon human lymphocyte [39].

More recently, there was a report that dihydroartemisinin
(2) enhanced a radiosensitivity of human glioma cell in vitro
[40]. To determine whether dihydroartemisinin (2) improved
the radiosensitivity of U373MG cell, in vitro clonogenic cell
survival assay of cells treated with dihydroartemisinin (2)
and radiation was performed, and the number of colonies
was compared with that treated with dihydroartemisinin (2)
or radiation alone. As a result, the clonogenic survivals were
significantly decreased in parallel with the concentration of
dihydroartemisinin (2). For quantitative evaluation, the dose
enhancement ratio (DER) was calculated at the surviving
fraction of 0.1 by dividing the radiation dose of the radiation
alone curve with that of the corresponding dihydroartemis-
inin (2) plus radiation curve. The DER was 1.17, 1.38, and
1.73, respectively, in treatment of radiation with the concen-

HN \\

0SI-774 (Etlotinib, 7)

Cyctoxicity (ICsy, UM)

Cell lines Modulation
index
Artesunate alone Artesunate+ OSI-774
U-87MG 2.0 2.1 1.0
U-87MG.LUX 23 1.9 1.2
U-87MG.DK-2N 3.0 2.1 14
U-87MG.WT-2N 49 3.7 1.3
U-87MG.DEGFR 11.5 0.5 25.0
G-211GM 1.5 1.5 1.0
G-599GM 42 0.6 7.0
G-1301GM 42 3.8 1.1
G-750GM 52 33 1.6
G-1187GM 6.7 59 1.1
G-1408GM 7.5 32 23
G-210GM 15.5 1.1 14.1
G-1265GM 8.5 7.0 1.2
G-1163GM 18.8 15.8 1.2

Fig. (2). Combination therapy of artesunate (5) and OSI-774 (7) against brain tumor cells.
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Fig. (3). Cytotoxicity of artemisinin-tagged holotransferrin (10).

tration of 0.352, 3.52 and 17.6 of dihydroartemisinin (2).
When radiating with 6 Gy of y-radiation to U373MG cell
pretreated by 10mM NAC (N-Acetyl-L-Cysteine) or 300uM
TRION (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium
salt), ROS (Reactive oxygen species) blockers, the cell sur-
vival rates were increased from 19 to 34% in NAC-treated
cultures and 19 to 57% in TRION-treated cultures, which
means that block of ROS generation suppressed the cytotox-
icity and radiosensitization induced by dihydroartemisinin
(2). In addition, it was also discovered that GST (Glutathion-
s-transferase) activity and expression in the U373MG cell
were strongly inhibited by treatment with dihydroartemisinin
(2). These results proved that dihydroartemisnin improved
the radiosensitivity of U373MG cells in a ROS-dependent
manner [40].

Since the antimalarial activity of artemisinin derivatives
is closely related to iron in hemoglobin, their cytotoxicity is
also caused from the interaction with iron to form free radi-
cal. Therefore, to investigate the effect of holotransferrin, an
iron-loaded tranferrin, on the radiosensitization of dihy-
droartemisnin upon U373MG cells, clonogenic survival rate
in U373MG pretreated with 100ug/ml holotransferrin and
then administered dihydroartemisinin and radiation was de-
termined. As a result, pretreated holotranferrin also signifi-
cantly improved the radiosensitivity of dihydroartemisnin
[40], which result is coincidence to some reports that iron in
holotransferrin or hemoglobin is critical role for anticancer
activity of artemisinin derivatives [41].

From above research results, although artemisinin (1),
dihydroartemisinin (2), and sodium artesumate (5) have a
growth inhibitory activity against various cancer cell lines
and some specificity for cancer cell over normal cell, the
cytotoxicity is not strong enough to clinical trial. Important
approach to improve the potency of artemisinin derivatives
was mainly related to synthesize the dimer or trimer from
monomers of artemisinin analog [31, 33].

The phosphate linked dimers (11 and 12, Fig. (4)) were
discovered to have the anticancer activity against leukemia,
colon, melanoma, prostate, and breast cancer from a 60 cell
lines panel of National Cancer Institute (NCI), which strength
was comparable to paclitaxel and doxorubicin in nanomolar

to micromolar concentration. However, dimers (11 and 12)
were little active against lung, central nervous system (CNS),
and renal cancer cell lines. Out of preliminary NCI assay, the
two phosphate dimers (11 and 12) were tested in more detail
in HL60 leukemia and Jurkat cell lines comparing to dihy-
droartemisinin (2) and doxorubicin [42]. As shown in Fig.
(4), two dimers (11 and 12) were stronger than doxorubicin
in HL60 leukaemea cell but less in Jurkat (human leukemic
T-cell lymphoblast). When in considering the toxicity of
peroxide dimers was not toxic to lymphocytes at doses of
100uM, they are promising anticancer candidate for clinical
trial [42].

