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Eupatorium fortunei has long been used to treat nausea and poor appetite, and has been prescribed as a
diuretic and detoxifying drug in Chinese medicine. Recent studies have demonstrated that E. fortunei
possesses anti-bacterial, anti-oxidant, and anti-diabetic activities, as well as cytotoxicity to human leukemia
cells. However, at non-toxic concentrations, the effects of an aqueous extract of E. fortunei (WEF) on the
metastatic and angiogenic potential of malignant tumor cells have not been reported. In this study, we found
that WEF suppressed the metastatic properties, including anchorage-independent colony formation,
migration, and invasion, by downregulating the proteolytic activity of MMP-9. NF-kB activation and the
phosphorylation of p38 and JNK were reduced significantly by WEF. Additionally, WEF inhibited
tumor-induced angiogenesis markedly, affecting HUVEC migration, tube formation by HUVECs, and
microvessel sprouting from rat aortic rings via a reduction in VEGF in tumors. In a pulmonary metastasis
model, daily administration of WEF at 50 mg/kg markedly decreased metastatic colonies of intravenously
injected B16F10 cells on the lung surface in C57BL/6J mice. Further, none of the WEF-administered mice
exhibited systemic toxicity. Taken together, our results indicate that WEF is a potential therapeutic herbal
product that may be useful for controlling malignant metastatic cancer.

T
he aggressive growth and metastatic spread of tumor cells is a hallmark of malignant tumors and results in
high mortality among cancer patients1. Metastasis involves multiple processes, including a loss of adhesion
between cells and the extracellular matrix (ECM), proteolytic degradation of the ECM, extravasation leading

to invasion into new tissues, and colonization2. Matrix metalloproteinases (MMPs) secreted by tumor cells,
stromal fibroblasts, or infiltrating inflammatory cells, have been strongly implicated in multiple stages of the
invasive and metastatic progression of tumor cells. Furthermore, MMPs participate in degradation of the vascular
basement membrane and remodeling of the ECM during angiogenesis3–5. In particular, MMP-9 is important for
tumor angiogenesis by enhancing the availability of vascular endothelial cell growth factor (VEGF) in malignant
tumors6–8.

Angiogenesis, the formation of new blood vessels within a primary solid tumor or metastatic foci, plays a key
role in supplying oxygen and nutrients for tumor growth, and it provides a path for cancer cell migration and
filtration9,10. Angiogenesis occurs by a complex step-wise process that includes proteolytic degradation of the
basement membrane, the proliferation and migration/invasion of endothelial cells, and the formation of func-
tional capillary lumens11. One of the initial steps in tumor-induced angiogenesis is the secretion of multiple
angiogenic factors from tumor cells, including VEGF, basic fibroblast growth factor (bFGF), and platelet-derived
growth factor (PDGF). Among these, VEGF is the most important pro-angiogenic factor, and the level of VEGF is
an important prognostic marker of tumor angiogenesis12. The interaction of VEGF with its cognate receptor
VEGFR on the surface of endothelial cells promotes the recruitment and proliferation of endothelial cells via the
activation of PI3K/Akt and Ras/Raf/MEK/ERK signaling13,14. Thus, the search for non-toxic agents that inhibit
metastasis and tumor-induced angiogenesis via suppression of MMP-9 activity and VEGF secretion in tumor
cells is a promising strategy for cancer therapy and prevention15–17.

Eupatorium fortunei, known in Chinese as ‘‘Pei Lan,’’ has long been used as a diuretic and detoxifying drug in
Chinese medicine and for the management of chill, dropsy, and fever. In a study aimed at identifying plants
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antagonistic to soil-borne pathogens, a root extract of E. fortunei
exerted a strong inhibitory effect against four microorganisms:
Streptomyces scabies (potato scab), Phytophthora megasperma (root
rot), Verticillium dahliae (wilt), and Rhizoctonia solani (damping
off)18. Chen et al. reported that an aqueous extract of E. fortunei
possessed significant anti-oxidant, anti-glycation, and anti-diabetic
potential19. Additionally, p-cymene and neryl acetate, major compo-
nents of E. fortunei, have been reported to possess anti-influenza
activity. In a recent study, it was demonstrated that the ethyl acetate
fraction of a methanol extract of E. fortunei exhibited cytotoxicity
against human leukemia (HL-60) cells20.

In the present study, we examined the inhibitory effect of an
aqueous extract of E. fortunei (WEF) on the metastatic and angio-
genic properties of malignant tumor cells in vitro and in vivo.
Furthermore, we examined the detailed underlying mechanism of
the anti-metastatic and -angiogenic activity of WEF, and investigated
whether WEF intake suppressed the pulmonary metastasis of
B16F10 melanoma cells after intravenous injection.

