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Natural bioactives or phytochemicals are generally referred
to as the compounds that have specific biological activity
in human. Studies have shown that natural phytochemicals
derived from certain plants have the capability to prevent
carcinogenesis. In this special issue, we collected numer-
ous studies which provide novel evidence to support the
opinion. For instance, [6]-gingerol prevents disassembly of
cell junctions and activities of MMPs in invasive human
pancreas cancer cells; butein inhibits angiogenesis of human
endothelial progenitor cells; the anticancer effects of sterol
fraction come from red algae porphyra dentata; zeaxanthin
induces apoptosis in human uveal melanoma cells; and
ocotillol enhanced the antitumor activity of doxorubicin. It is
therefore believed that the appropriate application of natural
bioactives or phytochemicals should be a supplementary and
safe way to prevent carcinogenesis and/or to enhance the
efficacy of cancer therapy.

Shun-Fa Yang
Chia-Jui Weng
Gautam Sethi
Dan-Ning Hu



Hindawi Publishing Corporation
Evidence-Based Complementary and Alternative Medicine
Volume 2013, Article ID 817674, 9 pages
http://dx.doi.org/10.1155/2013/817674

Research Article
Subtoxic Levels of Apigenin Inhibit Expression and Secretion of
VEGF by Uveal Melanoma Cells via Suppression of ERK1/2 and
PI3K/Akt Pathways

Shih-Chun Chao,1,2 Sheng-Chieh Huang,2 Dan-Ning Hu,3 and Hung-Yu Lin1,4

1 Department of Ophthalmology, Show Chwan Memorial Hospital, Changhua 500, Taiwan
2 Institute of Electrical and Computer Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan
3 Tissue Culture Center, The New York Eye and Ear Infirmary, NY 10003, USA
4Department of Optometry, Yuan Pei University, Hsinchu 30015, Taiwan

Correspondence should be addressed to Hung-Yu Lin; anthonyhungyulin@hotmail.com

Received 5 September 2013; Accepted 23 September 2013

Academic Editor: Shun-Fa Yang

Copyright © 2013 Shih-Chun Chao et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The effects of apigenin on the expression of VEGF in uveal melanoma cells have not been reported. We studied this effect and
relevant signaling pathways in two human uveal melanoma cell lines (SP6.5 and C918). ELISA assay revealed that the constitutive
secretion of VEGF by uveal melanoma cells was 21-fold higher than that in normal uveal melanocytes. Apigenin at subtoxic levels
(1–5𝜇M) significantly suppressed the secretion of VEGF in a dose- and time-dependent manner in melanoma cells. VEGF levels
in the conditioned culture media from SP6.5 and C918 cell lines treated with 5𝜇M apigenin for 24 h reduced to 29% and 21% of
those in cells not treated with apigenin, respectively. RT-PCR analysis found that apigenin also decreased the expression of VEGF
mRNA in melanoma cells. ELISA study of various signal pathways showed that apigenin significantly decreased phosphorylated
Akt and ERK1/2 but increased phosphorylated JNK1/2 and p38 MAPK levels in melanoma cells. PI3K/Akt or ERK1/2 inhibitors
significantly decreased, but JNK1/2 andp38MAPK inhibitors did not influence the secretion ofVEGFbymelanoma cells, suggesting
that apigenin suppresses the secretion of VEGF mainly through the inhibition of PI3K/Akt and ERK1/2 pathways.

1. Introduction

Uveal melanoma is the most common primary malignant
intraocular tumor in adults in western countries [1]. This
malignant tumor develops in one of the most capillary-
rich tissues of the body and has a purely hematogenous
dissemination.The mortality rate of uveal melanoma, is high
because of the frequent occurrence of metastases, mainly in
the liver. There is no efficient treatment for metastatic uveal
melanoma and most of these patients died within 6 months
after the metastasis [2, 3].

Angiogenesis is required for tumor growth and metas-
tasis. VEGF or VEGF A is a vascular endothelial mitogen
and stimulator of angiogenesis. VEGF plays a critical role in
tumor angiogenesis and in the growth and metastasis of var-
ious cancers [4, 5]. It has been reported that uveal melanoma

cells have a high constitutive expression and secretion of
VEGF [6, 7]. A high serum VEGF level is associated with
metastasis of uveal melanoma [8, 9].Therefore, inhibiting the
secretion of VEGF is becoming a target for uveal melanoma
therapy [6].

