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Abstract

Purpose Dihydroartemisinin (DHA), a semi-synthetic
derivative of artemisinin, has exhibited the strongest anti-
malarial activity among the derivatives of artemisinin.
There is growing evidence that DHA has some impact
against tumors. Our purpose was to evaluate in vitro anti-
tumoral properties of DHA in the murine Lewis lung car-
cinoma (LLC) cell line. At the same time, we observed the
therapeutic effect of DHA combined with cyclophospha-
mide (CTX) in the LLC and combined with cisplatin
(CDDP) in the human non-small cell lung cancer A549
xenotransplanted carcinoma in vivo.

Methods Cytotoxicity was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide method,
apoptosis was measured by AO/EB double staining and
flow cytometry. The expression of vascular endothelial
growth factor (VEGF) receptor KDR/flk-1 was analyzed by
western blotting and RT-PCR. In vivo activity of DHA
combined with CTX or CDDP was assayed through tumor
growth and metastasis.

Results  Dihydroartemisinin exhibited high anti-cancer
activity in LLC cell line. DHA also induced apoptosis of
LLC cells and influenced the expression of VEGF receptor
KDR/flk-1. Furthermore, in both tumor xenografts, a
greater degree of growth inhibition was achieved when
DHA and chemotherapeutics were used in combination.
The affection by DHA combined CTX on LLC tumor
metastasis was significant.
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Conclusions Dihydroartemisinin is a potent compound
against LLC cell line in vitro. In vivo, the combination
strategy of DHA and chemotherapeutics holds promise for
the treatment of relatively large and rapidly growing lung
cancers.
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Introduction

Lung cancer is the most common cause of cancer mortality
worldwide, with over one million deaths each year [1]. The
non-small cell lung cancer (NSCLC) is accounting for up
to 80% of total pulmonary malignancies [2]. At present,
advanced NSCLC is mainly treated by chemotherapy.
Although chemotherapy is an anti-cancer management
widely used in the treatment of tumors [3, 4], its use is
limited by severe toxic side effects. Indeed, a significant
reduction in bone marrow proliferation, total white blood
cell (WBC) count or neutrophil count was observed on
chemotherapeutic used patients [5-7]. Recently, several
approaches were developed to try to overcome these
problems, such as dose decrease of single agents and
multidrug combinations.

Artemisinin is a sesquiterpene lactone endoperoxide
found in the traditional Chinese medicinal plant Artemisia
annua [8, 9], and its derivatives are very effective to blood
schistocidal antimalarials with fewer adverse side effects
than any other antimalarial drug. Recently, it was reported
that artemisinin analogs also showed antitumor activity in
vitro and in vivo [10]. Of all the artemisinin derivatives,
dihydroartemisinin (DHA), a semi-synthetic derivative
of artemisinin, is more water-soluble and effective
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antimalarial than artemisinin [11]. Several studies have
shown that DHA can inhibit the vascular endothelial
growth factor (VEGF) expression in some tumor cells [12,
13]. VEGF is one of the major regulators in a variety of
physiological and pathological angiogeneses [14—16]. Its
biological activity is mediated by two receptor tyrosine
kinases, VEGFR-1 (FlIt-1) and VEGFR-2 (KDR/flk-1). As
the major receptor for VEGF, KDR/flk-1 has a weaker
affinity for VEGF than Flt-1, but promotes strong tyrosine
kinase activity, and most of the signaling from VEGEF is
transduced through KDR/flk-1 [17-20]. It is the major
mediator of the mitogenic, angiogenic, and permeability-
enhancing effects of VEGF [21, 22].

However, to our knowledge, both chemotherapeutics and
DHA have been well studied concerning their activity
against tumor cells, while the effectiveness of a combina-
tion treatment between them is not know very well. In this
paper, an attempt to find whether DHA can improve the
efficiency of chemotherapeutics in NSCLC and its possible
mechanism, we observed the therapeutic effect of DHA
combined with cyclophosphamide (CTX) in the murine
Lewis lung carcinoma (LLC) and combined with cisplatin
(CDDP) in the human NSCLC A549 xenotransplanted
carcinoma in vivo. Besides, we investigated the anti-pro-
liferation and inducing apoptosis effect of DHA on LLC
cells, and assessed the expression of VEGF receptor KDR/
flk-1 in LLC cells in vitro. The results demonstrated that the
combination treatment was more effective than DHA and
chemotherapeutics used alone in reducing tumor growth.