Results
WEF suppressed anchorage-independent B16F10 cell growth at
non-cytotoxic doses. Prior to evaluating the in vitro anti-metastatic
efficacy of WEF, we assessed the non-cytotoxic concentrations of
WEF in B16F10 cells using MTT assays. As shown in Figure 1A,
cell viability after treatment with WEF at concentrations ranging
from 10 to 500 mg/ml for 48 h was not significantly changed
compared with untreated control cells; thus, we used WEF at
concentrations of 25, 50, and 100 mg/ml in all subsequent
experiments. Metastatic malignant cells possess resistance to
detachment-induced cell death, or ‘‘anoikis resistance,’’ which
ensures anchorage-independent growth and survival during their
dissemination21. As reported previously, B16F10 cells proliferate
rapidly and form sizable colonies from a single cell in semi-solid
agar22, whereas WEF treatment during incubation decreased the
number of sizable colonies significantly and reduced colony size in
a dose-dependent manner compared with untreated control B16F10
cells (Figure 1B). These results indicate that WEF suppressed
metastatic colony formation by B16F10 cells with no apparent
cytotoxicity at the concentrations used.

WEF suppressed B16F10 cell migration and invasion in vitro. To
determine the influence of WEF on in vitro migration, we

investigated the wound healing activity of B16F10 cells in the
presence or absence of WEF. As shown in Figure 2A, control
B16F10 cells repaired the wounded area rapidly, leading to ,50%
and ,80% healing at 18 h and 36 h, respectively. Meanwhile, WEF
treatment inhibited wound repair significantly, in a dose-dependent
manner, by ,50–90% and ,40–75% at 18 h and 36 h, respectively,
compared with control cells. In a Transwell migration and invasion
assay, WEF treatment reduced serum-induced migration and
invasion markedly, to ,35–80% and ,10–45% of that in control
cells, respectively (Figure 2B).

WEF intake inhibited the in vivo pulmonary metastasis of B16F10
cells with no adverse effects. Prior to examining the anti-metastatic
effect of WEF in vivo, we checked whether repeated administration
of WEF at 50 mg/kg induced systemic toxicity. Over 15 days,
corresponding to the in vivo experiment period, WEF administration
did not cause adverse effects such as a loss of body weight
(Supplementary Table S1). The organ weights of control and WEF-
treated mice were also similar (Supplementary Table S2). The
aspartate aminotransferase/alanine aminotransferase and blood urea
nitrogen/creatinine levels were not changed significantly by WEF
administration, indicating that WEF did not aggravate hepatic or
renal functions, respectively (Supplementary Table S3). Additionally,
in hematological analyses, the RBC number, hemoglobin (Hb) level,
leukocyte number, and other parameters were not significantly
affected by WEF administration (Supplementary Table S4).
Subsequent to this confirmation of safety, we assessed whether WEF
intake suppressed pulmonary colonization by B16F10 cells after
intravenous injection via the tail vein in C57BL/6J mice. In control
mice, B16F10 cells metastasized to the lungs and formed numerous
black colonies (1294 6 213), while in WEF-administered mice the
number of black colonies decreased significantly (550 6 256) to
,40% of the level in control mice (Figure 3). These data indicate that
WEF intake effectively suppressed the pulmonary metastasis of
intravenously injected B16F10 cells with no apparent side effects.

WEF suppressed the metastatic potential of and inhibited phorbol
myristate acetate (PMA)-induced MMP-9 expression and proteolytic
activity in HT1080 cells. To clarify the anti-metastatic mechanism of
WEF, well characterized conditions including HT1080 cells and
PMA stimulation were used, as in previous studies22–26. Similar to
data obtained from B16F10 cells, WEF treatment significantly
diminished the metastatic potential of HT1080 cells, including

Figure 1 | WEF inhibits anchorage-independent growth of B16F10 cells. (A): Proliferation of cells (5 3 103 cells/well) incubated with 10 to 500 mg/ml

WEF for 48 h was measured by MTT assays. Data are the relative cell viability compared to untreated control and expressed as the mean 6 SD. n.s,

non-significant (B): Colony formation of B16F10 cells in soft agar in the presence of non-toxic concentrations of WEF (25, 50, and 100 mg/ml) was

measured during 14-day-incubation. The diameters of 10 representative colonies were measured and expressed as the mean 6 SD. Data are representative

of two independent experiments. #, p,0.01 vs. untreated control.
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wound healing, migration, and invasion (Figure S1). It is known that
MMP-2 and -9 are essential for the invasive capacity of malignant
cancers by degrading the surrounding ECM and accelerating cancer
metastasis and angiogenesis7,8,24. We first examined the effects of
WEF treatment on the transcriptional levels of various MMPs
using RT-PCR. Control HT1080 cells expressed a considerable

amount of MMPs, including MMP-1, -2, -3, -9, -13, and -14, and
uPA; in addition, PMA stimulation increased the levels of MMP-1, -
3, -9, -13, and -14, and uPA. However, in cells pretreated with WEF,
the PMA-induced increase in MMP-9 mRNA expression was almost
completely blocked in a dose-dependent manner (Figure 4A), and
the levels of MMP-14 and uPA were decreased slightly, compared

