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ExperimentalTherapy of Hepatomawith Artemisinin and
ItsDerivatives: In vitro and In vivoActivity,
Chemosensitization,andMechanisms of ActionJunmei Hou,1DisongWang,2
Ruiwen Zhang,3 and HuiWang1

Abstract Purpose: ARTand its derivatives, clinically used
antimalarial agents, have recently shownantitumor activities.
However, the mechanisms underlying these activities remain unclear.
Thisstudy was designed to determine their antitumor efficacy and
underlying mechanisms of actionin humanhepatoma cells.Experimental
Design:The in vitro cytotoxicities of ART, DHA, artemether, and
artesunatewerecompared inhumanhepatoma cells, HepG2 (p53wild-type),
Huh-7 and BEL-7404 (p53mutant),and Hep3B (p53 null), and a normal
human liver cell line, 7702. Based on their activity
andspecificity, ART and DHA were further investigated for their in
vitro and in vivo antitumoreffects and their effects on the protein
expression of genes associated with cell proliferation
andapoptosis.Results: ARTand DHA exerted the greatest cytotoxicity
to hepatoma cells but significantlylower cytotoxicity to normal
liver cells. The compounds inhibited cell proliferation,
inducedG1-phase arrest, decreased the levels of cyclin D1, cyclin
E, cyclin-dependent kinase 2, cyclin-dependent kinase 4, and E2F1,
and increased the levels of Cip1/p21 and Kip1/p27. Theyinduced
apoptosis, activated caspase-3, increased the Bax/Bcl-2 ratio
andpoly(ADP-ribose)po-lymerase, and down-regulated MDM2. In mice
bearing HepG2 and Hep3B xenograft tumors,ARTand DHA inhibited tumor
growth and modulated tumor gene expression consistent within vitro
observations. DHA increased the efficacy of the chemotherapeutic
agent gemcitabine.Conclusions: ARTand DHA have significant
anticancer effects against human hepatoma cells,regardless of p53
status, with minimal effects on normal cells, indicating that they
are promisingtherapeutics for humanhepatoma used alone or in
combinationwith other therapies.

Human hepatocellular carcinoma (HCC) is one of the leadingcauses
of cancer-related death worldwide (1), and more than80% of liver
cancer cases occur in developing countries, such as

China and Africa. HCC has a long latency but is oftendiagnosed
at late stages when tumors are of high grade andprogress rapidly.
These characteristics, coupled with its highlikelihood of invasion,
lead to a poor prognosis for patientsdiagnosed with the disease.
Nonsurgical approaches arenecessary because patients with large
tumors (>5 cm indiameter) or numerous lesions (>3) typically
are not suitablefor hepatic resection (2). Unfortunately, the
activity of singlechemotherapeutic agents is limited, with a very
low responserate. Moreover, aggressive combination
chemotherapeuticregimens have not led to any remarkable improvement
inresponse rates (3, 4).In advanced HCC, cancer cells do not
respond to the

cytotoxic effects of most of the available
chemotherapeuticagents (2). Therefore, there is a pressing need to
identifyalternative chemotherapeutic strategies that
circumventthese limitations. Phytochemicals show promise in this
areabecause of both their potential as chemopreventive agentsand
their chemotherapeutic activities against HCC in exper-imental
studies (5, 6). Recently, gemcitabine, a novelnucleoside analogue
that has a broad spectrum of antitumoractivity in solid tumors, has
been evaluated in clinical trials totreat HCC (7, 8). Gemcitabine
monotherapy improves theresults of HCC treatment, as the reported
median survivaltime increases up to 34 weeks. Because gemcitabine
isparticularly promising because of its low apparent toxicity
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profile, further studies in combination with other active
agentsare warranted (7, 8).Artemisinin (ART), a natural product
isolated from

the plant Artemesia annua L , is widely used as an
antimalarialdrug (9). Various derivatives of ART, such as
dihydroartemisi-nin (DHA), artemether (ARM), and artesunate
(ARS;Fig. 1A), also have potent activities against malarial
parasites(1012). In recent years, ART derivatives have also been
shownto have anticancer effects (1318). The primary mechanism
bywhich ART derivatives exert their anticancer activity is
thoughtto be induction of apoptosis (19, 20), although the
detailedmechanisms remain to be elucidated. Interestingly, theirlow
host toxicity is the major incentive for developing thesecompounds
as anticancer agents. For instance, DHA selectivelyinhibits the
growth of Molt-4 lymphoblastoid cells but issignificantly less
toxic to normal human lymphocytes (21). ARSinhibits the growth of
Kaposis sarcoma, and this inhibition ofcell growth correlates with
the induction of apoptosis (15).However, the mechanisms by which
ART and its derivativesexert specific anticancer activity remain
unclear, which maylimit the further development of these compounds
inpreclinical and clinical settings.The present study was designed
to show the in vitro and

in vivo anticancer effects of various ART derivatives (ART,
DHA,ARM, and ARS) on hepatoma cells with various p53
statuses(HepG2, Hep3B, BEL-7404, and Huh-7), with an emphasis
ontheir molecular targets both in vitro and in vivo . Our results
mayprovide a basis for future development of these compounds
asanti-HCC agents used alone or in rational combination withother
chemotherapeutic agents, such as gemcitabine.