1Cso, UM
HL60 Jurkat
11 0.143 7.7
12 0.241 132
DHA (2) 1.21 101
Doxorubicin 0.51 1.7

Fig. (4). Cytotoxicity of phosphate linked dimers (11 and 12).

Some carbon chain linked trioxane dimers (13, 14, and
15, Fig. (5)) also showed potent anticancer activity in the
transgenic adenocarcinoma of mouse prostate cancer model
in nanomolar concentration range [43]. Among the tested
prostate cancer cell lines, the C1A and C2D cells are nontu-
morigenic, and the C2G and C2H cells are tumorigenic and



414  Mini-Reviews in Medicinal Chemistry, 2007, Vol. 7, No. 4

CO,H

15

Seokjoon Lee

1Cs) of prostate cancer (nM)

CIA C2D C2G C2H
13 233 18.5 15.4 9.2
14 84.6 62.1 474 36.1
15 158.7 231.4 134.0 116.0
Gemzar 9.0 11.9 3.7 4.7
Doxorubicin | 75.9 46.5 28.7 30.3

Fig. (5). Cytotoxicity of carbon chain linked trioxane dimers (13, 14, and 15).

metastatic. As shown in Fig. (5), the alcohol dimer 13 was
the most effective, while carboxylic acid dimer 15 was the
least. Compound 13 showed an ICsy of 15.4 and 9.2nM in
the cell lines C2G and C2H, respectively. In comparison
with Gemzar, chemotherapeutic agent for the treatment of
human prostate cancer and non-small-cell lung cancer, alco-
hol dimer 13 showed a comparable activity. Moreover, it is
much stronger than doxorubicin. Because Gemzar and
doxorubicin have also a variety of toxicity, these easily syn-
thesizable and low toxic trioxane dimers are worthwhile to
further study and clinical trial [43].

Generally, although monomers of artemisinin derivatives
have a low cytotoxicity against various cancer cell lines,
there was an interesting report that artemisinin derivatives
with lipophilic alkyl carbon chains showed a moderate or
strong cytotoxicity against human hepatocellular carcinoma
(HepG2) cell [44]. This report showed an interesting correla-
tion between lipophilic carbon chain length and cytotoxicity
from the initial activity test against HepG2 cell. In this se-
ries, the most potent compound was the one bearing N-
tetradecylacetamide linkage in 1Csy of 0.46uM. There was a
slight activity decrease according to increasing of carbon
chain length. Generally speaking from this result, carbon
chain length of 12- to 16-carbon exhibited a strong activity.
The effect of linkers such as an ester, alcohol, and ketone
were also examined on HepG2 cell, but their effect on cyto-
toxicity is not significant as shown in Fig. (6) [44].

However, an increase of lipophilicity decreases the water
solubility, which may be an obstacle to develop the drug
candidate in the future. To overcome this problem, polar
groups were attached at the end of carbon chain. Attaching
hydroxyl- (20b) and carboxylic acid group (20c) at the end
of lipophilic chain seriously decreased the cytotoxicty, but
its anticancer activity of 21 with amide linker of N-polar
group was maintained. Fig. (7) This result means that a ter-

minal hydrophobic group at the carbon chain has a critical
role to their biological activity [44].

In addition, the cytotoxicity of D-five membered ring
artemisinins against HepG2 cell was also comparable to their
D-six membered ring analogs. As illustrated in Fig. (8),
tested D-five membered ring artemisinin derivatives (22, 23,
and 24) with 12- to 18-carbon chain by linked with amide,
ester, and ketone exhibited a strong cytotoxicity [44].

Finally, the selectivity between the cancer cell line and
normal cell was examined by using normal lung fibroblast
(CCD-19Lu). From this selectivity test, it was discovered
that the modified artemisinin derivatives (16f, 16g, 17, and
19) showed a moderate selectivity between cancere cell and
normal cell. In particular, 19 was 10-fold more potent toward
HepG2 cancer cell (ICsp= 14.5uM) than normal lung
fibroblast (IC5p= 1.4uM) [44].