Figure 2 | WEF suppresses migration and invasion of B16F10 cells. (A): Cells grown to 90% confluence were treated with mitomycin C for 30 min and

then wounded by scraping. Cells were incubated in the presence of 25, 50, and 100 mg/ml WEF and migration was monitored using phase-contrast

microscopy after 18 and 36 h. Based on the width of wound at 0 h, relative width at 18 and 36 h was calculated and expressed as the mean 6 SD of four

selected fields. (B): Cells pre-treated with 25, 50, and 100 mg/ml WEF for 12 h were subjected to migrate and invade through Transwell for 24 h and 36 h,

respectively. Cells migrated and invaded to the lower surface of the Transwell membrane were stained and relative migration and invasion were quantified

using ImageJ software. Data are representative of three independent experiments and expressed as the mean 6 SD of five random fields of each well. #,

p,0.01 vs. untreated control.

Figure 3 | Oral administration of WEF inhibits pulmonary metastasis of B16F10 cells. Five-week-old female C57BL/6J mice were intravenously injected

via tail vein with B16F10 cells (3 3 105). After daily oral administration with saline (control) or WEF (50 mg/kg) for 17 days, mice were sacrificed

and black colonies settled on the lung surface counted macroscopically after fixation. Images show metastatic colonies on the front (F) and back (B) side of

the lungs. Metastatic colonies were counted and represented as the mean 6 SD of each group (each group, n54). #, p,0.05 vs. control.
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with untreated control cells (Figure S2). Additionally, increases in
MMP-9 secretion into the culture supernatant and the proteolytic
activity of MMP-9 toward gelatin and type I collagen in response
to PMA stimulation were reduced markedly by WEF treatment in
a dose-dependent manner (Figure 4B). These results suggest that
the downregulation of MMP-9 expression and its proteolytic
activity by WEF attenuated the metastatic potential of HT1080
cells.

WEF suppressed PMA-induced p38 and JNK phosphorylation,
and NF-kB activation. In previous reports, the activation of
mitogen-activated protein kinases (MAPKs), including p38, ERK1/
2, and JNK1/2, has been suggested to be important for the increase in
MMP-9 expression and activity26,27. As shown in Figure 5A, p38,
ERK1/2, and JNK1/2 phosphorylation increased rapidly in control
HT1080 cells in response to PMA stimulation. However, in WEF-
treated cells, PMA-induced p38 and JNK phosphorylation was
almost completely blocked. Because MAPKs act as upstream
modulators of the transcription factor NF-kB, which is involved in
MMP expression and invasion in various cancer cells28, we next
examined the effects of WEF on PMA-induced NF-kB activation.
As shown in Figure 5A, IkBa phosphorylation in control HT1080
cells was increased markedly by PMA stimulation and was
accompanied by IkBa degradation. However, in WEF-treated cells,
PMA-induced IkBa phosphorylation and degradation were almost
completely inhibited, such that the increase in the p-IkBa/IkBa ratio
was significantly lower in WEF-treated HT1080 cells than in control
cells. Because NF-kB activation also requires nuclear translocation of
the p65 subunit of NF-kB, we examined the cytoplasmic and nuclear
pool of p65 by Western blotting. As shown in Figure 5B, in control
cells the p65 subunit translocated from the cytosol to the nucleus

with PMA stimulation, whereas WEF treatment effectively blocked
p65 nuclear translocation in a dose-dependent manner. Collectively,
these results indicate that WEF suppressed the metastatic potential of
HT1080 cells by reducing MMP-9 activity via inhibition of p38, JNK,
and NF-kB activation. In B16F10 cells, TNF-awas used as an inducer
of MMP-9 and NF-kB activation29,30. As demonstrated in HT1080
cells, TNF-a-induced increases in the MMP-9 mRNA expression
and MMP-9 gelatinolytic activity were significantly decreased by
WEF treatment. In addition, WEF treatment effectively prevented
the increase in the ratio of p-IkBa/IkBa and slightly inhibited
phosphorylation of p38 and JNK in response to TNF-a stimulation
(Figure S5).