Materials andMethods

Test compounds, chemicals, and reagents. ART and its
derivatives,

DHA, ARM, and ARS, were kind gifts of Zhejiang Yiwu Golden
Fine

Chemical Co. Ltd. Gemzar (gemcitabine) was purchased from Eli
Lilly

Co. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

(MTT) and other chemicals used in this study were of analytic
grade and

purchased from Sigma-Aldrich, Inc. Tween 20 was purchased
from

Promega Corp., and the Annexin V-FITC Apoptosis Detection kit
was

purchased from BioVision, Inc. The primary antibodies against
Bcl-2

(100), Bax (N-20), caspase-3 p20 (N-19), E2F1 (C-20), cyclin D1
(DCS-

6), cyclin E (HE12), cyclin-dependent kinase (Cdk) 2 (M2),
Cdk4

(H-22), Cip1/p21 (187), Kip1/p27 (C-19), poly(ADP-ribose)
polymer-

ase (PARP; H-250), Rb (C-15), MDM2 (SMP14), p53 (Pab1801),

glyceraldehyde-3-phosphate dehydrogenase (0411), and h-actin
(1-19)were from Santa Cruz Biotechnology, Inc. The secondary
antibodies,

horseradish peroxidase linked anti-mouse immunoglobulin G,
anti-

goat immunoglobulin G, and anti-rabbit immunoglobulin G, were
also

purchased from Santa Cruz Biotechnology. DMEM, RPMI 1640,

penicillin, streptomycin, fetal bovine serum, and trypsin/EDTA
were

purchased from Life Technologies. The detergent-compatible
protein

assay kit was purchased from Bio-Rad and the ECL Plus
Western

Blotting Detection System was purchased from Amersham
Pharmacia

Biotech.

Cell culture. Human hepatoma cell lines HepG2, Hep3B, BEL-

7404, and Huh-7 and the nonneoplastic human liver cell line
7702

were gifts from the Institute of Biochemistry and Cell Biology,
Shanghai

Institutes for Biological Sciences, Chinese Academy of
Sciences

(Shanghai, Peoples Republic of China). The hepatoma cell
lines

were cultured in DMEM supplemented with 10% fetal bovine
serum,

100 Ag/mL penicillin, and 100 Ag/mL streptomycin and maintained
inan incubator with a humidified atmosphere of 5% CO2 at 37jC.
The7702 cells were cultured with the RPMI 1640 supplemented with
10%

fetal bovine serum, 100 Ag/mL penicillin, and 100 Ag/mL
streptomycinunder the conditions described above.

Cell viability assay. The effects of ART derivatives on the
viability of

the aforementioned cells were determined using the MTT assay
as

previously reported (2224). Briefly, 2,000 cells per well were
plated in

triplicate in 96-well plates. After a 24-h incubation, the cells
were

treated with varying concentrations of ART derivatives (0, 1, 5,
10, 25,

50, and 100 Amol/L) for 48 h. The MTT assay was done as
previouslyreported (2224) and the resultant formazan crystals were
dissolved in

DMSO (100 AL). The absorbance was then recorded at 540 nm.
Theeffects of ART derivatives on cell viability were assessed by
comparing

the percent cell viability of the treated cells with the vehicle
(DMSO)-

treated control cells, which were arbitrarily assigned 100%
viability. The

experiment was repeated thrice under the same conditions.

In addition, the growth-inhibitory effects of ART and DHA and
the

effects in combination with gemcitabine in HepG2 and Hep3B
cells

were also determined using the MTT assay. Briefly, 700 cells per
well

were plated in 96-well culture plates. After a 24-h incubation,
the cells

were treated with 10 Amol/L ART, 10 Amol/L DHA, 10
Ag/Lgemcitabine, 10 Amol/L ART plus 10 Ag/L gemcitabine, or 10
Amol/LDHA plus 10 Ag/L gemcitabine for various times (0, 24, 48,
72, and96 h). The results reflect the average of three
replicates.

Cell cycle analysis. Cells (2 105) were treated with ART and
DHA(0, 1, 10, 25, and 50 Amol/L) as described above for 48 h. The
harvestedcells were resuspended in 200 AL of cold PBS, to which
cold ethanol(600 AL) was added, and the mixture was then incubated
for 2 h at 4jC.After centrifugation, the pellet was washed with
cold PBS, suspended in

500 AL PBS, and incubated with 50 AL RNase (20 Ag/mL
finalconcentration) for 30 min. The cells were incubated with
propidium

iodide (50 Ag/mL final concentration) for 30 min in the dark.
The cellcycle distribution was then determined using a FACSAria
instrument

(BD Biosciences). The experiment was done as previously
reported

(2224) and repeated thrice under the same conditions.