Materials and methods
Materials

Dihydroartemisinin was kindly presented by the Engineer,
Huali of Jiaxing Pharmaceutical Co. (Zhejiang, China).
CDDP was obtained from Qilu Pharmaceutical General
Factory, China. CTX was obtained from Hengrui Pharma-
ceutical Company (Jiangsu, China). Penicillin, streptomycin,
dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), ethidium bromide
and propidium iodide were purchased from Sigma (St Louis,
MO, USA). Polyvinylidene difluoride membranes were
supplied by Millipore Co. (Billerica, MA, USA). Mouse anti-
KDR/flk-1 and goat anti-actin polyclonal antibody (I-19) and
all the secondary antisera were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Cell culture

The LLC cells and the human NSCLC cell line A549 cells
were obtained from the Shanghai Institute of Biochemistry
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and Cell Biology, Chinese Academy of Sciences (Shang-
hai, China) and LLC cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) while A549 cells were
grown in RPMI1640 standard medium supplemented with
10% fetal calf serum and antibiotics (100 IU ml~" peni-
cillin and 100 pg ml~" streptomycin), in humidified air at
37°C with 5% CO,. Exponentially growing cells were used
throughout the study.

Growth inhibition assay

To evaluate the cytotoxicity of DHA, the MTT assay was
performed to determine the cell viability. Briefly, cells
were seeded at a density of 4 x 10° cells/well in a 96-well
plate. Then, the cells were treated with DHA at various
concentrations and with 0.2% DMSO as the solvent con-
trol. Each concentration was repeated three times. Plates
were incubated in a humidified incubator in 5% CO, for
48 h at 37°C; 10 pul of MTT solution (5 mg ml~' MTT in
PBS stored at 4°C) was then added, and the resulting
solution was incubated for 4 h at 37°C in 5% CO,. For-
mazan crystals were dissolved in 100 pl of DMSO. The
plates were then analyzed in a 96-well format plate reader
at 570 nm.

AO/EB double staining

Apoptosis was assessed by fluorescence microscopy
(DMIL, Leica), after staining of the cells with a mixture of
acridine orange (100 pg ml™') and ethidium bromide
(100 pg ml™") in PBS. Loss of nuclear structure or frag-
mented nuclei was taken as indicative of apoptotic cells.

Flow cytometry assay

To evaluate cell cycle profile, the cells (about 1 x 10°
cells), pretreated with DHA for 48 h, were harvested,
washed twice with PBS and fixed in ice-cold 70% (v/v)
ethanol overnight at 4°C. Prior to analysis, samples were
washed again and incubated in PBS (pH 7.4) containing
0.1% (v/v) Triton X-100 and 10 mg ml~' RNase A
(Sigma) for 30 min, and then incubated with 100 pg ml™"
propidium iodide at 37°C in the dark for 30 min. After
filtration to remove cellular debris, the single-cell suspen-
sions were analyzed on a flow cytometer (FACS Calibur;
Becton-Dickinson, San Jose, CA, USA). Cell cycle
parameters were analyzed using Modfit software (Becton-
Dickinson).

RT-PCR analysis

Total RNA was isolated from the LLC cells (1 x 10° cells)
using Trizol Reagent (Bio Basic) according to the
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manufacturer’s instructions. The first-strand cDNA was
synthesized by M-MLV reverse transcriptase (MBI Fer-
mentas) in a 20 pl reaction system containing 2 pg total
RNA. cDNA was amplified by polymerase chain reaction
(PCR) using Taq DNA polymerase (MBI Fermentas). PCR
was carried out using a Thermal cycler (Eppendorf, Ger-
many) as follows: 94°C for 5 min; 32 cycles at 94°C for
30 s, 60°C for 30 s, and 72°C for 45 s. The PCR products
were separated on 1.5% agarose gel and visualized by an
ethidium bromide staining. The expression intensities of
optimized bands were quantified with Quantity One soft-
ware. Amplification of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as an internal control. KDR/
flk-1 primers: forward, 5-GATGGGAACCGGAACCT-3’
and reverse, 5~ AATTCCACAATCACCATGAG-3' [23];
GAPDH primers: forward, 5-TGACGGGGTCACCCACA
CTGTGCCCATCTA-3' and reverse, 5'-CTAGAAGCATT
TGCGGTGGACGATGGAGGG-3' [24].