WEF suppressed tumor-induced angiogenesis in vitro and in vivo.
Tumor-induced angiogenesis, new blood vessel formation within solid
tumors, is essential for growth, invasion, and metastasis, and depends
on the secretion of angiogenic factors such as VEGF and bFGF by
tumor cells and macrophages into the ECM14,31. It has been
demonstrated that supernatants from various tumor cells, including
HT1080, A549, SW620, NCI-H460, and CL1-5 cells, trigger
angiogenic responses32–34. To examine the effects of WEF on tumor-
induced angiogenesis, we first evaluated the ability of HUVECs to
form tube-like structures on Matrigel after incubation with WEF-
treated or -untreated conditioned media (CM) from HT1080 or PC-
3 cells. As shown in Figure 6A, CM from control HT1080 and PC-3
cells induced robust tube formation. However, compared with CM
from control cells, the WEF-treated CM did not cause a significant
increase in the tube network, resulting in a reduced number, length,
and area of capillary-like structures, in a dose-dependent manner.
During tumor-induced angiogenesis, cancer cells strongly attract
endothelial cells by secreting pro-angiogenic factors. To evaluate the

Figure 4 | WEF reduces PMA-induced MMP-9 expression and MMP-9 activity. HT1080 cells pretreated with 25, 50, and 100 mg/ml WEF for 12 h in

serum-free media were stimulated with 5 nM PMA for additional 24 h. (A): MMP-9 mRNA levels were measured by RT-PCR and relative expression was

quantified after normalization to GAPDH. (B): CM were collected and analyzed for the MMP-9 level and MMP-9 activity by Western blotting and

zymography, respectively. Gelatin and type I collagen were used as MMP-9 substrates. Data are expressed as the mean 6 SD of two independent

experiments. The full size blot was shown in the Supplementary Figure S3 and band of interest is indicated with an arrow. #, p,0.01 vs. untreated control.

*, p,0.01 vs. PMA stimulation.
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effects of WEF on tumor-induced endothelial cell migration, HUVECs
and WEF-treated PC-3 cells were seeded in the upper and lower
chambers of Transwells, respectively, and then HUVECs were
allowed to migrate for 24 h. As shown in Figure 6B, control PC-3
cells in the lower chamber strongly induced HUVEC migration. WEF
treatment prevented PC-3 cells from attracting HUVECs in a dose-

dependent manner, indicating that WEF suppressed the tumor cell-
derived chemotactic motility of endothelial cells. To confirm the anti-
angiogenic effects of WEF-treated PC-3 cells in vivo, a Matrigel plug
assay was performed in athymic nude mice. As reported earlier35, PC-3
cells trapped in growth factor-reduced Matrigel increased angiogenesis
in the plugs markedly, exhibiting a bright red color (Figure 6C). In the

Figure 5 | WEF suppresses PMA-induced p38 and JNK phosphorylation as well as NF-kB activation. (A): After treatment with or without WEF

(100 mg/ml) for 12 h, cells were stimulated with PMA (5 nM) for 15, 30, or 60 min. Total cell lysates were subjected to Western blotting to evaluate

phosphorylation of p38, ERK, and JNK. Phosphorylation and degradation of IkBa were also measured. After normalization to tubulin, the relative ratios

of phosphorylated protein/total protein were calculated. (B): Cells pre-treated with WEF (25, 50, or 100 mg/ml) for 12 h were stimulated with PMA for

30 min and then subjected to Western blotting. Total cell lysates were measured for IkBa phosphorylation and degradation. Cytosolic and nuclear

fractions were prepared to evaluate nuclear translocation of the NF-kB p65 subunit after PMA stimulation. Tubulin and TBP were used as loading control

for cytosolic and nuclear compartment, respectively. Data are expressed as the mean 6 SD of two independent experiments. The full size blots were shown

in the Supplementary Figure S4 and band of interest is indicated with an arrow. #, p,0.01 vs. untreated control. *, p,0.01 vs. PMA stimulation.

www.nature.com/scientificreports
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presence of WEF, angiogenesis was inhibited and Hb levels were
decreased significantly, by 75–80%, in a dose-dependent manner.
Tumor growth was also suppressed by WEF, with a 30–40% plug
weight reduction, suggesting that WEF inhibited angiogenesis
initially and then suppressed tumor growth. Next, the effects of
WEF-treated CM on microvessel sprout formation were determined
using a rat aortic ring assay, a widely used ex vivo angiogenesis assay in
which several stages of angiogenesis, including endothelial cell
proliferation, migration, and tube formation, occur36,37. As shown in
Figure 6D, WEF-untreated control CM from HT1080 and PC-3 cells
effectively triggered microvessel sprouting around the aortic rings.
However, the sprout length around aortic rings incubated with
WEF-treated CM was relatively shorter than that around control
CM, suggesting that WEF antagonized tumor-induced angiogenesis.
To test whether the inhibitory effect of WEF-treated CM was
reversible, the CM was removed and the rings were further

incubated with EGM-2 media for an additional 3 days. Replacement
with EGM-2 media resulted in renewed vessel sprout formation
(Figure S6), indicating that the inhibition of vessel sprout formation
by WEF-treated CM was reversible and not due to cytotoxicity.