Translational Relevance

Hepatocellular carcinoma (HCC) is one of the leadingcauses for
cancer-related death in China, which is oftendiagnosed at late
stage when curative therapies are notavailable and is highly
resistant to conventional chemother-apeutic agents. There is an
urgent need for more effectiveagents for the clinical management of
HCC, especially forpatients with unresectable diseases.We are
interested indeveloping novel natural product anticancer agents
forHCC treatment.The present investigation was designed todetermine
the anti-HCC activities and possible mecha-nisms of action of
artemisinin (ART) and its three ana-logues: dihydroartemisinin
(DHA), artemether, andartesunate. ARTderivatives are widely used as
antimalarialagents in the clinic and have recently been shown to
haveantitumor activities. In this study with in vitro and in
vivoHCCmodels,we showed that ARTderivatives exerted theiranticancer
effects in a structure- and dose-dependentmanner. Moreover, one of
the leading compounds, DHA,produced strong in vivo antitumor
effects administeredalone and in combination with chemotherapeutic
agentgemcitabine, with minimal host toxicity.These results
indi-cate that DHA may be further developed as an anti-HCCagent,
especially in combination therapy. Because ARTderivatives are
clinically used drugs, the findings may bereadily translated to
clinical practice.
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Quantification of apoptotic cells. ART- and DHA-induced
apoptosisalone or in combination with gemcitabine in HepG2 and
Hep3B cellswas determined by flow cytometry (2527) using the
Annexin V-FITCApoptosis Detection kit following the manufacturers
instructions.Briefly, 2 105 cells were treated with ART and DHA (0,
1, 10, 25, and50 Amol/L) or 10 Ag/L gemcitabine for 48 h. The cells
were thenharvested, washed in PBS, and incubated with Annexin V
andpropidium iodide for staining in binding buffer at room
temperature

for 10 min in the dark. The stained cells were analyzed using
theFACSAria instrument.

Western blot analysis. Whole-cell lysates were generated
withradioimmunoprecipitation assay lysis buffer, and after
centrifugation,the supernatant fraction was collected for
immunoblotting (2328).Proteins were resolved by SDS-PAGE and
transferred onto a nitrocel-lulose membrane. After blocking with 5%
nonfat milk in blockingbuffer [20 mmol/L TBS (pH 7.5) containing
0.1% Tween 20], the

Fig. 1. A, chemical structures of the fourARTcompounds: ART,
DHA, ARM, andARS. Cytotoxicity of the fourARTcompounds to human
hepatoma cellsHepG2 (B1), Hep3B (B2), Huh-7 (B3), andBEL-7404 (B4)
and normal human liver7702 cells (B5). Cells were exposed tovarious
concentrations of the compounds(0, 1, 5, 10, 25, 50, and100 Amol/L)
for48 h followed byMTTassay. All assaysweredone in triplicate.
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membrane was incubated with the desired primary antibody for 2 h
atroom temperature and then incubated with appropriate
peroxidase-conjugated secondary antibody. The immunoreactive bands
werevisualized using the ECL Plus Western Blotting Detection
System. Thelevel of h-actin for each sample was used as loading
control. Tumortissues were collected at the termination of the
experiment andhomogenized using a homogenizer in ice-cold lysis
buffer. Super-natants were collected and used to examine the
expression of differentproteins by Western blot analysis.

Hepatoma xenograft models. Female athymic nude mice (nu/nu ;4-6
wk of age) were obtained from Shanghai Slac Laboratory Animal
Co.Ltd. All animals were fed with commercial diet and water ad
libitum. Thehuman HCC xenograft models in mice were established
using themethod described previously (25, 28). HepG2 and Hep3B
cells were

resuspended in serum-free DMEM with Matrigel basement
membranematrix at a 5:1 ratio. The cell suspension was then
injected (7 106 cells;total volume, 0.2 mL) into the left inguinal
area of the BALB/c nudemice. The animals were monitored for
activity and physical conditioneveryday, and the determination of
body weight and measurement oftumor mass were done every 3 d. Tumor
mass was determined by calipermeasurement in two perpendicular
diameters of the implant andcalculated using the formula 1/2a b2,
where a stands for the longdiameter and b is the short diameter
(2428). The animal use and care

protocol was approved by the Institutional Review Board of the
Institute

for Nutritional Sciences, Chinese Academy of Sciences.In vivo
chemotherapy. Nude mice bearing HepG2 and Hep3B

xenografts, randomly divided into various treatment and
control

groups (five mice per group), were treated orally with either
ART or

Table 1. Growth-inhibitory activity of ART compounds

Cell line Inhibitory concentration (Mmol/L) ART DHA ARM ARS

7702 IC20 3.6 3.8 7.9 7.3IC50 60.9 167.7 492 >500IC80 >500
>500 >500 >500

HepG2 (p53 wild-type) IC20 1.3 1.2 2.6 1.3IC50 13.98 13.35 54.8
20.5IC80 145.1 145.8 >500 338.2