More recently, in preliminary screening by diverse NCI’s
human cancer cell lines, phthalate dimers 25 was discovered
to be highly selective and potent inhibitor against nonsmall
cell lung carcinoma HOP-92 cell, melanoma SK-MEL-5
cell, and breast cancer BT-549 cell. Especially, compound 25
had a strong inhibiton activity agaisnt the human cervical
cancer cell line in ICsy of 500nM. Trioxane diol dimer 26
also showed a high ICsy of 46.5nM without any toxicity to
primary normal cervical cell (Fig. (9)) [45].

3. ANTIANGIOGENESIS ACTIVITY

Angiogenesis is the formation of new vascular capillaries
from preexisting host vessels by various biological stimula-
tors [46]. In normal system, except during wound healing
[47] and embryonic development [48], an elaborate balance
between positive and negative regulators tightly controls
angiogenesis. On the other hands, in abnormal conditions,
angiogenesis occurs in the course of tumor growth [49], dia-
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H :
T Cytotoxicity against HepG2 (ICso, {M)
16a R -C,Hs >100 16f R -CipHys 1.2
16b -C,Hy >100 16g -Ci4Hyo 0.46
16¢ -CeHi3 17.6 16h -CiHss 0.79
16d -CsHy4 9.5 16i -CisHs; 4.2
16¢e -CoHy; 2.8 Artemisinin (1) 97
i G
Cytotoxicity (ICs0, UM)
17 0.72
18a 2.8
18b 44
19 1.4

18a (0-OH)
18b (B-OH)

Fig. (6). Cytotoxicity of artemisinin derivatives with lipophilic alkyl carbon chains.

betic retinopathy [50], and rheumatoid arthritis [60]. In par-
ticular, tumor angiogenesis plays a key role in the growth,
invasion, and metastasis of tumors. Therefore, the control of
angiogenesis may be a promising therapeutic strategy for the
related diseases.

20a R; -C8H17 21
20b ; -(CH,);CH,OH
20¢ : -(CH,);CO,H

dihydroartemisinin (2) showed a mild cytotoxicity against
various cancer cells. By comparing the cytotoxic effect on
normal cells, NIH-3T3 and human endometrium cell, to in-
vestigate the cellular toxicity, it was concluded that artemis-
inin (1) and dihydroartemisin (2) is more toxic to cancer
cells than normal cells, which means they would be safe in
clinical trials [52].

H

22a R; —C12H25

Cytotoxicity (ICsp, UM)
20a 1.8
20b 423
20c >100
21 3.5

Fig. (7). Cytotoxicity of artemisinins with polar group at the end of
lipophilic chain.

Recently, Chen et al. reported that artemisinin (1) and
dihydroartemisinin (2) have an antiangiogenic activity as
well as an antitumor activity on in vitro models of angio-
genesis, such as inhibitory test against the proliferation, mi-
gration, and tube formation of human umbilical vein endo-
thelial cells (HUVEC) [52]. Basically, artemisinin (1) and

23
22b ;-Ci4Hy
22¢ :-CyHs;3
H i Cytotoxicity (Cs,
5 HM)
22a 1.3
22b 0.77
22¢ 0.74
23 3.7
24 0.47

CioHas

24

Fig. (8). Cytotoxicity of D-five membered ring artemisinins.

Artemisinin (1) and dihydroartemisin (2) inhibited the
HUVEC growth of about 40 and 50%, respectively, at the
concentration of 50uM, and completely suppressed HUVEC
migration at 50uM (Table 1). Furthermore, there was a sig-
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Fig. (9). Highly potent trioxane phthalate dimers 25 and 26.

nificant decreasing of 70% and 90% in both the number of
length of tube formation at SOuM. Although the potency of
artemisinin (1) and dihydroartemisin (2) against growth, mi-
gration, and tube formation is mild, it will be possible to start
for novel angiogenesis inhibitors from them [52].

Table 1. Antiangiogenesis Activity of Artemisinin (1) and
Dihydroartemisin (2)
Inhibition Percentage (%)
Against HUVEC at 50pM
Proliferation Migration Tube Formation
Art (1) 40 100 70
DHA (2) 50 100 80

Artesunate (5) also inhibited angiogenesis in vitro and in
vivo screening. In in vitro test including inhibition of prolif-
eration, migration, and tube formation assay, Artesunate (5)
inhibited the HUVEC proliferation with a 20.7 uM of ICs,
which potency is more slightly potent than parent com-
pounds 1 and 2. HUVEC was inhibited 88.7% by artesunate
(5) in 80uM concentration. In addition, in migration and tube
formation assay, it had a similar potency with artemisinin (1)
and dihydroartemisin (2) [53].