Flavonoids are a family of polyphenolic compounds syn-
thesized by plants with a similar structure and are divided
into subclasses, including anthocyanidins, flavanols, fla-
vanones, flavonols, flavones, and isoflavones. Epidemiologi-
cal and case-control studies have suggested that high intake of
various flavonoids from vegetables and fruits were inversely
associated with risk of various cancers [10, 11]. Apigenin
is a flavonoid belonging to the flavone subgroup and is
present in various fruits, vegetables, herbs, and Chinese
traditional medications [10, 11]. Apigenin inhibits the growth
and invasion of various types of cancer in experimental
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animals and in vitro [10, 11]. Recently, it has been reported
that apigenin also inhibits the secretion of VEGF in several
types of malignant tumor cells [12–21].

The effects of apigenin on the expression and secretion of
VEGF by uveal melanoma cells have not been reported. We
have developed the methodology for isolation, cultivation,
and study of normal human uveal melanocytes, established
many uveal melanocyte cell lines, and collected several
human uveal melanoma cell lines [22–25]. The purpose of
this study was to compare the constitutive secretion of VEGF
in uveal melanoma with normal uveal melanocytes, and to
investigate the effects of apigenin on the expression and
secretion of VEGF by uveal melanoma cells and the relevant
signal pathways.

2. Materials and Method

2.1. Reagents. F-12 culture medium, Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), phos-
phate buffered saline (PBS), 0.05% trypsin-0.02% EDTA
solution, and gentamicin were purchased from GIBCO
(Grand Island, NY, USA). Apigenin, isobutylmethylxan-
thine, cholera toxin, dimethyl sulfoxide (DMSO), and 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma (St. Louis, MO, USA).
Basic fibroblast growth factor was purchased fromPeproTech
(Rocky Hill, NJ, USA).

2.2. Cell Culture. The constitutive levels of VEGF secretion
were tested in three human uveal melanoma cell lines
(MP17, SP6.5 and C918) and compared to those in three
different human normal uveal melanocyte cell lines. M17
melanoma cell line (isolated from a primary choroidal
melanoma patient), and primary cultures of human normal
uveal melanocytes (all from the choroid) were established
in the Tissue Culture Center of the New York Eye and Ear
Infirmary as previously reported [22]. SP6.5 melanoma cell
line was isolated from a primary choroidal melanoma patient
and was provided by Dr. Guy Pelletier (Research Center of
Immunology,Quebec, Canada) [26].Melanoma cell lineC918
was derived from a choroidal melanoma patient with liver
metastasis at the University of Iowa and was provided by
Dr. Robert Folberg (University of Illinois, Chicago) and Dr.
Xiaoliang LeonXu (Memorial SloanKetteringCancerCenter,
NY) [27]. BothM17 and SP.6.5 cell lines were originated from
nonmetastatic uveal melanoma, and C918 is a metastatic and
aggressive melanoma cell line [22, 26, 27]. Uveal melanoma
cells were cultured in DMEM culture medium with 10%
FBS, and uveal melanocytes were cultured in FIC medium
with 10% FBS [22]. Cells were incubated at 37∘C in a CO

2

regulated incubator in a humidified 95% air/5% CO
2
atmo-

sphere. After cultures reached confluence, cells were detached
with trypsin-EDTA solution and passaged. All tissues were
obtained with premortem consent in accordance with the
laws and regulations in place in the various jurisdictions.

2.3. Comparison of VEGF Secretion between Uveal Melanoma
Cells and Normal Melanocytes. Early passages of three cell

lines of cultured uveal melanocytes and three cell lines of
uveal melanoma (M17, SP6.5 and C918) were plated into
24-well plates at a density of 1 × 105 per well. After 24 h,
the culture medium was withdrawn, washed with PBS,
and replaced with serum-free culture medium. Conditioned
media were collected 24 h later, centrifuged, and the super-
natants were stored at −70∘C until analysis. All experiments
were performed in triplicate.