Hep3B (p53 null) IC20 0.97 0.96 2.4 1.5IC50 10.4 10.3 51.5
39.4IC80 113.3 110.7 >500 >500

Huh-7 (p53 mutant) IC20 0.7 0.7 1.2 0.6IC50 8.9 9.6 31.4
9.22IC80 115.4 130.9 >500 146.1

BEL-7404 (p53 mutant) IC20 0.9 0.7 2.4 1.0IC50 9.9 9.3 31.78
15.0IC80 107.1 129.7 >500 215.4

Fig. 2. The inhibitory effects of ARTcompounds on the growth of
human hepatoma cells. HepG2 (A) and Hep3B (B) cells were exposed
to10 Amol/L ARTand DHAalone or in combination with10 Ag/L
gemcitabine for various durations (0, 24, 48, 72, and 96 h)
followed by theMTTassay. All assays were done in triplicate.
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DHA suspended in 5% sesame oil + 95% saline, at a dose of 50
or

100 mg/kg/d, or a combination of ART or DHA with gemcitabine
or

with saline (as controls). In the mice receiving combination
therapy, 80

mg/kg gemcitabine, representing one fifth of the reported
most

tolerated dose in mice (29, 30), was administered i.p. on days
7, 11,

and 15 to avoid possible side effects and to illustrate
potential

chemosensitization effects in this combination regimen
(30).Statistical analysis. The experimental data are expressed as
mean

and SD, and the statistical significance of differences between
controland treated groups was determined by the paired t test or
ANOVA.

Results

ART and its derivatives selectively inhibit cell growth in
humanhepatoma cells. We determined the cytotoxicity of ART andits
derivatives (Fig. 1A) against HepG2, Hep3B, BEL-7404,

and Huh-7 hepatoma cells as well as 7702 normal humanliver
cells. The treatment of HepG2 cells with ART or DHA(1-100 Amol/L)
resulted in a significant reduction in cellviability as assessed by
the MTT assay, with the percentage ofviable cells ranging from
84.7% to 15.5% (P < 0.01) after a48-h exposure (Fig. 1B1).
Similar effects were obtained withHep3B, Huh-7, and BEL-7404
hepatoma cells (P < 0.01;Fig. 1B2-B4). The concentrations that
reduced growth by20%, 50%, and 80% (IC20, IC50, and IC80) are
summarizedin Table 1. A comparison of the IC50 values indicated
that ARTand DHA were the most active compounds, followed by ARSand
then ARM (Fig. 1B1-B4; Table 1). The overall mean IC50values in the
four hepatoma cell lines were 10.8 Amol/L (ART),10.6 Amol/L (DHA),
21.0 Amol/L (ARS), and 42.3 Amol/L(ARM), respectively. In contrast,
the sensitivity of the 7702 cells

Fig. 3. Effects of ARTand DHA on cellcycle progression of human
hepatoma cells.HepG2 (A) and Hep3B (B) cells wereexposed to various
concentrations of thecompounds (0,1,10, 25, and 50 Amol/L) for48 h
followed by cell cycle distributionassay. All assays were done in
triplicate.*, P < 0.05 versus control; **, P <
0.01versuscontrol. The effects of the compounds onthe expression of
cell cycle ^ related proteinswere determined byWestern blot
analysesafter HepG2 (C) and Hep3B (D) cells wereexposed to various
concentrations (5, 25,and 50 Amol/L) of the compounds for 48 h.
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to the cytotoxic effects of ART and DHA was much lower,with IC50
values ranging from 60.9 to >500 Amol/L (Fig. 1B5;Table 1),
representing a 6- to 16-fold difference in cytotoxicity.These data
suggest that ART and its derivatives are cytotoxic tohuman hepatoma
cells, with almost equal efficacy againstcancer cells with various
p53 statuses, including p53 wild-type,p53 mutant, and p53 null
cells, but that these compounds areless cytotoxic to normal human
liver cells (Fig. 1B1-B5).ART and DHA sensitize hepatoma cells to
gemcitabine

in vitro. The possible chemosensitization effects of ART andDHA
were first determined in vitro using the MTT assay. Asillustrated
in Fig. 2A, exposure of HepG2 cells to the twocompounds, especially
DHA, resulted in significant growthinhibition. When compared with
vehicle-treated cells, HepG2cells exposed to ART and DHA alone
showed growth inhibitionat as early as 24 h, with 69% and 74%
growth inhibition(P < 0.05), and with 92% and 93% growth
inhibition(P < 0.05) at 48 h, and 96% and 97% (P < 0.05) at
72 h.