More importantly, in vivo antiangiogenesis activity of
artesunate (5) was evaluated by using nude mice implanted
by human ovarian cancer (HO-8910) and immunohisto-
chemical stainings for microvessel (CD31), vascular endo-
thelial growth factor (VEGF) and VEGF receptor KDR/flk-
1. When artesunate (5) was administrated to nude mice of
four groups divided by drug concentration, there was no sig-
nificant change of tumor volume in low dose (10mg/kg) and
control group. Tumor growth in two group treated by
50mg/kg and 100mg/kg was reduced by 41% and 62%, re-
spectively, after 15 days administration. The necrotic areas
and microvessel density were also changed in three experi-
mental groups according to administrated concentration. In
particular, microvessel density as a parameter of antiangio-
genic activity was significantly decreased in tested group
with 50 and 100mg/kg [53].

Seokjoon Lee

In the test of inhibition on VEGF expression, artesunate
(5) effectively suppressed the expression in ratio of 60% in
50mg/kg and 80% in 100mg/kg. In addition, significantly
reduced KDR/flk-1 expression was shown by 70 and 80 % in
HO-8910 cells and endothelial cells, respectively. The re-
sults demonstrated that artesunate (5) has an inhibitory effect
in angiogenesis in vitro and in vivo and may be a promising
angiogenesis inhibitor (Table 2) [53].

In order to deeply evaluate antiangiogenetic activity for
artesunate (5), additional tests were attempted on chicken
chorioallantoic membrane (CAM) neovascularisation model,
which is the most widely used vessel development assay in
vivo [54]. Artesunate (5) inhibited the CAM angiogenesis in
dose dependent manner, and started to inhibit angiogenesis
at 10nmol/100ul/egg. At 20 and 40nmol/100ul/egg, it re-
duced the CAM blood vessel to about 37 and 63% of the
control [54].

Table 2. Antiangiogenesis Activity of Artesunate (5) in In
Vitro and In Vivo Screening

Test Methods Inhibition Activity

1Cs020.7 uM
HUVEC Proliferation

in vitro 88.7% in 80 uM
Tube Formation 75% in 50 uM
41% in 50mg/kg
Tumor Growth
62% in 100mg/kg
40% in 50mg/kg
VEGF Expression
80% in 100mg/kg
in vivo

70% in 50mg/kg
KDR/flk-1 on HUVEC

80% in 100mg/kg

30% in 50mg/kg

KDR/flk-1 on tumor cells
70% in 100mg/kg

There was an advanced approach that artesunate (5) also
showed an inhibitory activity the growth of Kaposi’s sar-
coma (KS) xenograft tumors [55], which is a highly angio-
genic multifocal tumor and produces several angiogenic cy-
tokines [56]. In this investigation, artesunate (5) effectively
suppressed growth and induced apoptosis of KS, but inhib-
ited the growth of HUVEC. Furthermore, it effectively inhib-
ited the tumor xenograft growth in vivo [55].

The apoptosis of HUVEC induced by artesunate (5) was
also investigated by means of nuclear staining, DNA agarose
gel electrophoresis, and flow cytometry. The apoptosis rate
of HUVEC treated by artesunate (5) reached the highest
point in concentration of 32uM (Fig. (12)) [57]. Dihydro-
artemisinin (2) also downregulated a vascular endothelial
growth factor (VEGF) expression and induced an apoptosis
in chronic myeloid leukemia K562 cells [58].

Although it is proved that artemisinin (1), dihydroartem-
isinin (2), and artesunate (5) had a novel antiangiogenesis
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effect based on various screening system, such as prolifera-
tion, migration, and tube formation assay in vitro test, and
chicken chorioallantoic membrane (CAM) neovascularisa-
tion model and test of inhibition on VEGF expression in
vivo, there is no any try to discover novel artemisinin deriva-
tives that have angiogenesis inhibitory activity. In my opin-
ion, it is more important to discover small molecular angio-
genesis inhibitors from structural modification of artemisinin
(1) based on previous research results about artemisinins.

I reported that synthetic key intermediates for direct alky-
lation of artemisinin (1), diastereomeric 10-phenylsulfide
and 10-benzenesulfonyl dihydroartemisinin [59], showed an
inhibition activity against HUVEC proliferation with higher
strength than artemisinin (1) and dihydroartemisinin (2) [60].