2.4. MTT Assay for Cell Viability. Uveal melanoma cells were
seeded into 96-well plates at a density of 5 × 103 cells per
well. Apigenin (1.08mg) was dissolved in 1mL DMSO to
make a stock solution of 2mM. The cells in the control
group were cultured in medium containing the same levels
of DMSO as in the apigenin solution. After 48 h cultured
with apigenin, MTT solution (1mg/mL, 50𝜇L) was added.
After 4 h incubation, the medium and MTT were aspirated
and 100 𝜇L of DMSO was added. Optical density of the
plates was determined with a microplate reader (Multiskan
MCC/340, Fisher Scientific, Pittsburgh, PA, USA) at 540 nm.
The optical density in control (untreated) cells was taken as
100% viability. All tests were performed in three independent
experiments.

2.5. VEGF Secretion in Uveal Melanoma Cells with Apigenin
Stimulation. Uveal melanoma cells (SP6.5 and C918) were
plated into 24-well plates at a density of 1 × 105 per well. In the
dose-effect study, after 24 h culture, the culturedmediumwas
withdrawn, washed, and replaced with serum-free medium.
Apigenin at different concentrations (0, 1.0, 2.0, and 5.0𝜇M)
was added to the media. After 24 h, conditioned media were
collected and stored as described above. In the time-effect
study, apigenin at 5𝜇M was added into the culture medium.
Conditioned media were collected at 6, 12, and 24 h later
and stored as described above. Cultures without apigenin
were used as the control. All tests were performed in three
independent experiments.

2.6. Measurement of VEGF Levels. The amount of VEGF
protein in the conditioned media was determined using
the human VEGF (VEGF-A) Quantikine ELISA kit (R&D
Systems, Minneapolis, MN, USA) according to the manu-
facturer’s instructions. Optical density was read by using a
microplate reader at 450 nm. The amount of VEGF (pg/mL)
was calculated from a standard curve. The sensitivity of this
kit was 5 pg/mL.

2.7. RNA Isolation and RT-PCR. Uveal melanoma cells
(SP6.5) were plated into 6-well plates at a density of 5 × 105.
After 24 h, the culture medium was replaced with serum-
free culture medium. Apigenin at different concentrations
(0, 1.0, 2.0, and 5.0 𝜇M) was added to the media, and cells
were collected at 6 h later. After the culture medium was
withdrawn, the cultures were washed with cold PBS, and cells
were harvested by scraping with a rubber policeman. Cells
cultured without apigenin were used as negative controls.
After microcentrifuging at 800×g for 5min at 4∘C, cell
pellets were collected for mRNA extraction. Total RNA was
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isolated with the RNeasy PureLink RNA Mini Kit (Life
Technology, Carlsbad, CA, USA), according to the manu-
facturer’s instructions. The SuperScript first-strand synthesis
system for RT-PCR kit (Invitrogen, Camarillo, CA, USA)
was used to perform cDNA synthesis. The PCR primers
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were TGAACTGAPIGENINGCTCTCCACC, CTGATGTA-
CCAGTTGGGGAA. VEGF primers were AGGGCAGAAT-
CATCACGAAGT, AGGGTCTCGATTGGATGGCA. Both
primers were obtained from Invitrogen. The first-strand
cDNAs were synthesized from 0.5𝜇g of total RNA at 50∘C
for 50min. PCR amplification was conducted in a GeneAmp
PCR system9700 (AppliedBiosystems, FosterCity, CA,USA)
using the following parameters: first denaturation at 94∘C
for 5min followed by 35 cycles of reactions of denaturation
at 94∘C for 30 s, annealing at 58∘C for 45 s, extension at
72∘C for 45 s, and last extension on for 5min at 72∘C. After
amplification, samples were run on a 1% agarose gel (Invitro-
gen) in TBE (0.01M Tris-borate) 0.001M EDTA (Invitrogen)
containing 2.0𝜇g/mL ethidium bromide (Invitrogen). Bands
were visualized and photographed on a UV transilluminator
(ChemiDoc XRS System, Bio-Rad, Hercules, CA, USA).