Hep3B cells exhibited an almost identical reduction in
viabilityunder these conditions (Fig. 2B).As shown in Fig. 2, the
combination of ART with gemcitabine

led to a slight increase in the inhibition of proliferation
ofhepatoma cells compared with the single agents alone. In
bothHepG2 and Hep3B cells, the combination of gemcitabineand DHA
led to a statistically significant decrease in cellsurvival (P <
0.05; Fig. 2A and B, bottom). The increase ininhibition of
proliferation by DHA plus gemcitabine comparedwith gemcitabine
alone was 1.2-fold.ART and DHA induce G1-phase cell cycle arrest in
human

hepatoma cells. As we observed a significant
growth-inhibitoryeffect of ART and DHA on hepatoma cells, we
investigatedwhether ART and DHA had any inhibitory effect on cell
cycleprogression. Treatment of HepG2 cells with ART resultedin a
higher number of cells in the G1 phase at theconcentrations used
[10 Amol/L (67.41%), 25 Amol/L(70.72%), and 50 Amol/L (69.21%)],
respectively, compared

Fig. 4. Induction of apoptosis in human hepatomacells HepG2 (A)
and Hep3B (B). Cells were exposed tovarious concentrations of ARTor
DHA alone or incombination with gemcitabine for 48 h followed
byapoptosis assay. All assays were done in triplicate.*, P <
0.05 versus control; **, P < 0.01versus control.HepG2 (C) and
Hep3B (D) cells were exposed tovarious concentrations of the
compounds for 48 h,and the target proteins were detected byWestern
blotanalyses.
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with untreated control cells (63.05%; Fig. 3A, top). Similar,
butslightly more pronounced, results were obtained when theeffect
of DHA on HepG2 cells was tested, with even the10 Amol/L
concentration significantly increasing the number ofcells in the G1
phase (69.36%, P < 0.01), and the higherconcentrations leading
to greater G1 arrest [25 Amol/L(70.91%, P < 0.01) and 50 Amol/L
(72.03%, P < 0.01);Fig. 3A, bottom].G1-phase arrest was also
observed when the effects of ART

and DHA on cell cycle progression of Hep3B were analyzed(P <
0.05; Fig. 3B). The lowest concentration of 1 Amol/L led toa modest
increase in the number of cells in the G1 phase(66.11%, 68.11%),
and higher concentrations of the com-pounds led to greater cell
cycle arrest [10 Amol/L (67.48%,69.03%), 25 Amol/L (68.70%,
70.50%), and 50 Amol/L(62.99%, 62.99%), respectively]. DHA showed
stronger inhib-itory effects on cell cycle progression. These data
suggest thatinhibition of cell proliferation in both p53 wild-type
and p53null hepatoma cells by ART and DHA is associated with
theinduction of G1 arrest.ART and DHA down-regulate cyclins and
Cdks and up-regulate

Cip1/p21 and Kip1/p27 in human hepatoma cells. BecauseCdks, Cdk
inhibitors, and cyclins play essential roles in theregulation of
cell cycle progression (31, 32), we examined theeffects of ART and
DHA on the expression of these proteins. Asshown in Fig. 3C and D,
the effects of DHA were dosedependent and were stronger than those
in cells exposed toART. Treatment with DHA resulted in a marked
reduction inthe expression of cyclin D1, cyclin E, Cdk2, and Cdk4
in a dose-dependent manner in HepG2 and Hep3B cells. Analysis of
theexpression of Kip1/p27, Cip1/p21, and E2F1 indicated thatDHA
caused dose-dependent increases in Kip1/p27 and Cip1/p21 expression
and decreased E2F1 expression in HepG2 andHepB3 cells (Fig. 3C and
D). The expression of Rb was alsoinduced by ART and DHA in HepG2
cells (Fig. 3C). Theseobservations suggest that the increases in
the levels of Cdkinhibitors may play an important role in the
induction of G1arrest in p53 wild-type and p53 null human hepatoma
cells,possibly through their inhibition of Cdk kinase activity.ART
and DHA induce apoptosis in human hepatoma cells. To

determine whether the ART- and DHA-induced growthinhibition in
hepatoma cells was associated with the inductionof apoptosis, HepG2
and Hep3B cells were treated with ARTand DHA as described above,
and the numbers of apoptoticcells were assessed. Exposure of HepG2
cells to ART for48 h resulted in a significant dose-dependent
increase inapoptotic cells: 0 Amol/L (7%), 1 Amol/L (9%, P <
0.05),10 Amol/L (14.95%, P < 0.01), 25 Amol/L (15.45%, P <
0.01),and 50 Amol/L (16.45%, P < 0.01; Fig. 4A, top). Similar
resultswere obtained when the HepG2 cells were exposed to DHA(Fig.
4A, top).Gemcitabine is a known inducer of apoptosis in human