WEF decreased VEGF-a production by suppressing HIF-1a accu-
mulation and the Akt/mTOR pathway. The induction of new blood
vessel formation by tumor cells, tumor angiogenesis, is closely
associated with VEGF-a production. As shown in Figure 7A, the
mRNA levels of VEGF-a in HT1080 and PC-3 cells were high, but
WEF treatment decreased VEGF-a mRNA expression in a dose-
dependent manner. The protein level of VEGF-a in the CM was
also suppressed by WEF treatment (Figure 7B). Because VEGF-a is
an immediate downstream target of HIF-1a38, we examined whether
WEF inhibited HIF-1a protein accumulation and Akt/mTOR signal
transduction under CoCl2 treatment conditions, mimicking

Figure 6 | WEF suppresses tumor-induced angiogenesis. (A): Capillary-like tube formation by HUVECs induced by control CM or WEF-treated CM of

HT1080 or PC-3 cells was examined. The total tube area was measured using ImageJ software and expressed as the mean 6 SD of three random

fields. #, p,0.01 vs. untreated control. (B): PC-3 cells treated or untreated with WEF for 12 h were plated in the lower chamber of Transwell and incubated

in 0.5% serum media. HUVECs suspended in 0.5% serum media were added to the upper chamber and allowed to migrate across Transwell. After 24 h,

HUVECs migrated to the lower surface were stained and quantified using ImageJ software. #, p,0.01 vs. no PC-3 cells. *, p,0.01 vs. WEF-untreated PC-3

cells. (C): PC-3 cells (3 3 106/100 ml) suspended in serum-free RPMI were mixed with Matrigel, heparin, and WEF (0, 50, and 100 mg/ml). Matrigel

mixture was subcutaneously implanted into the ventral region of athymic nude mice. On day 14, Matrigel plugs were carefully removed and Hb contents

in plugs were quantified using Drabkin’s reagent kit. Data represent the mean 6 SD (n53). #, p,0.01 vs. Matrigel alone. *, p,0.01 vs. WEF-untreated

PC-3 cells. (D): Freshly prepared aortic rings were placed in a Matrigel-coated 48-well culture plate, incubated in EGM-2 for 3 days, and then replaced

with control CM or WEF-treated CM of HT1080 or PC-3 cells. After 3 days, sprouts from rat aortic rings were photographed and sprout length was

quantified. Data are expressed as the mean 6 SD (n53) #, p,0.01 vs. untreated control.
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physiological hypoxia. WEF decreased CoCl2-stimulated Akt and
mTOR phosphorylation markedly, consistent with their inhibitory
effects on HIF-1a protein accumulation (Figure 7C and Figure S7).
In B16F10 cells, WEF treatment decreased VEGF-a mRNA
expression dose-dependently, and remarkably suppressed CoCl2-
stimulated HIF-1a protein accumulation and Akt and mTOR
phosphorylation (Figure S8). However, WEF did not affect bFGF-
and VEGF-a-induced angiogenesis in Matrigel plugs; indeed, bFGF
and VEGF-a induced tube formation in HUVECs, and EGM-2
induced the migration of HUVECs (Figure S9), suggesting that
WEF exerted its anti-angiogenic influence by targeting cancer cells
but not endothelial cells.

Discussion
Solid tumors require angiogenesis, the formation of new blood ves-
sels from pre-existing ones, for growth and metastasis. Without
angiogenesis, tumor growth is restricted to a few millimeters and
tumor cells cannot escape into the circulation to metastasize9. In vivo,
tumor-induced angiogenesis begins when tumor cells make an
‘angiogenic switch’ by releasing pro-angiogenic factors such as
VEGF, bFGF, angiopoietin, and MMPs, which, in turn, stimulate
existing blood vessels to initiate angiogenesis17. In a study by
Zheng et al., MMP-2, MMP-9, and VEGF expression was found to

be associated positively with tumor size, invasive depth, lymphatic
and venous invasion, and lymph node metastasis and to be intimately
involved in the growth, angiogenesis, and progression of gastric car-
cinomas7. Recent studies have reported that invasive cells express
MMP-9 at higher levels and that its expression is closely linked with
vascular invasion and aggressive malignant phenotypes. Increased
VEGF expression is closely associated with increased intratumoral
microvessel density and a poor prognosis in breast cancer patients7,39.
Thus, the discovery of agents to inhibit the production of pro-angio-
genic factors in tumor cells is a promising strategy that can limit the
spread of cancer cells to a new site, improving the efficacy of cancer
therapy and cancer patient survival.

E. fortunei has been used medicinally in both Japan and China. In
traditional Chinese medicine, it has been prescribed for nausea, vom-
iting, and loss of appetite due to dampness or summer heat.
Additionally, it is used for stomach flu and acute gastritis in com-
bination with other herbs, including Agastache rugosa19,40. E. fortunei
contains alkaloids, which can be tumorigenic with excessive con-
sumption41. Thus, it is important to check any decoction at regular
doses for the absence of side effects. In this study, we demonstrated
that oral administration of WEF at 50 mg/kg suppressed the pulmo-
nary metastasis of B16F10 melanoma cells in vivo with no apparent
adverse effects, suggesting that WEF can be used as a safe and effec-
tive remedy for cancer management.