As the Chen’s report [52-54], acetal-type derivatives
might be a lead compound for use as an antiangiogenic in-
hibitor. But it is not sufficient for clinical trials in my opin-
ion. For example, the typical acetal-type antimalarial agent,
[B-arteether (4), had no inhibitory activity against HUVEC at
the concentration of 50 uM, and 103- (35) and 10a-phenoxy-
dihydroartemisinin (36) with endoperoxide and aromatic
phenyl group were less active than 2 [60]. Fig. (10) How-
ever, 10a- (27) and 10B-phenylthiodihydroartemisinin (28)
with endoperoxide and thiophenoxy moiety showed a very
strong inhibitory activity with an ICsy of 0.93 and 5.24 uM,
respectively [60].

n(0)S i
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In addition, the synthetic sulfonyl compounds, 100~ (29)
and 10B-benzenesulfonyl dihydroartemisinin (30), and 10B-
benzenesulfonyl-9-epi-dihydroartemisinin (31), also showed
a high inhibitory activity as shown in Fig. (10). In particular,
the inhibitory potency of 9-epimer (31) was over 7-10 times
higher than that of 29 and 30. Even if desoxy compounds (37
and 38) had the thioacetal functionality and B-arteether (4)
had the endoperoxide, they have no inhibitory activity for
lack of endoperoxide or aromatic functional group [60].

A comparison between 10c-mercaptodihydroartemisinin
(33) and dihydroartemisinin (2) suggests that the sulfur atom
at the C-10 position is critical for inhibition activity on HU-
VEC. According as oxygen changed to sulfur, the biological
activity improved markedly [60].

When compared to thioacetal compounds (27 and 28)
and sulfonyl derivaitves (29, 30 and 31), sulfone substitution
at the C-10 position of tricyclic artemisinin improved the
tube formation inhibitory activity. Interestingly, 10B3-benzene-
sulfonyl-9-epi-desoxyartemisinin (38) and B-artecther (4),
which have no inhibitory activity against HUVEC growth,
exhibited a moderate tube formation inhibitory activity by 32
and 48%, respectively. So, detail study on the structure activ-
ity relationship about various functional groups is needed [62].

In vivo inhibitory effect of thio-acetal artemisinin deriva-
tives on angiogenesis was examined by using CAM assay at

32 10B R: Acetyl

a1 33 100R: H 35108
27 100 n=0 36 100
28 10B n=0
29 1000 n=2
30 103 n=2
Growth inhibition Inhibition percentage Inhibited eggs
1Cso UM at 10 pg/mL (%) /Tested eggs
1 >50 0 -
2 891 19 -
4 >50 7 -
27 0.93 20 18/20
28 5.24 16 11/16
29 12.77 41 6/16
30 18.21 52 6/15
31 1.74 0 -
32 4.26 32 -
33 1.29 74 16/18
34 >50 0 -
35 33.81 3 -
n(0)s 36 31.03 16 -
37 >50 48 -
38 >50 0 -
37 n=0
38 n=2

Fig. (10). Antiangiogenesis activity of various thio-acetal artemisinin derivatives.
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the concentration of 5 g/egg. As shown in Fig. (10), se-
lected thioacetal molecules (27 and 28) and 9-epi-sulfonyl
artemisinin 31 strongly inhibited the formation of new blood
vessel on CAM. Particularly, 27 and 31 have a potent activ-
ity by 90%. The other analogues (29 and 30) were mildly
potent [61].

Novel deoxoartemisinins (39-43, Fig. (11).), exo-Ole-
finated deoxoartemisinin derivatives, were synthesized by
modified Ramberg-Bicklund rearrangement conditions [62],
and also were examined on a HUVEC proliferation assay
using the MTT colorimetric method, tube formation assay on
Matrigel and CAM assay [63].

Tested C-10 exo-olefinated deoxoartemisinin derivatives
(39-43) showed a strong inhibitory activity upon HUVEC
growth except for mildly active Z-isomer of 40. Especially,
all isomer of 41, 42 and 43 effectively inhibited the HUVEC
growth at the concentration 2pug/mL level. This result led us
to assume that deoxo-type artemisinin derivatives may have
an antiangiogenic activity [63].

E-39 R!:H,R% Br
7Z-39 R:Br,R:H
E-40 R': CH3, R?: Br
7-40 R':Br, R% CH;
E-41 R': Propyl, R%: Br
Z-41 R':Br, R% Propyl
42 R': CH3, R% CH;
E-43 R!:H, R?: Phenyl
Z-43 R':Phenyl, R H

39-43

Growth inhibition  Inhibition percentage CAM assay

1Cso UM at 10 pg/mL (%) at 10 ug/egg (%)

E/Z of 39 4.8 25 80
E-40 4.5 65 50
7-40 25.4 32 43
E-41 1.5 39 57
7-41 1.9 10 8
42 23 13 29
E-43 1.9 10 10
7-43 2.3 10 5

Fig. (11). Antiangiogenesis activity of exo-olefinated deoxoartemis-
inin derivatives.