cancers, including HCC cells (33), and combination with ARTor
DHA seemed to further increase apoptosis in HepG2 cells(Fig. 4A,
bottom). Exposure of Hep3B cells to ART and DHA alsoresulted in a
significant dose-dependent induction of apoptosis,and the effect of
DHA was stronger than that of ART: 0 Amol/L(0.8%), 1 Amol/L (2.25%
and 2.15%), 10 Amol/L (2.65%,P < 0.05; 12.9%, P < 0.01), 25
Amol/L (4.8%, P < 0.05;28.75%, P < 0.01), and 50 Amol/L
(25.3%, 31.05%, P < 0.01;Fig. 4B, top), again indicating that
ART and DHA are effective

against p53 wild-type and null hepatoma cells. Althoughapoptosis
was induced by all three of the agents alone, it wasfurther
increased by the two combinations, especially thecombination of DHA
and gemcitabine, which improvedthe efficacy by 2-fold (Fig. 4B,
bottom), suggesting that thechemosensitizing capacities of ART and
DHA may be associatedwith induction of apoptosis in the hepatoma
cells.ART and DHA induce changes in the expression of
apoptosis-

related proteins in HepG2 and Hep3B cells. The proteins ofthe
Bcl-2 family play critical roles in the regulation of apoptosis(31,
34). Because we observed that both ART and DHA inducedapoptosis in
hepatoma cells, we further determined the levels ofBcl-2 and Bax in
cells treated with ART and DHA. HepG2cells exposed to ART or DHA
showed a dose-dependentreduction in the level of Bcl-2 protein,
with a concomitantincrease in the level of Bax, compared with the
control cells(Fig. 4C), although DHA exhibited a greater effect on
the levelof Bax protein than ART.To define how the apoptotic
pathway was activated by ART

and DHA, we further determined their effects on the activationof
caspase-3 and PARP. Exposure of HepG2 cells to ART andDHA resulted
in a dose-dependent increase in the cleavage ofcaspase-3 and PARP
and ART was less effective than DHA(Fig. 4C). This indicates that
the mitochondrial apoptoticpathway is activated preferentially by
the compounds.Caspase-3, an executioner caspase activated by
caspase-9,

cleaves a broad spectrum of cellular target proteins,
includingnuclear PARP, leading to a cell death cascade (34). One of
thecritical mediators of the mitochondrial apoptotic pathway isp53
(25, 31, 35). Treatment of HepG2 cells with ART and DHAresulted in
a dose-dependent increase in p53 and a decrease inMDM2 (Fig. 4C),
suggesting that ART and DHA may induceapoptosis by increasing the
level of p53 in HepG2 cells.However, a p53-independent mechanism
for an increase in theratio of Bax/Bcl-2, activation of caspase-3
and the mitochon-drial apoptotic pathway, as well as inhibition of
MDM2 wasalso observed in p53 null Hep3B cells (Fig. 4D), suggesting
thatthe ART- and DHA-induced caspase-3 activation can be bothp53
dependent and independent.ART and DHA inhibit tumor growth and have
chemosensitiza-

tion effects in vivo. The in vivo antitumor activities of ART
andDHA were studied in mouse HepG2 and Hep3B xenograftmodels. When
mean tumor mass reached 100 F 40 mg,animals were treated with ART
or DHA at oral doses of 50 and100 mg/kg/d. In the HepG2 xenograft
model, both ART andDHA alone showed a dose-dependent inhibitory
effect ontumor growth (30.0% and 39.4% tumor growth inhibition
forART; 36.1% and 60.6% for DHA; P < 0.01; Fig. 5A1 and
A2).Consistent with the in vitro findings, DHA showed
greatertherapeutic effects in vivo compared with ART.Because we had
observed an increase in anticancer activity

following combination treatment with the ART compoundsand
gemcitabine in vitro, the effects of ART and DHA incombination with
gemcitabine were investigated in vivo. Asillustrated in Fig. 5A3,
gemcitabine alone decreased tumorgrowth (34.9% tumor growth
inhibition). A simple additivitywas observed for the combination of
ART with gemcitabine(62.3% tumor growth inhibition). However,
combining DHAwith gemcitabine significantly increased the
anticancer effect(78.4% tumor growth inhibition; P < 0.01; Fig.
5A4),indicating that the combination of DHA and gemcitabine was
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more effective than ART with gemcitabine. Moreover, based
onobservations of body weight, neither ART nor DHA caused
anyobservable toxic effects when administered alone or
incombination with gemcitabine (Fig. 5A5 and A6).Similarly, ART
showed a slight inhibitory effect on tumor

growth in the Hep3B xenograft model (Fig. 5B1), and DHAshowed
greater, dose-dependent therapeutic effects comparedwith ART (P
< 0.01; Fig. 5B2). As illustrated in Fig. 5B3, thecombination of
ART with gemcitabine showed no statisticallysignificant increase in
the inhibition of tumor growth.However, there was a further
increase in the antitumor effectswhen the animals were treated with
the combination of DHAand gemcitabine (P < 0.01; Fig. 5B4).
Neither compoundcaused any observable toxic effects in this model
(Fig. 5B5and B6).ART and DHA modulate the expression of proteins
associated