Western blot analysis

Cell pellet was suspended in cold RIPA buffer [50 mM
Tris—HCI (pH 8.0), 150 mM NacCl, 0.1% SDS, 1% sodium
deoxycholate, 1% Triton X-100, 1 mM EDTA, and sup-
plemented with 1 mM PMSF and 10 ug ml~' Leupeptin]
and incubated on ice for 30 min. The protein concentration
was determined using the bicinchoninic acid assay (Bio-
Rad). Then equal amounts of protein were separated by a
12% SDS-PAGE and transferred onto polyvinylidene
difluoride membrane. Membranes were blocked with 5%
non-fat milk, incubated with the primary antibodies at 4°C
overnight in PBS-T. Primary antibodies were mouse anti-
KDR/flk-1 and goat anti-actin polyclonal antibody (I-19).
Immunoreactivity was visualized with horseradish peroxi-
dase-linked secondary antibodies and chemiluminescence,
f-actin levels were analyzed as controls for protein
loading.

Evaluation of antitumor activity and experimental
metastasis assay in vivo

Animals bearing LLC xenograft tumors
were treated DHA with CTX

Female mice of inbred strains C57BL/6 were purchased
from the Shanghai Laboratory Animal Center, Chinese
Academy of Sciences (Shanghai, China) and used at
5-6 weeks of age. All animals were raised under specific
pathogen-free conditions in the Animal Center of Zhejiang
University, in accordance with the procedures outlined in
the Guide for the Care and Use of Laboratory Animals.
LLC cells were injected s.c. (I x 10° cells per mouse in
0.2 ml saline) in the right axillary region of four C57BL/6

mice. When the subcutaneous tumor reached about 1.5 cm
in diameter, the mice were killed and small pieces of tumor
tissues approximately 1 mm® were implanted into the right
axillary region of other new recipient mice. On the day
after tumor tissue implantation, C57BL/6 mice were ran-
domly placed into eight experimental groups. Each group
was composed of ten mice. The eight experimental groups
included mice that were administered with saline (control
group), CTX (50 mg kg™ day™"), DHA (50, 100,
200 mg kg~ day '), CTX + DHA (drug combine used
groups). CTX was administrated i.p. on every other day for
five consecutive times. The mice were killed 25 days after
tumor inoculation for the counting of metastatic nodules.
The numbers of lung metastases and nodule formations
were determined.

Animals bearing A549 xenograft tumors
were treated DHA with CDDP

Female mice of inbred strains BALB/c were also purchased
from the Shanghai Laboratory Animal Center, Chinese
Academy of Sciences (Shanghai, China) and used at
5-6 weeks of age. All animals were raised under specific
pathogen-free conditions in the Animal Center of Zhejiang
University. The approach to establish A549 tumor model
was the same as LLC tumor model. The BALB/c nude
mice were monitored regularly after tumor tissue implan-
tation, and when solid tumor volumes reached 80—
100 mm3, administration of two drugs was initiated. Each
group had six mice. The drug scheduling copied from LL.C
tumor model, except the dose of CDDP. CDDP was
administrated i.p. 2 mg kg~ .

The extent of tumor growth was measured every other
day using sterile metric calipers. Tumor volume was cal-
culated using the following formula: volume = 0.5 x
(Width)2 X (length) as previously described [25].

Data analysis

The statistical significance of mean values was determined
by unpaired two-tailed Student’s ¢ test. Significance of
dose-response curve was detected by ANOVA.