The activity to suppress the growth factor induced tube
formation by HUVEC on Matrigel was assessed at the con-
centration of 10pg/ml. Among the promising molecules,
disappointingly, only E-isomer of 40 showed a good inhibi-
tion activity against tube formation. Other compounds (39,
Z-40 and E-41) were mildly effective [63].

In the CAM assay at the concentration of 10ug/egg, the £
and Z mixture of 39 strongly inhibited the formation of new
blood vessel on CAM. The E and Z isomer of 40 and E iso-
mer of 41 showed a mild inhibitory activity [63].

It was concluded that the C-10 exo-olefinated de-
oxoartemisinin derivatives (39-43) can inhibit the angio-
genesis and might be angiogenesis inhibitors. The bromo-
alkenylidene analogues (39, 40 and 41) were expected to
have potential synthetic utilities and might be used to syn-
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thesize new multi-substituted deoxoartemisinin derivatives
derived from the metalation and successive addition reaction
[63].

More recently, nonacetal-type derivatives and their di-
mers were extensively tested on CAM assay to determine
antiangiogenesis activity, and, in particular, a deoxoartemis-
inin-fullerene conjugate was synthesized to expect the drug
delivery rate, low toxicity and low dose advantage [64].

As already published results, artemisinin (1) and dihy-
droartemisinin (2) exhibited a weak inhibitory activity against
blood vessel formation on CAM in a concentration of 5Snmol/
egg. Two acetal-type artemisinin derivatives (45 and 46) and
other 10-substituted deoxoartemisinin (47a, 47b and 47f)
also gave a low activity, but, interestingly, 47¢, 47d, and 47e
showed a comparable antiangiogenesis activity in compari-
son to fumagillin and thalidomide, positive controls. When
considering that 9-substituted deoxoartemisinin derivatives
also showed a low inhibitory activity, nonacetal-type de-
oxoartemisinin derivatives generally have a low activity
upon CAM assay. However, 9a-bromoemethyl deoxoartem-
isinin 49¢ and dimer molecules with ether linkage of hy-
droxymethyl deoxoartemisinin 50 showed extraordinarily a
stronger activity than fumagillin and thalidomide, and differ-
ent linkage type dimers (51a and 52b) are highly toxic to
chicken embryos. When comparing these opposite results, it
is necessary to synthesize the diverse library of deoxoartem-
isinin for QSAR study. Interesting conjugate of malonate-
linked dimer and fullerene (54) showed a moderate activity
as similar to that of thalidomide [64].

Because some nonacetal-type deoxoartemisinins are
more potent than their lead compound, artemisinin (1) and
dihydroartemisinin (2), and these compounds have a high
acid stability and low toxicity, it is valuable to intensively
study an antiangiogenesis agent from artemisinin library

[64].
4. IMMUNOSUPPRESSIVE ACTIVITY

From the early of 1980, there were some reports that
artemisnin (1), dihydroartemisinin (2), artemether (3), ar-
teether (4), and artesunate (5) had an immunosuppressive
activity in China. However, it is not well known because a
majority of report was published on Chinese [65-68].

An immunosuppressive activity of artemisinin (1) on
Balb/c mice by delayed type hypersensitivity (DTH) re-
sponse and fluorescence emission spectrum of calmodulin
(CaM) was tested in comparison to cyclosporin A (CsA),
which is natural 11 amino acids cyclic peptide used in clini-
cally to prevent organ rejection after transplantation. Artem-
isinin (1) significantly decreased the DTH responses in
Balb/c mice against sheep red blood capsule (sRBC) after 72
hours, which was the best time for the assessment of the im-
mune response in tested mice after the injection. In addition,
artemisinin (1) also induced conformational changes on
CaM, and the fluorescent emission of CaM was increased at
higher degree of than CsA. Based on in vivo and in vitro
studies, artemisinin (1) is more potent immunosuppressant
agent than CsA [69].