with apoptosis and cell cycle regulation in vivo. To
determinewhether the changes in expression of proliferation-
andapoptosis-related proteins induced by ART and DHA in vitroalso
occurred in vivo , protein expression profiles of HepG2

xenograft tissue samples from animals treated with ART andDHA
were determined, showing a decrease in G1-specific Cdks,cyclin D1,
cyclin E, Cdk2, Cdk4, and E2F1 in a dose-dependentmanner and an
increase in p21 and p27 (Fig. 5C). There werealso increases in
activated caspase-3, cleaved PARP, Rb, p53,and the ratio of
Bax/Bcl-2 and a decrease in MDM2 (Fig. 5C),suggesting that the in
vivo antitumor activities of ART and DHAare associated with their
capacity to induce G1-phase arrest andapoptosis. Similar protein
expression profiles were observed intumors from the p53 null Hep3B
xenograft model (Fig. 5D).Taken together, these data suggest that
DHA is effective forsuppressing the growth of HepG2 and Hep3B
xenograft tumorsin nude mice and that the compound can be used
incombination with gemcitabine to improve the antitumor effectof
treatment.

Discussion

The overall response rate to systemic chemotherapy for
thetreatment of HCC is generally less than 10%, owing to drug

Fig. 5. In vivo antitumor activity and effects on body weight of
ARTand DHA administered alone or in combination with gemcitabine to
nude mice bearing HepG2 (A)and Hep3B (B) xenograft tumors. ARTand
DHAwere given alone orally at doses of 50 and100 mg/kg/d, 5 d/wk
for 4 wk (A1, A2, B1, and B2), or in combination withgemcitabine
(A3, A4, B3, and B4). Gemcitabine (80 mg/kg) was given on days 7,
11, and15 by i.p. injection.Tumor mass was determined by caliper
measurement in twoperpendicular diameters of the implant every 3
d.The toxic effects of administration of ARTand DHA alone or in
combinationwith gemcitabine onnudemicewere determinedby recording
the body weight of each mouse every 3 d throughout the experiment
(A5, A6, B5, and B6).
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resistance and the advanced stage of the disease (36, 37).
Thisstudy represents an effort in searching for natural
productanti-HCC agents. ART and its derivatives inhibit the growth
ofseveral types of cancer cells (1318), including
drug-resistantcell lines (37), suggesting that ART could become the
basis of anew class of potent anticancer drugs.Although the four
test ART compounds in the present study

share a common core structure, they have remarkably
differenteffects on cancer cells. The effects of the different
ARTderivatives on human hepatoma cells, especially in
comparisonwith their effects on normal human liver cells, have not
beenreported previously. In our present investigation, we
showedthat among the four ART derivatives, ART and DHA
signifi-cantly reduced the viability of human hepatoma cells,
withsignificantly lower toxicity toward nonneoplastic liver
cells,which suggests that these compounds are specific and
effectiveagents against human hepatoma cells.

Obstruction of cell cycle progression in cancer cells
isconsidered one of the most effective strategies for the controlof
tumor growth (20). It has been reported that ARMsuppresses
concanavalin Ainduced or alloantigen-inducedsplenocyte
proliferation and inhibits cell cycle progressionthrough the G0-G1
transition in T cells (38). There have beenvery few reports on the
effects of ART derivatives on cell cycleregulation. We have shown
that treatment of both p53 wild-type (HepG2) and p53 null (Hep3B)
cells with DHA resulted insignificant G1-phase arrest, indicating
that one of the mecha-nisms by which these compounds act is via
inhibition of cellcycle progression. Our observation of significant
decreases incyclin D1, cyclin E, Cdk2, Cdk4, and E2F1 may explain
theobserved disruption of cell cycle progression and provides
amechanism by which ART and DHA induce G1-phase arrest.That is,
that the cell cycle arrest is mediated through theup-regulation of
Cip1/p21 and Kip1/p27 proteins (Fig. 3C and

Fig. 5 Continued. C andD, at the end of the treatment,tumor
xenografts were removed, and proteins in thetumor homogenate were
analyzed byWestern blotting.
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D), which enhances the formation of complexes with the G1-SCdks
and cyclins, thereby inhibiting their activity (26, 27, 31,39, 40).
The nearly identical effects of the compounds on