2.8. Phosphorylated Akt, ERK, JNK, and p38 MAPK Assay.
Uveal melanoma cells (SP6.5) were seeded into 6-well plates
at a density of 1 × 106. After 24 h, apigenin at different
concentrations (0, 1.0, 2.0, and 5.0 𝜇M) was added. After
1 h, the cultures were washed with cold PBS, and cells
were harvested by scraping with a rubber policeman. Cells
cultured without apigenin were used as the negative controls.
After microcentrifuging for 5min at 4∘C, pellets were treated
with ice-cold Cell Extraction Buffer (Biosource, Carlsbad,
CA, USA) with Protease Inhibitor Cocktail (Sigma) and
PMSF (Biosource) for 30min, with subsequent vortexing
at 10min intervals. Cell extractions were microcentrifuged
at 13,000 rpm for 10min at 4∘C. The supernatants were
collected and stored at −70∘C until analysis. Phosphorylated
Akt, extracellular signal-regulated kinases 1/2 (ERK1/2), c-
Jun N-terminal kinase (JNK1/2), and p38 mitogen-activated
protein kinase (MAPK) measurement were performed in
triplicate by using phosphorylated Akt, ERK1/2, JNK1/2 and
p38 MAPK ELISA kits (Biosource), respectively, according
to the protocol outlined by the manufacturer, and were
expressed as percentages of the control (cells not exposed
to apigenin). The sensitivity of ERK, JNK, and p38 MAPK
ELISAkits was 0.8U/mL andwas 1.6U/mL forAkt ELISA kit.

2.9. Effects of Akt, ERK, JNK and p38 MAPK Inhibitors
on Secretion of VEGF by Uveal Melanoma Cells. Uveal
melanoma cells were plated into 24-well plates at a density
of 1 × 105 cells per well. After 24 h incubation, the medium
was changed, and various signal inhibitors were added
to the medium separately, including 10 𝜇M of LY294002
(PI3K/Akt inhibitor), UO1026 (ERK inhibitor), SP600125
(JNK inhibitor), and SB203580 (p38 MAPK inhibitor), all
from Calbiochem, San Diego, CA, USA. Thirty min later,
apigenin was added to the medium at a final concentration
of 5 𝜇M. Cells cultured without any signal inhibitor were

0
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300
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Figure 1: Constitutive secretion of VEGF by human uveal
melanoma cells and normal uveal melanocytes. Three different
primary cultures of uvealmelanocytes (UM1-3) anduvealmelanoma
cells from 3 different cell lines (SP6.5, M17, and C918) were plated
into 24-well plates. After 24 h, culture medium was removed and
cultures were washed by PBS. Serum-free culture medium was
added and cultured for 24 h. Conditioned media were collected,
and the amount of VEGF protein was determined by using the
human VEGF Quantikine ELISA kit. VEGF levels in conditioned
culture medium were expressed as pg/mL. VEGF levels in culture
medium from melanoma cells were significantly higher than that
from normal melanocytes (𝑃 < 0.05). Data are mean ± SD (𝑛 = 3).

used as the controls. After 24 h incubation, the conditioned
media were collected and stored. The VEGF protein levels in
the supernatants were determined using the human VEGF
Quantikine ELISA kit as described above. Tests were per-
formed in triplicate.

2.10. Statistical Analysis. Statistical significances of difference
of means throughout this study were calculated by ANOVA
one-way test in comparing data from more than two groups
and Student’s 𝑡-test in comparing data between two groups.
The data was analyzed using SPSS statistical software (SPSS
Inc., Chicago, IL, USA). A difference at 𝑃 < 0.05 was consid-
ered to be statistically significant.

3. Results

3.1. Comparison of VEGF Secretion between Uveal Melanoma
Cells and Uveal Melanocytes. VEGF levels in the conditioned
culture media from uveal melanoma and uveal melanocytes
were measured and compared. In cells cultured with serum-
free medium, VEGF levels were 359 ± 43.6 pg/mL and 14.3 ±
3.7 pg/mL in the conditioned media of uveal melanoma cells
and uveal melanocytes, respectively (Figure 1). The VEGF
levels in the conditioned medium from uveal melanoma cells
were 25-fold those fromnormal uvealmelanocytes; the differ-
ence was statistically significant (𝑃 < 0.05). The secretion of
VEGF by uveal melanoma cells (1486 ± 243 pg/106 cells/24 h)
was also significantly greater than that by normal uveal
melanocytes (67.4 ± 4.8 pg/106 cells/24 h) (𝑃 < 0.05), indi-
cating that uveal melanoma cells have a much higher
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Figure 2: Dose effect of apigenin on cell viability of uveal melanoma cells. Human uveal melanoma cells SP6.5 (a) and C918 (b) were seeded
into 96-well plates and treatedwith apigenin at various doses for 48 h, and cell viability was determined byMTTassay (seeMethods). Apigenin
at 1–5 𝜇Mdid not affect, whereas 10 𝜇Mapigenin significantly decreased the cell viability of uveal melanoma cells. Data aremean ± SD (𝑛 = 3).
∗

𝑃 < 0.05, versus control (cells cultured without apigenin).

constitutively secretion of VEGF (21-fold) as compared with
their normal counterparts.