Figure 7 | WEF inhibits VEGF-a production and HIF-1a expression. (A): HT1080 and PC-3 cells were treated with 25, 50, and 100 mg/ml WEF for 24 h

and VEGF-a mRNA levels were measured by RT-PCR. Relative ratio was quantified after normalization to GAPDH. (B): HT1080 and PC-3 cells

were treated with WEF (25, 50, and 100 mg/ml) for 48 h, and the level of VEGF-a in CM was determined by ELISA. #, p,0.01 vs. untreated control.

(C): PC-3 cells were pretreated with WEF (25, 50, and 100 mg/ml) for 12 h, and then stimulated with 100 mM CoCl2 for 6 h. Total cell lysates were

subjected to Western blotting to measure the levels of HIF-1a, phosphorylated Akt and mTOR. After normalization to tubulin, the relative ratios were

calculated. Data are expressed as the mean 6 SD of two independent experiments. The full size blots were shown in the Supplementary Figure S10 and

band of interest is indicated with an arrow. #, p,0.01 vs. untreated control.
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In this study, we used CM from tumor cells as an inducer to
stimulate endothelial cells for an in vitro angiogenesis assay to mimic
in vivo tumor-induced angiogenesis. As reported by Ito et al.42, we
observed that CM from HT1080 cells promoted the growth of
HUVECs and increased tube formation on Matrigel. In contrast,
WEF-treated tumor cells showed decreased production of MMP-9
in the CM; consequently, proteolytic activity against gelatin and
collagen, and migration/invasion through Matrigel by WEF-treated
cells were lower than those by control cells. WEF also inhibited the
production of VEGF-a by tumor cells, thereby suppressing tumor-
induced capillary-like tube formation and HUVEC migration.
Furthermore, WEF-treated CM suppressed sprouting in an ex vivo
aortic ring assay. In a Matrigel plug assay, the WEF-containing
tumor xenograft showed not only a significant reduction in growth,
but also decreased neovascularization, supporting the in vivo anti-
angiogenic potency of WEF. WEF had no direct effect on endothelial
cells in terms of migration, tube formation, or angiogenesis.
Collectively, these results suggest that WEF has anti-metastatic and
anti-angiogenic potency, targeting cancer cells but not endothelial
cells.

In response to PMA stimulation, MAPK activation and sub-
sequent NF-kB activation occurred, resulting in MMP-9 activation,
which is involved in cancer cell adhesion, invasion, and angiogen-
esis26. In this study, we found that WEF almost completely blocked
PMA-induced p38 and JNK phosphorylation, and dramatically
decreased PMA-induced NF-kB activation, consequently suppres-
sing cellular metastatic potential by downregulating MMP-9 activity.
PC-3 and HT1080 cells also produced high levels of VEGF under
normoxic conditions, and WEF inhibited VEGF expression. Under
hypoxic conditions, PC-3 and HT1080 cells accumulated HIF-1a,
which activates VEGF expression by binding the hypoxia response
element in the VEGF promoter region, and which plays a pivotal role
in tumor adaptation to the microenvironment. It has been reported
that HIF-1a is overexpressed in many human cancers and their
metastatic foci, and it correlates with increased vessel density and
resistance to chemo/radiotherapy38. Thus, factors that regulate HIF-
1a activity are potential targets for cancer treatment. As shown in
Figures 7C and S7, WEF inhibited hypoxia-induced HIF-1a accu-
mulation by suppressing Akt/mTOR signaling, supporting the find-
ing that WEF inhibited PC-3 tumor xenograft growth and
angiogenesis in nude mice (Figure 6C).

In summary, our data indicate that WEF exerted anti-metastatic
and anti-angiogenic effects on malignant cancer cells both in vitro
and in vivo by targeting key molecules involved in tumor progres-
sion, including MMP-9 and VEGF. Furthermore, we observed the
potent therapeutic efficacy of WEF against pulmonary metastasis in
mice, with no apparent side effects. These results indicate that WEF
may be a candidate agent against malignant metastatic human
cancers.

Methods
Cells. HT1080 cells (KCLB No. 10121, human fibrosarcoma), PC-3 cells (KCLB No.
21435, human prostate adenocarcinoma), and B16F10 cells (KCLB No. 80008,
murine melanoma) were obtained from Korean Cell Line Bank (Seoul, Korea) in
2012, where they were characterized by DNA fingerprinting. Cells were maintained in
RPMI1640 or Dulbecco’s modified Eagle’s medium (DMEM, Cellgro, Manassas, VA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Cellgro) and
100 U/ml penicillin/100 mg/ml streptomycin (Cellgro) at 37uC in a humidified 5%
CO2 incubator. Human umbilical vein endothelial cells (HUVECs) purchased from
Innopharmascreen (Asan, Korea) in October 2012 were maintained in Endothelial
cell Growth Medium-2 (EGM-2; PromoCell, Heidelberg, Germany) and used at
passages 3 to 8. Cells were routinely screened for Mycoplasma contamination.