A series of novel dihydroartemisinin derivatives were
synthesized and their immunosuppressive activity was
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}:l 45 R=OEt
46 =SEt
47a = —CH2CH2NH2
47b = -CHchzBI‘

H 47¢ =-CH,CH,OH

47d = -(CH3)3CH3
47e = -CH2C02H

R 47f = -Ph(p-)CO,H
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48 49a R=B-CO,H
49b =pB-CH,OH
49¢ = 0-CH,Br

50 51a X=-S-
51b X=-SO,-
52 X=-NHCO-
Positive eggs/tested eggs
at Snmol/egg
1 2/8 49a 1/5
2 2/8 49b 2/7
44 2/7 49¢ 6/8
45 2/7 50 5/
46 1/6 51a -
47a 2/7 51b 02
47b 2/7 52 317
47¢ 5/8 53 1/7
47d 5/8 54 4/8
47e 4/8 Fumagillin 4/7
47f 2/7 Thalidomide 4/8
48 2/7

Fig. (12). CAM assay result of acetal-type artemisinin derivatives and their dimmers.

evaluated to search for immunosuppressive agents with high
efficacy and low toxicity. The new acetal-type artemisinin
derivatives with substituted phenol at C-10 position were
tested in vitro for cytotoxicity against murine, and then in-
hibitory activity against concnavalin A (ConA) induced T
cell proliferation and lipopolysaccharide (LPS) induced B
cell proliferation were tested in comparison with CsA,
artemisinin (1), artemether (3), and artesunate (5) as the con-
trols [70].

As shown in Fig. (13), although known antimalarial
agents, artemisinin (1), artemether (3), and artesunate (5),
were far less potent than CsA, selected compounds synthe-
sized from acetal-type dihydroartemisnin derivatives (55-60)
generally showed a comparable in vitro immunosuppressive
activity with CsA. In particular, compound 55 had a high
selectivity index (SI=848) on ConA-induced T cell prolifera-
tion, which value was comparable to CsA (SI=963). This

compound 55, moreover, had much higher inhibition activity
LPS-induced B cell proliferation and extremely high SI
value (SI=28473) than CsA (SI=7). The other compounds
(56-60) was about 10- to 100-fold less active than CsA.
From the preliminary in vivo test in BALB/c mice by DNFB-
induced DTH response, compound 55 effectively reduced
the ear swelling in DTH mice at a dose of 20mg/kg, whose
immunosuppressive activity is much effective than CsA, and
also effectively inhibited the hemolysis of SRBC more than
dexamethasone (DEX). The authors presumed that high im-
munosuppressive potency was contributed from the presence
of a lipophilic core structure and an appropriate aliphatic side
chain of dihydroartemisinin derivatives [70].

For compound 55, further studies were tried for the
evaluation of in vivo immune activity [71]. Besides of tests
already tried in ConA-induced T cell proliferation and LPS-
induced B cell proliferation, mixed lymphocyte reaction
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55R: -p-OCH,COOMe
56  -p-OCH(Me)COOEL

57 -p-CH,CH,CO,Me

58  -p-OCH(Me)COOMe
59 -m-OOCCH,CH,COOH
60 -p-CONHCH,COOEt

ICso UM (SDa

Cytotoxicity ConA-induced LPS-induced
CCso UM T-lymphocyte B-lymphocyte
proliferation proliferation
55 207 0.244 [848] 0.00727 [28473]
56 >100 0.26 [>385] 0.086 [>118]
57 41.7 0.138 [302] 0.0178 [2343]
58 6.53 0.013 7[477] 0.78 [8]
59 52.7 0.327[161] 0.265 [199]
60 130 2.53[51] 0.0537 [2421]
CsA 1.29 0.00134 [963] 0.184 7]
1 28.3 4.43 [6] 8.96 3]
3 86 3.82[23] 1.78 [48]
5 32.9 4.58 [7] 0.989 [33]

Fig. (13). Immunosuppressive activity of acetal-type dihydroarte-
misnin derivatives.

(MLR) proliferation assay was carried out. It strongly inhib-
ited T cell growth in MLR in a dose-dependent manner with
an ICsy of 0.86 uM for 96 hours co-culture. Because MLR is
often used clinically for tissue typing for identifying the
compatibility of donor organs and recipients, suppression of
MLR improves the success of transplation [72, 73]. To con-
form successful immunosuppression activity, inhibition tests
against multiful proinflammatory cytokins, such as interleu-
kins (IL)-2, interferon (IFN)-y and IL-6, were tried, and, in

65 16B 67 OH

66 1600 68 SH

Fig. (14). Antifungal activity of various artemisinin derivatives.
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PLS or PMA plus ionomycin stimulation, compound 55 sig-
nificantly inhibited them. However, when using ConA as a
stimulant, the IL-2 level was not changed. It suggested that
compound 55 showed completely different suppression
mechanism comparing to CsA and FK506 inhibiting IL-2. In
additional in vivo test by using QHS model, 55 efficiently
suppressed antibody-secreting B cell in vivo. Although im-
muno-modulating mechanism is different from CsA and
FK506, and not defined, dihydroartemisinin derivatives will
be promising immunosuppression agents for their low side
effects and toxicity [71].