Results

The anti-proliferation effect of DHA in LLC cells

DHA treated at concentrations of more than 5 pmol 1~ for
48 h inhibited the growth of LLC cells in a dose-dependent
manner as shown in MTT assay. DHA at 5, 10, 20, 40, 80

and 160 pmol 17! inhibited the growth of cells by 8.74,
15.05, 29.24, 45.78, 62.37 and 70.53%, respectively.
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Fig. 1 Effect of DHA on proliferation of LLC cells. LLC cells were
seeded into 96-well plates and incubated for 48 h in the presence of
DHA with different concentrations. Cell proliferation was detected by
MTT assay. The data were from three independent experiments.
X*ts,n=3

The ICs, value of DHA for growth inhibition of LLC cells
was 53.14 umol 17', and 95% confidence interval was
48.69-58.18 umol 1! (Fig. 1).

Morphological changes of apoptosis in LLC cells
Acridine orange/ethidium bromide was used to assess

changes in nuclear morphology following DHA treatment.
The nuclei in normal cells were normal and exhibited

diffused staining of the chromatin. However, after exposure
to 20, 40, 80 pmol 1~! DHA for 48 h, LLC cells underwent
of apoptosis

typical morphologic changes such as

Fig. 2 Fluorescence
photomicrographs of LLC cells
stained by acridine orange/
ethidium bromide (AO/EB)
after being treated with DHA.
Cells were treated with or
without DHA for 48 h. Then the
cells were stained by AO/EB
and morphology was
immediately assessed using
fluorescence microscopy
(x400). a Control cells with
intact nuclei structure; b DHA
20 umol 17'; ¢, d DHA 40,

80 pmol 17!, respectively, cells
shrinkage, chromatin
condensation in the nuclei was
found (arrow)
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chromatin condensation and shrunken nucleus (Fig. 2).
Therefore, these morphological changes suggested the
occurrence of apoptosis in LLC cells after treated with
DHA.

Percentage of cells undergoing apoptosis in LLC cells

Moreover, the morphological alterations of DNA in DHA-
treated LLC cells were supported by flow cytometry
analysis. The dose-related increase in DHA-treated LLC
cells’ apoptosis initially analyzed using flow cytometry.
After cells were treated with 20, 40, 80 pmol 1~! DHA for
48 h, the rate of apoptosis was detected by PI flow
cytometry. The percentage of apoptosis cells increases to
5.54, 9.92, 13.86 (Fig. 3).

Effect of DHA on KDR/flk-1 mRNA expression
in LLC cells

To analyze the mechanism underlying the DHA-induced
reduction of LLC cells, the level of mRNA for KDR/flk-1
was tested using a RT-PCR assay. LLC cells were
exposed to different concentrations of DHA for 48 h, then
total RNA was isolated and semi-quantitative RT-PCR
performed to measure KDR/flk-1 mRNA. DHA signifi-
cantly decreased the level of KDR/flk-1 mRNA in LLC
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Fig. 4 RT-PCR analysis of the effect of DHA on KDR/flk-1 mRNA
levels in LLC cells. LLC cells pretreated with various concentration
of DHA for 48 h. The relative expression levels of KDR/flk-1 were
expressed as relative intensity compared with GAPDH. Values are
mean £ SD of data from three independent experiments. *p < 0.05,
#%p < 0.01 versus the control group. *p < 0.05, ™p < 0.01 versus the
control group

Expression of KDR/flk-1 in LLC cells

Western blot was exploited to detect the expression of
KDR/flk-1 in LLC cells affected by DHA. LLC cells were
treated in vitro with various concentrations of DHA, and
were found that increasing concentration of DHA leads to a
stepwise reduction in KDR/flk-1 expression. Compared
with vehicle control, the levels of KDR/flk-1 in LLC cells
were decreased by 33.8 and 12.6% after treated with 40
and 80 pmol 17! DHA for 48 h, respectively (p < 0.001)
(Fig. 5).