Animals. Specific pathogen-free (SPF) female C57BL/6J mice and athymic nude mice
were purchased from Taconic Farms Inc. (Samtako Bio Korea, Osan, Korea) and
Nara Biotech (Seoul, Korea), respectively. Male Sprague-Dawley rats were obtained
from Taconin Farms Inc. (Samtako Bio Korea). Mice and rats were housed under
constant conditions (12 h/12 h light/dark cycles at 22 6 1uC and 55 6 5% humidity)
under SPF conditions. All animal experiments were performed according to the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health

and approved by the Animal Care and Use Committee at Korea Institute of Oriental
Medicine with a reference number of #13-67, #13-94, and #14-27.

Reagents and antibodies. Type A gelatin from porcine skin, type I collagen from calf
skin, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT),
phorbol 12-myristate 13-acetate (PMA), and mitomycin C were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Growth factor-reduced Matrigel
Basement Membrane Matrix was obtained from BD Biosciences (Bedford, MA,
USA). Recombinant murine vascular endothelial growth factor 165 (rMu VEGF165)
and tumor necrosis factor-a (rMu TNF-a) were purchased from PromoKine
(Heidelberg, Germany). Antibodies against MMP-9, IkBa, pIkBa, NF-kB p65, p38,
p-p38, ERK, p-ERK, JNK, p-JNK, Akt, p-Akt, mTOR, p-mTOR, TBP, and tubulin
were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-HIF-1a
antibody was purchased from BD Bioscience (Pharmingen, San Diego, CA).

Preparation of WEF. Dried E. fortunei was purchased from Yeongcheon Oriental
Herbal Market (Yeongcheon, Korea) and deposited in the herbal bank of KM-based
Herbal Drug Development Group, Korea Institute of Oriental Medicine (KIOM;
Daejeon, Korea) after verifying by Professor Ki Hwan Bae of the College of Pharmacy,
Chungnam National University (Daejeon, Korea). Dried WEF (50 g) placed in 1 L
D.W was heat-extracted at 115uC for 3 h in an Cosmos-600 Extractor (Gyeonseo Co.,
Inchon, Korea). The extract was filtered through a testing sieve (150 mm, Retsch,
Haan, Germany), evaporated on a rotary evaporator, and then concentrated by
lyophilization. Freeze-dried WEH powder (50 mg) was dissolved in 1 ml 10% DMSO
(v/v) and filtered through a 0.22 mm disk filter.

Safety assessment after oral administration of WEF. C57BL/6J mice (n53 per
group) at 5 weeks of age were fed vehicle (saline) or 50 mg/kg WEF daily for 15-day
experimental period. Body weight was daily measured and gross appearance and
behavior were carefully monitored. At the time of sacrifice, weight of major organs
including heart, liver, lung, spleen, and kidneys were measured. Hematological and
serological parameters were measured using ADVIA 2120i hematology system
(Siemens Healthcare Diagnostics, Tarrytown, NY) and XL 200 (Erba Diagnostics
Mannheim, Germany), respectively.

Cell cytotoxicity assay. To determine cytotoxicity of WEF, 5 3 103 cells were plated
in 96-well culture plates, treated with various concentrations of WEF (10 to 500 mg/
ml) for 48 h, and then MTT assay was performed as described previously43.

Anchorage-independent cell growth in soft agar. Cells (5 3 104) suspended in 2 ml
medium with specified concentrations of WEF, 0.3% agar, and 10% FBS were plated
over the bottom agar pre-solidified with 3 ml medium containing 0.6% agar and 10%
FBS. Colony formation was daily observed under a phase-contrast microscope and
colonies were photographed.

Wound healing cell migration assay. Cells plated on a 60-mm culture dish with 90%
confluence were pre-treated with mitomycin C (25 mg/ml) for 30 min to inhibit
proliferation, and then an injury line with a width of 2 mm was made by scraping
across the cell monolayer with sterile scraper. After floating cell debris was removed
by washing with PBS, cell migration in the presence of WEF was monitored under a
phase-contrast microscope and photographed.

Transwell migration and invasion. The ability of cells to migrate and invade was
measured using a Transwell chamber with polycarbonate membrane (10 mm
diameter, 8 mm pore size) as described previously22,23. For HUVECs migration, EGM-
2, bFGF (1 mg/ml), VEGF-a (100 ng/ml), or CM from cancer cells were used as
attractant. For the collection of CM, cells were treated with WEF for 24 h in complete
media conditions, washed twice with 0.5% serum media, and then incubated for
another 24 h in 0.5% serum media.