5. ANTIFUNGAL ACTIVITY

Cryptococcosis caused by Cryptoccocus neoformans is
dangerous fungal infection in patients with HIV and AIDS
[74]. Although the occurrence of C. neoformans was de-
creasing by the treatment of multi-drug HIV therapy, it
makes trouble in central nervous system (CNS), and, espe-
cially, threatens their life [75].

A series of artemisinin derivatives, mainly acetal type,
were studied in vitro screening on Cryptoccocus neoformans
to search for novel antifungal agents as shown in Fig. (14).
Basically, known antimalarial agents, such as artemisnin (1),
dihydroartemisinin (2), artemether (3), and arteether (4),
have higher antifungal activity than that of amphotericin B,
positive control. Dihydroartemisinin (2) and o- and B-
arteether (3) showed 4-10 times much stronger activity in
comparing amphotericin B, respectively. However, newly
synthesized compounds (64, 65, 66 and 68) were less active
than amphotericin B. Additionally, tested deoxyartemisinins
were weakly active or totally inactive. Based on the prelimi-
nary structure activity relationship, the typical tetracyclic
trioxane ring system of artemisinin is critical for antifungal
activity [76].

1Cso (ug/mL) against C. neoformans

61 0.045 1 2.0
62 0.045 2 0.09
63 0.6 B-3 0.6
64 3.0 o-3 1.5
65 1.0 B-4 0.085
66 0.9 o-4 0.045
67 0.087 Amphotericin 0.35

68 0.31
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6. ANTIVIRAL ACTIVITY

In spite of an effective and safe vaccine therapy against
hepatitis B virus (HBV), viral infection by HBV caused a
global health problem in the world, especially the third
world. Moreover, because direct antiviral therapy against
HBYV infection is not yet perfectly developed, it is important
to discover the lead compounds for novel anti-HBV agents
from the potential library. Recently, there was a report about
anti-HBV activity of artemisinin (1) and artesunate (2) based
on the screening by using HBV-transferred HepG2 2.2.15
cell [77], which is derived from hepatoblastoma HepG2 cell
[78]. This screening method is a useful in vitro model for
evaluation of novel anti-HBV drugs, as well as to study sev-
eral steps of the HBV biology [79].

Artemisinin (1), artesunate (5), and a variety of purified
compounds from traditional Chinese medicine remedy were
investigated by measuring the release of surface protein
(HBsAg) and HBV-DNA after drug exposure (0.01-100uM)
for 21 days [77]. As a result, artesunate (5) strongly inhibited
the HAsAg secretion with an ICsy of 2.3uM and ICq of
16uM, respectively, whereas artemisinin (1) had a mild inhi-
bition activity. To evaluate an enhancement in viron produc-
tion, the amount of the HBV-DNA release to the HepG2
2.2.15 culture medium during different treatments was
measured, and it was significantly reduced. In addition, it
was discovered that, for artesunate (5), toxicity in host cell
was shown in drug concentration of 20 uM and therapeutical
index (TI) calculated from ICsy of HBV-DNA release was
40. When comparing to TI value (500) of lamivudine as
positive control, the value of artesunate (5) is quite low, but
reasonable value for further investigation. Finally, artesunate
(5) was tried in combination treatment with lamivudine.
When both compounds were administered together in each
concentration of 20nM, any toxicity was not shown, but a
synergic inhibitory effect in HBsAg release was found. It
means that it is possible to be potential antiviral agent
against infection of lamivudine-resistance HBV strains, fre-
quent problem in clinical treatment [77]. This result was
quite similar to potency previously reported for human cy-
tomegaloviruses [80].

CONCLUSION

Recently, although a variety of researches about artemis-
inin and its synthetic derivatives for their biological phe-
nomena have been performed in many research groups, it is
mainly concentrated on antimalarial treatment. As consid-
ered in this review, it is still very challenging to discover
specific drugs towards various human diseases and utilize
them in clinical trials. In this review, I have reviewed a vari-
ous kind of research for antitumor, antiangiogenesis, immu-
nosuppression, antifungal, and antiviral inhibitors. In par-
ticular, we focused on the structural and biological potency
of artemisinin and their synthetic analog for each part. Re-
cently published results are the most promising towards the
development of selective inhibitor for diverse targets in
comparing to antimalarial researches.
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