In vivo antitumor effect of DHA in combination
with chemotherapeutics

The results in Figs. 6 and 7 show that DHA combined with
CTX or CDDP resulted in the significant regression of LL.C
tumor and A549 tumor compared with either therapy alone.
When the test came to the end, in LLC tumor model, the
tumor volume of all combination therapy groups was as
follows: CTX (50 mg kg™' day™") + DHA (50, 100,
200 mg kg~ day™') 729.06 £ 157.07, 326.22 + 168.69,
and 211.37 + 176.11 mm>. They were 771.57 + 329.10,
574.83 + 269.79, and 472.52 + 141.79 mm® in CDDP
(2 mg kg~ day ") + DHA (50, 100,200 mg kg ™' day™ ")
groups in A549 tumor model. The tumor volume of com-
bination therapy groups increased less than that of any other
treatment groups. After these mice were killed, the solid
tumors were peeled off to measure their weights. In both
LLC tumor model and A549 tumor model, the tumor
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Fig. 5 Western blotting analysis for KDR/flk-1 in LLC cells. Total
protein (50 pg) of LLC cells pretreated with various concentration of
DHA for 48 h was electrophoresed on 12% SDS-PAGE gel and
probed on a PVDF membrane with anti-human KDR/flk-1 antibody.
Immune complexes were visualized by enhanced chemiluminescence
method using the western blot luminal reagent. Actin levels were
analyzed as controls for protein loading. Relative expression levels of
KDR/flk-1 were expressed as relative intensity compared with actin.
Values are mean £ SD of data from three independent experiments.
**%p < 0.001 versus the vehicle control group
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Fig. 6 a, b, ¢ Mean tumor volume in the eight treatment groups of
animals. DHA was administrated i.g. daily at 50, 100, 200 mg kg™,
respectively, and CTX was administrated i.p. on every other day for
five consecutive times at 50 mg kg™' from day 7. Animals were
killed at day 25. The extent of tumor growth was measured every

other day using sterile metric calipers. Tumor volume was calculated
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weights of DHA high-dose combination therapy were sig-
nificantly less than that of single drug therapy groups
(p < 0.01, p < 0.05). Moreover, the incidence of sponta-
neous pulmonary metastasis was completely inhibited by
the combination of DHA with CTX (Fig. 8). These studies
indicate that DHA enhances the ability of CTX and CDDP
to inhibit tumor growth and metastasis in murine tumor
models. Regarding toxicity, drug-induced body weight loss
was not significantly different in any of the therapeutic
groups.

Discussion

In our previous studies, we have described the potent
antiangiogenic effects of artemisinin derivatives as well as
their antitumor effects in vitro [26, 27]. In this study, we
have analyzed the anti-proliferative and apoptotic effects of
DHA and its regulation of VEGF receptor KDR/flk-1 in
LLC cells. From the results of present study, it appeared
that DHA may decrease KDR/flk-1 expression, then lead-
ing to cell apoptosis. VEGF is a multifunctional cytokine
that acts as both a potent inducer of vascular permeability
and a specific endothelial cell mitogen [28-31]. The
VEGF-induced angiogenesis is mediated mainly by
two VEGF receptors, Flt-1 and KDR/flk-1. KDR/flk-1
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using the following formula: volume = 0.52 x (width)2 x (length).
d Effect of DHA combined with or without CTX on LLC xenografted
C57BL/6 mice tumor. When animals were killed at day 25, tumors
were dissected and weighted. *p < 0.05, **p < 0.01 versus control.
*p <0.05, *™p <0.01 versus DHA. 44p <0.01, 4445 <0.001
versus CTX
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animals. DHA was administrated i.g. daily at 50, 100, 200 mg kg™
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other day for four consecutive times at 3 mg kg™' from day 10.
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Fig. 8 a External images of the
lungs of Lewis lung carcinoma
xenografted C57BL/6 mice.
Lungs were collected on day 25
after animals were killed. They
were immersed into Bouin’s
liquor first, then dislodged for
observation. b Pulmonary
metastasis affected by DHA
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or without CDDP on A549 xenografted Balb/c mice tumor. When
animals were killed at day 18, tumors were dissected and weighted.
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undergoes dimerization and strong ligand-dependent tyro-
sine phosphorylation in intact cells and results in a mito-
genic, chemotactic, and prosurvival signal. Furthermore,
KDR/flk-1 (but not Flt-1) activation has been shown to be
required for the anti-apoptotic effects of VEGF for human
umbilical vein endothelial cells [32]. In the present