HepG2 and Hep3B cells suggest that ART and DHA canregulate cell
cycle progression in both a p53-dependent andp53-independent
manner.Although ART and its derivatives are also known to
induce

apoptosis in cancer cells (19, 20, 41), the underlyingmechanisms
are not fully understood. It is important toelucidate the
mechanisms by which ART and DHA induceapoptosis in hepatoma cells
to optimize their activity,particularly in combination with other
agents. In the presentstudy, we found that ART and DHA induced
apoptosis in bothp53 wild-type (HepG2) and p53 null (Hep3B) cells
and thatthis effect was increased when the compounds were
combinedwith gemcitabine. We investigated the contribution of
Bcl-2family proteins to ART- and DHA-induced apoptosis and foundan
increase in the expression of Bax protein and a decrease inthe
expression of Bcl-2 in p53 wild-type HepG2 and p53 nullHep3B
cells.An increase in the ratio of Bax/Bcl-2 stimulates the release
of

cytochrome c from the mitochondria into the cytosol and
thecytosolic cytochrome c then binds to Apaf-1, leading to
theactivation of caspase-3 and PARP (31, 42, 43). We found
thattreatment with ART and DHA resulted in a
dose-dependentactivation of caspase-3 and cleavage of PARP,
supporting therole of caspase-3 in the ART- and DHA-induced
apoptosis inhuman hepatoma cells, regardless of their p53
genotypes.Additionally, our findings showed a dose-dependent
decreasein the expression of MDM2, which has been shown to
decreasep53 protein level by targeting p53 for
ubiquitin-mediateddegradation (44). In addition, MDM2 is a negative
regulator ofp21 (26) and a positive regulator of E2F1 (27). MDM2
hasbeen suggested as a molecular target for cancer prevention
andtherapy (22, 23, 2527, 31) and can be inhibited by HIPK2 inboth
p53-dependent and p53-independent manners (45).Because the effects
on the apoptosis of ART and DHA wereobserved in both HepG2 and
Hep3B cells, it seems that bothp53-dependent and p53-independent
mechanisms may under-lie the activation of caspase-3 and the
apoptotic pathway (46,47). These results are consistent with the
concept that inductionof apoptosis can be both p53 dependent (48)
and p53independent (49). Moreover, Hep3B cells lack both
endoge-nous p53 and Rb, indicating that the induction of
apoptosismay be Rb independent as well. This characteristic would
allowbroad therapeutic application of ART and DHA for HCC as wellas
other cancers.ART and its derivatives are well-tolerated
antimalarial drugs

and have antitumor activity that may form the basis of
novelantitumor combination therapies. However, ART derivativeshave
never been tested in combination with chemotherapy inHCC. In the
present study, ART and DHA were tested alone orin combination with
gemcitabine in vitro . We showed that thecell growth was
significantly inhibited in HepG2 and Hep3Bcells exposed to a
combination of DHA and gemcitabine,showing the benefits of
combination treatment. Because DHAand gemcitabine are clinically
used drugs, the findings in thisinvestigation can be translated
relatively rapidly to clinicalpractice.DellEva et al. (15) have
shown that ARS reduces the growth

of Kaposis sarcoma xenograft tumors in vivo . In the
presentstudy, the in vivo therapeutic effects of DHA,
administeredalone or in combination with gemcitabine in the HepG2
andHep3B xenograft models, were shown to be dose dependent

Fig. 6. A, the proposed mechanism(s) by which ARTand/or DHA
exert theireffects via various proliferation- and apoptosis-related
proteins. B, the proposedmechanism(s) by which ARTand/or DHA
enhance the therapeutic effects ofgemcitabine.
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and greater than the effects of ART. Perhaps the most
strikingfinding in the present study is that DHA significantly
increasedthe antitumor activities of gemcitabine in vivo . As yet,
therehave been no major toxicities noted in animals treated withART
or DHA alone or in combination with gemcitabine.In the current
study, we elucidated that ART and DHA induce

apoptosis of tumor cells through the
caspase-dependentmitochondrial pathway, and G1-phase arrest by
regulatingG1-checkpoint proteins in vivo . To our knowledge, there
hasbeen limited in vivo evidence for ART-induced apoptosis, andthe
present study may be the first of its kind comparing changesin
proliferation- and apoptosis-related proteins induced by ARTand its
analogues in vitro and in vivo . The effects of ART andDHA on
various proliferation- and apoptosis-related proteinsand the
potential mechanism(s) of action of the compoundsare summarized in
Fig. 6A. The most striking findings are theconsistent results from
the in vitro and in vivo Western blottinganalyses.It has been
reported that DNA damage and stalling

replication signaling pathways can both be attributed toexposure
to gemcitabine. Double-strand breaks activateataxia-telangiectasia
mutated kinase, checkpoint kinase 2,ataxia-telangiectasia mutated
and Rad3-related kinase, and

checkpoint kinase 1, four protein kinases that
regulateapoptosis, cell cycle arrest, and DNA repair (50).
Ourdemonstration that the combination of DHA with
gemcitabineenhanced the induction of apoptosis suggests that
combinationtherapy can improve the antitumor activity of
gemcitabine andhelp define the mechanism by which this occurs (Fig.
6B).Of the compounds tested, DHA showed the most potent

cytotoxic, antiproliferative, proapoptotic, and cell cycle
regula-tory effects. Moreover, it produced strong antitumor
effectsagainst an in vivo model of HCC both alone and incombination
with a chemotherapeutic agent. These resultsindicate that DHA may
be an appropriate candidate for furtherdevelopment as an anti-HCC
agent, either alone or incombination with conventional therapeutic
approaches.
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