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Figure 1. The structures of artemisinin (1), dihydroa
(3).
Fifteen dihydroartemisinin derivatives containing a substituted chalcone linked by either ether or ester
were synthesized and investigated for their cytotoxicity in human leukemia HL-60 and mouse lymphoma
P388 cells. These derivatives have greater antiproliferative and cytotoxic effects in both cell lines than
dihydroartemisinin. Dihydroartemisinin chalcones linked by ether are more cytotoxic than dihydroarte-
misinin chalcones linked by ester with apoptosis induction abilities.

� 2009 Elsevier Ltd. All rights reserved.
Artemisinin (1), isolated from Artemisia annua L.,1 contains a
1,2,4-trioxane moiety (Fig. 1). Artemisinin and its derivatives
[dihydroartemisinin (DHA, 2), artemether, arteether, and artesu-
nate] have been developed as a new type of antimalarial drugs.2

These compounds have been reported to have antitumor activities,
but high concentrations are required.3 Therefore, structure modifi-
cation might improve their anti-cancer activities. Several groups
have performed modifications at the C10 position of artemisinin
and reported that the addition of an alkyl carbon chain (C8H17 to
C16H33) or a cyanoarylmethyl group significantly improved its anti-
tumor activities.4 In addition, it has been found that the endoper-
oxide in artemisinin is required for the cytotoxic efficacy. These
ll rights reserved.
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rtesiminin (2) and chalcone
data provide a rationale for the modification of artemisinin’s struc-
ture in order to improve its antitumor activity.

Chalcone (3) is an a,b-unsaturated flavonoid identified in Angel-
ica Keiskei.5 Chalcone and related compounds have been found in
food products such as tea, fruits and vegetables.6 Chemically, they
are open-chained molecules bearing two aromatic rings linked by a
three-carbon enone.7 Chalcone and its derivatives have been re-
ported to be cytotoxic for cancer cells including leukemia cells.8

We designed a new group of DHA derivatives containing chalcone
with a different substituent linked by ether or ester and examined
their vitro cytotoxic activities on human leukemia HL-60 cells and
mouse lymphoma P388 cells.

The synthetic pathways are shown in Scheme 1. On the side
chain, chalcone analogues 3a–3k were synthesized by Claisen–
Schmidt condensation with a better yield based on a method re-
ported previously.9 In this process, p-hydroxyacetophenone was
reacted with a corresponding aldehyde and NaOH as base. Com-
pounds 5a–5k were synthesized from the corresponding chalcone
analogues and 2-bromoethanol in methyl isobutyl ketone (MIBK).
The crude products were recrystallized from ethanol. The reaction
of DHA 2 with trifluoroacetic anhydride (TFAA) in the presence of
Et3N gave an active ester at room temperature.10 The DHA aliphatic
ethers were obtained by a reaction of the active ester with com-
pounds 5a–5k in CH2Cl2, which were then purified on a silica gel
column to produce a minor C-10a form and major C-10b diastereo-
mers 7a–7k, respectively.11

On the other hand, the phenolic hydroxyl groups in the com-
pounds 3a, 3c, 3d and 3f were reduced to aromatic ethers 4a–4d,
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Scheme 1. The synthetic pathways of dihydroartemisinin derivatives. Reagents and conditions: (a) NaOH, MeOH, reflux, 2 h; (b) HOCH2CH2Br, K2CO3, KI, MIBK, reflux, 6 h; (c)
DHA, TFAA, Et3N, CH2Cl2, ice-water bath, reflux, 42 h; (d) CICH2COOC2H5, K2CO3, KI, MIBK, reflux, 8 h; (e) NaOH, HCl, H2O, reflux, 4 h; (f) SOCl2, CH2Cl2, reflux, 2 h; (g) DHA,
Et3N, CH2Cl2, reflux, 24 h.

Table 1
The growth inhibitory effects of dihydroartemisinin derivatives in human leukemia
HL-60 cells

Compounds R1 R2 R3 R4 IG50 (lM) IC50 (lM)

DHA 0.730 2.90
7a H H Cl H 0.106 0.130
7b Cl H H H 0.119 0.136
7c H H Br H 0.040 0.080
7d H H OCH3 H 0.214 0.147
7e OCH3 H H H 0.165 0.134
7f H H OC2H5 H 0.121 0.110
7g H H H H 0.208 0.193
7h H OCH3 OCH3 H 0.090 0.300
7i OCH3 OCH3 H H 0.079 0.194
7j H OCH3 OCH3 OCH3 0.070 0.219
7k H –OCH2O– H 0.059 0.089
10a H H Cl H 0.276 0.537
10b H H Br H 0.314 0.636
10c H H OCH3 H 0.174 0.394
10d H H OC2H5 H 0.286 0.734

The cells were treated for 72 h. IG50, the concentration that inhibits cell prolifera-
tion by 50%; IC50, the concentration that reduces cell viability by 50%.

4386 X. Yang et al. / Bioorg. Med. Chem. Lett. 19 (2009) 4385–4388
respectively, by the Williamson reaction with ethyl chloroacetate
in MIBK in the presence of sodium bicarbonate. Compounds 4a–
4d were reduced by hydrolysis and neutralization in water to yield
the acids 6a–6d. The acids 6a–6d reacted with sulfoxide chloride
refluxing in CH2Cl2 to obtain acyl chlorides 8a–8d, which subse-
quently reacted with DHA in dry CH2Cl2 in the presence of Et3N
to give the DHA esters 10a–10d.12 Under these conditions, the
esterification of DHA was highly stereoselective. The major prod-
ucts 10a–10d are a-isomers, while minor products are b-
isomers.13

The stereochemistry of these compounds was confirmed by
application of 1H NMR, which analyzing the chemical shift of H-
10 and the coupling constant between H-9 and H-10. The DHA ali-
phatic ethers are b-isomers as indicated by a chemical shift
(4.90 ppm) and a small coupling constant (J = 3.3 Hz), while the
DHA esters are a-isomers (d = 5.89 ppm and J = 9.9 Hz).14 The geo-
metrical configuration of the chalcone side chains was determined
to be trans by observing that the coupling constant between a-H
and b-H was that of a,b-unsaturated ketones (J = 15.6 Hz).