3.2. Effects of Apigenin at Different Levels on Cell Viability
of Uveal Melanoma Cells. In uveal melanoma cells (SP6.5
and C918) cultured with apigenin at 1.0–5.0𝜇M, the reading
of MTT test showed no significant difference as compared
with cells cultured without apigenin (Figure 2), indicating
that apigenin at 5 𝜇M or less did not affect the viability of
both cell lines. Cell viability in uveal melanoma cells was
decreased only at cells treatedwith 10𝜇Mapigenin (Figure 2).
Therefore, apigenin at 5 𝜇Mor less was used for the studies of
effects of subtoxic levels of apigenin on the expression and
secretion of VEGF from uveal melanoma cells.

3.3. Effects of Apigenin on VEGF Secretion by Uveal melanoma
Cells. Apigenin at different levels (1.0, 2.0, and 5.0 𝜇M)
significantly decreased the VEGF protein levels in the con-
ditioned medium in a dose-dependent manner (Figure 3).
VEGF levels in the conditioned medium from cells (SP6.5)
cultured without apigenin were 415± 29 pg/mL. VEGF levels
in conditioned media from cells cultured with apigenin (1.0,
2.0, and 5.0 𝜇M) for 24 h were 74%, 51%, and 29% of the
control values, respectively (Figure 3(a)). The difference of
VEGF levels between apigenin treated cells and the controls
was statistically significant at all levels of apigenin (𝑃 < 0.05).
Studies in C918 melanoma cell line showed similar results
(Figure 3(b)).

Apigenin inhibition of secretion of VEGF by uveal
melanoma was also time dependent (Figure 3). VEGF levels
in the conditionedmedia fromSP6.5melanoma cells cultured
with apigenin (5.0 𝜇M) for 6, 12, and 24 h were 85%, 54%, and
31% of the control, respectively (Figure 3(c)). The difference
of VEGF levels between apigenin treated cells and the
controls was statistically significant in cells treated for 6, 12,

and 24 h (𝑃 < 0.05). Studies in C918 melanoma cell line
showed similar results (Figure 3(d)).

3.4. Effects of Apigenin on Expression of VEGF mRNA by
Uveal Melanoma. The RT- PCR analysis demonstrated that
VEGF mRNA was expressed in uveal melanoma cells (SP6.5
cell line) cultured without apigenin (Figure 4). Apigenin
decreased VEGF mRNA expression in the uveal melanoma
cells in a dose-dependent manner (Figure 4), indicating that
apigenin also downregulates the expression of VEGF mRNA
in uveal melanoma cells.

3.5. Effects of Apigenin on Phosphorylated Akt, ERK, JNK, and
p38 MAPK Levels in Uveal Melanoma Cells. Apigenin treat-
ment (5𝜇Mwith 1 h incubation) significantly decreased both
phosphorylated Akt and ERK1/2 levels in uveal melanoma
cells (SP6.5 cell line) in a dose-dependent manner (Figures
5(a) and 5(b)). On the other hand, phosphorylated JNK1/2
and p38MAPK levels were significantly increased in apigenin
treated uveal melanoma cells in a dose-dependent manner
(Figures 5(c) and 5(d)).