In vivo pulmonary metastasis assay. B16F10 cells (3 3 105 cells/200 ml PBS) were
injected via the tail veins of C57BL/6J mice. Mice were randomly divided into 2
groups (n54 for each group) and started to administrate vehicle (saline) or 50 mg/kg
WEF (day 0). After daily administration for 17 days, mice were sacrificed and lungs
were fixed in Bouin’s solution (Sigma) for counting black colonies macroscopically.

Reverse transcription and polymerase chain reaction (RT-PCR). Total RNA was
extracted using RNA extraction solution (BioAssay Co., Daejeon, Korea) and 3 mg
RNA was reverse transcribed to cDNA using 1st Strand cDNA Synthesis kit (BioAssay
Co.) according to the manufacturer’s instruction. The cDNA aliquots were analyzed
by semi-quantitative PCR. After PCR products were electrophoresed on agarose gels
and stained with GreenLightTM (BioAssay Co., Daejeon, Korea), band intensity was
quantitatively analyzed using ImageJ software (National Institute of Health, USA).

Western blot analysis. Whole cell lysates and nuclear/cytosolic extracts were
obtained using M-PER Mammalian Protein Extraction Reagent and NE-PER nuclear
and Cytosolic Extraction Reagent (Thermo Scientific, Rockford, IL), respectively.
Aliquots of protein resolved by SDS-PAGE were immunoblotted with specific
antibodies and detected as described previously22,23.

Zymography. Cells pre-incubated with WEF in serum-free media for 12 h were
stimulated with 5 nM PMA for an additional 24 h. Collected serum-free CM were
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electrophoresed on an 8% SDS-PAGE containing 0.1% gelatin or 4 mg/ml collagen.
After washing with washing buffer (50 mM Tris-HCl, pH7.5, 100 mM NaCl, 2.5%
Triton X-100), gels were incubated in reaction buffer (50 mM Tris-HCl, pH7.5,
150 mM NaCl, 10 mM CaCl2, 0.02% NaN3, 1 mM ZnCl2) at 37uC for 24 h. Gels were
stained with Coomassie Brilliant Blue R-250 staining solution (Bio-Rad Laboratories,
Hercules, CA, USA) and destained with 10% isopropanol/10% acetic acid (v/v)
solution. Gelatinase and collagenase activities were visualized as clear bands against
blue background.

Determination of VEGF level by ELISA. Cells were treated with indicated
concentrations of WEF for 48 h and CM was collected by centrifugation at
12000 rpm for 10 min. The levels of VEGF in CM were determined with the Human
ELISA Development kit (Peprotech, Rocky Hill, NJ, USA) according to the
manufacturer’s instruction.

Endothelial cell capillary-like tube formation assay. HUVEC tube formation assay
was performed using an ECMatrix assay kit (Millipore, Temecula, CA, USA)
according to the manufacturer’s instruction. In brief, chilled ECMatrix (10 ml) was
transferred to each well of a pre-cooled 1 m-Slide Angiogenesis ibiTreat chamber
(ibidi GmbH, Germany) and allowed to solidify for 30 min at 37uC. HUVECs (5 3

103cells) suspended in WEF-treated CM (50 ml) were seeded onto the surface of
polymerized ECMatrix and incubated for 8 h at 37uC in 5% CO2. Tube networks were
observed under phase-contrast inverted light microscopy and photographed. Tube
formation was quantified by measuring area of these capillary-like structures in five
fields of view in each well.

Matrigel plug assay. To evaluate tumor-induced angiogenesis, PC-3 cells (3 3 106/
100 ml serum-free medium) mixed in Matrigel (500 ml) with heparin (50 U/ml) and
WEF were subcutaneously injected into the abdomen of athymic nude mice. At day
14 after implantation, Matrigel plugs were carefully removed and hemoglobin
content in gel plugs was determined using a Drabkin’s reagent kit (Sigma) as
described previously30. The concentration of hemoglobin was calculated based on the
set of hemoglobin standard (Sigma).

Rat aortic ring sprouting assay. Dorsal aortas were isolated from 6-week-old
Sprague-Dawley rats in a sterile manner and rinsed in cold PBS. Aortas were
transversely cut into rings with 1 mm thickness using surgical blade, then each ring
was placed in 48-well culture plates pre-coated with 100 ml of Matrigel and sealed
with 40 ml of Matrigel. EGM-2 were added to the wells in a final volume of 400 ml and
incubated for 3 days. After confirming sprouts emerged from the aortic rings and
grew outward, medium was changed with control CM or WEF-treated CM and
microvessel outgrowths were observed under phase-contrast inverted light
microscopy and photographed.

Statistical analysis. The values were represented as means 6 standard deviation
(SD). Statistical significance of the difference between groups was analyzed by Two-
way analysis of variance (ANOVA) and Student’s t-test with the SigmaPlot 8.0
software. P value less than 0.05 was considered significantly different.
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