The growth inhibitory effects of these DHA derivatives were
determined by counting cells and their cytotoxicities were as-
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sessed by Trypan blue exclusion assay we previously reported.15

The IG50 (the concentration that inhibits cell proliferation by
50%) and the IC50 (the concentration that reduces cell viability by
50%) values were determined. As shown in Table 1, all of these
derivatives have greater growth inhibitory effects in HL-60 cells
compared with those of DHA. Since chalcone 3 and its substituted
products do not inhibit HL-60 cell growth at a concentration of
1 lM (data not shown), it suggests that the addition of a substi-
tuted chalcone enhances the growth inhibitory activity of DHA.
By comparing the antiproliferative activities of compounds 7a–
7g, it was found that the compound (7c) with the addition of Br
in the chalcone is more potent than with an introduction of a Cl,
OCH3 or OC2H5 group. The compounds with the introduction of
two or three OCH3 groups in the chalcone (7h, 7i and 7j) are more
effective inhibitors than compounds with the introduction of one
Figure 2. Dose- and time-dependent apoptotic effects of compounds DHA, 7c, and 7k. HL
for 12 h and 24 h. The percentages of apoptotic cells were determined by morphologic fl
three independent experiment.

Figure 3. Apoptotics induction determined by FACS and DNA fragmentation. (A) FACS
indicated concentrations for 24 h. Apoptotic cells were determined after propidium iodid
the DHA (4 lM), 7c (0.8 lM) and 7k (0.8 lM) for 24 h and the fragmentation DNA w
standards; C, control.
OCH3 group (7d and 7e). By comparing the antiproliferative activ-
ities of compounds 7a, 7c, 7d and 7f with those of compounds 10a,
10b, 10c and 10d, it was found that compounds linked by ether
(7a–7f) are more potent inhibitors than those compounds linked
by ester (10a–10d). Although there is approximately fourfold in-
crease in the concentration of DHA required to kill half of the cells
as observed by comparing their IG50, there is approximately one-
fold increase in the concentrations of the derivatives (7a–7k) re-
quired to kill half of cells comparing (Table 1). These data
suggest that the mechanism of action of compounds 7a–7k differs
from that of DHA. Among these derivatives, compounds 7c and 7k
are the most potent in inhibiting cell growth and in inducing cyto-
toxicity (Table 1).

To determine if the cytotoxic effects of these compounds are
due to apoptosis induction, HL-60 cells were treated with com-
-60 cells were treated with the indicated compounds at the indicated concentrations
uorescent observation after staining with AO and EB. Data shown are means ± SD of

analysis of apoptotic cells. HL-60 cells were treated with DHA, 7c and 7k at the
e staining. Ap, apoptotic cells. (B) DNA fragmentation. HL-60 cells were treated with
as visualized after staining with ethidium bromide described in Ref. 15. M, DNA



Table 2
The antiproliferative effects of DHA, 7c, 7k and adriamycin (Adr) in P388 and P388/
Adr cells

Compounds IG50 (lM)

P388 P388/Adr

DHA 2.30 ± 0.48 1.51 ± 0.32
Adr 0.019 ± 0.002 3.73 ± 0.19
7c 0.098 ± 0.019 0.155 ± 0.001
7k 0.096 ± 0.008 0.178 ± 0.013

Data shown are average ± SD in three independent experiments. The cells were
treated for 72 h.
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pounds 7c and 7k. The percentages of apoptotic cells were deter-
mined by morphological observation after staining with acridine
orange (AO) and ethidium bromide (EB) as we reported.15 Cells
with nuclear shrinkage, blebbing, and apoptotic bodies were
counted as apoptotic cells and percentage was calculated after
observing 300 cells. As shown in Figure 2, compounds 7c and 7k
at a concentration of 0.2 lM induced apoptosis in about 50% of
cells after 24 h treatment while DHA induced a similar apoptotic
effect only at a concentration of 2 lM (Fig. 2). The apoptotic effects
of these compounds were further confirmed by subG1 induction
which was determined by flow cytometry and by DNA fragmenta-
tion determined by DNA gel electrophoresis as we previously re-
ported.15 As shown in Figure 3A, compounds 7c and 7k induced
more than 80% of cells in the subG1 phase (apoptotic cells) at a
concentration of 0.8 lM after 24 h of treatment. Both compounds
7c and 7k induced DNA fragmentation (Fig. 3B). To obtain the sim-
ilar subG1 and DNA fragmentation induction ability, 4 lM of DHA
was required.

It has been shown that artemisinin and its derivatives are
equally active towards drug-sensitive and -resistant cell lines.
Using mouse lymphoma P388 and adriamycin-resistant P388/Adr
cells, we have compared the cell growth inhibitory and cytotoxic
activities of DHA, 7c and 7k. As shown in Table 2, compounds 7c
and 7k were more potent than DHA in inhibiting growth of both
P388 and P388/Adr cells.

In conclusion, our data indicate that (1) the DHA aliphatic
ethers are in the b-isomer configuration, while the DHA esters
are in the a-isomer configuration; (2) DHA derivatives containing
a chalcone are more potent in growth inhibition and cytotoxicity
than DHA; (3) DHA ethers are more effective than DHA esters in
growth inhibition and cytotoxicity.
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