investigation, we assessed the level of KDR/flk-1 mRNA
and protein expression. The experiments suggested that
DHA could inhibit the expression of KDR/flk-1 effectively
in LLC cells. Based on the above findings, it would seem
that KDR/flk-1 expression in LLC is regulated both at the
post-transcriptional level and at protein level.
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In addition to the antiangiogenic effect of DHA on LLC
cells, DHA also found to induce LLC cells apoptosis from
our data. This was consistent with previous reports which
indicate that the antitumor effect of DHA was ascribed to
the rapid induction of apoptosis in cancer cells [33].
Apoptosis includes cell shrinkage and loss of contact with
neighboring cells, formation of cytoplasmic vacuoles,
plasma and nuclear membrane blebbing, chromatin con-
densation, and formation of apoptotic bodies [34]. After
LLC cells were treated with DHA (20-80 uM) for 48 h,
the phase contrast microscopic and fluorescence micro-
scopic observations demonstrated these apoptotic charac-
teristics. Furthermore, the results of flow cytometric
analysis of DNA content (Fig. 3) further show that DHA
induced 1.93-13.86% increases in the DNA fragments
when LLC cells were treated with DHA for 48 h. It has
been showed that elevated circulating VEGF level will
confer VEGF receptor expression tumor cells with great
survival potential and resistance to apoptosis in an auto-
crine fashion [35]. In our study, we confirmed that DHA
downregulated the expression of VEGF receptor KDR/flk-
1 in LLC cells, and also induced LLC cells’ apoptosis.
However, inhibition of VEGF receptor signaling in tumor
cells may potentiate the effects of inhibiting anti-apoptotic
regulators, or some other survival mechanisms in tumor
cells. Overall, the mechanism of artemisinin derivative-
induced apoptosis is not understood completely and needs
further study.

In the present study, we also investigated the antitumor
activity of DHA in vivo. In vivo, DHA combined with CTX
resulted in the significant regression of LLC-transplanted
tumors compared with either therapy alone (Fig. 6).
Moreover, the incidence of spontaneous pulmonary
metastasis was completely inhibited by the combination of
DHA with CTX (Fig. 8). The data of A549-transplanted
tumor model also demonstrated that combination treatment
for this tumor model with DHA- plus CDDP-induced
greater tumor growth inhibition when compared with
treatment in either one of the drugs was used (Fig. 7).

As we know CTX and CDDP are both cytotoxic che-
motherapeutics, though chemotherapy has been used in the
management of solid cancers for more than half a century
and still has been one of the mainstays in the treatment of
tumors, most of the chemotherapeutics currently used in
chemotherapy are cytotoxic to normal cells, leading to
unwanted side effects. The classic toxic side effects of
cytotoxic chemotherapy are cardiovascular, gastrointesti-
nal, hematologic, neurological, etc. Therefore, a search for
compounds which can reduce the harmful side effects of
chemotherapeutics in normal tissues is necessary. In the
present study, we used DHA combined with CTX or CDDP.
All groups’ mice maintained normal activity, without gross
signs of cumulative adverse results, such as weight loss,
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ruffling of fur, behavioral and postural changes. The
application of this combination not only had an additive
effect on tumor growth inhibition, but also could avoid
many of the pronounced side effects in chemotherapy.
Overall, our date has demonstrated that DHA is a potent
compound against LLC cell line in vitro and indicates that
combination therapy with DHA and chemotherapeutics
such as CTX and CDDP is a well protocol with enhanced
antitumor activity in vivo. This antitumor activity may be
due, in part, to inhibition of angiogenesis via their effects
on VEGEF receptor and causation of tumor cells’ apoptosis.
Though further studies on the mechanism of combination
therapy are needed, these findings are important for further
exploration of potential clinic application of the combined
approach. Collectively, these results suggest that DHA is a
good candidate for future lung carcinomas treatment
strategies. The combination may provide a less toxic,
inexpensive and effective cancer chemotherapy.
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