3.6. Effects of Various Signal Inhibitors on the Secretion of
VEGF by Uveal Melanoma Cells. VEGF protein levels in
the conditioned media from uveal melanoma cells (SP6.5
cell line) cultured without any signal inhibitors were 437 ±
36 pg/mL (control). Treatment of cells with LY294002
(PI3K/Akt inhibitor) and UO1026 (ERK inhibitor) signif-
icantly decreased VEGF levels in the conditioned media
(𝑃 < 0.05) (Figure 6). VEGF levels in the conditioned media
from SP600125 (JNK1/2 inhibitor) and SB203580 (p38MAPK
inhibitor) treated cells did not show significant changes as
compared with the control (𝑃 > 0.05) (Figure 6). These
results suggest that VEGF secretion by uveal melanoma cells
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Figure 3: Dose- and time-effects of apigenin on the secretion of VEGF by human uveal melanoma cells. Cells were plated into 24-well plates.
In the dose-effect study, apigenin at 0, 1, 2 and 5𝜇Mwas added to the culture and incubated for 24 h, (a) SP6.5 cell line and (b) C918 cell line.
In the time-effect study, apigenin at 5.0𝜇M was added and conditioned medium was collected 6, 12 and 24 h later, (c) SP6.5 and (d) C918.
The amount of VEGF protein in the conditioned medium was determined by using the human VEGF Quantikine ELISA kit. VEGF levels in
the conditioned culture medium were expressed as the percentages of the controls. Apigenin significantly reduced the secretion of VEGF by
uveal melanoma cells in a dose- and time-dependent manner. Data are mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control (cells cultured without
apigenin).

is regulated by Akt and ERK1/2 and not by JNK1/2 and p38
MAPK signal pathways.

4. Discussion

Apigenin is a flavonoid belonging to the flavone structural
class and chemically known as 4, 5, 7,-trihydroxyflavone,
with molecular formula C

15
H
10
O
5
. Apigenin is abundantly

present in common fruits such as grapefruit, plant-derived
beverages, and vegetables such as parsley, onions, oranges,
tea, chamomile, and wheat sprouts. For centuries, apigenin
has been utilized as a traditional or alternative medicine.
One of the most common sources of apigenin consumed as
single ingredient herbal tea is chamomile, prepared from the
dried flowers of Matricaria chamomilla [10, 11]. Apigenin is

present in various Chinese traditional medications, such as
Achillea millefolium, Apium graveolens, Buddleja officinalis,
Cosmos bipinnata, Gingko biloba, Sabina chinensis, Tarax-
acum officinale, and Thymus serpyllum, and have been used
for the treatment of different diseases [28, 29]. In recent
years, apigenin has been increasingly recognized as a cancer
chemopreventive agent [10, 11].

Apigenin has gained particular interest in recent years as
a beneficial and health promoting agent because of its low
intrinsic toxicity and different effects in normal versus cancer
cells [10, 11]. It has been reported that apigenin could inhibit
the growth of cancers in experimental animal models [10, 11]
In vitro studies suggested that apigenin induced apoptosis
and inhibited the growth and invasion of various cultured
cancer cells, including breast, cervical, colon, lung, ovarian,
prostate, gastric, liver, and skin cancer cells [10, 11].
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Figure 4: RT-PCR analysis for the effects of apigenin on the expression of VEGF mRNA in uveal melanoma cells. Representative RT-PCR
profiles from three experiments showed the mRNA expressions of VEGF by uveal melanoma cells (SP6.5 cell line) exposed to apigenin at
0, 1, 2, and 5 𝜇M (a). After 6 h of culture with or without apigenin, cells were collected, mRNA was extracted, and RT-PCR analysis was
performed as described in the text. GAPDH was used as an internal loading control. Apigenin inhibited the expression of VEGF mRNA in
uveal melanoma cells in a dose-dependent manner (b).
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Figure 5: Dose effects of apigenin on phosphorylated Akt, ERK, JNK, and p38 MAPK levels in cultured uveal melanoma cells. Cells (SP6.5)
were plated into 24-well plates. After 24 h incubation, apigenin at 0, 1, 2, and 5 𝜇M was added to the medium. Cells were collected 60min
later. The amount of phosphorylated Akt (p-Akt), ERK1/2 (p-ERK), JNK1/2 (p-JNK), and p38 MAPK (p-p38) in cell lysates was measured
using the relevant ELISA kits and was expressed as the percentages of the controls (cells cultured without apigenin). Apigenin significantly
decreased p-Akt (a) and p-ERK levels (b) and increased p-JNK (c) and p-p38 (d) levels in cell lysates in a dose-dependent manner. Data are
mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control.
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Figure 6: Effects of Akt and MAPK inhibitors on the constitutive
secretion of VEGF by uveal melanoma cells. Cells were plated into
24-well plates. Various MAPK and Akt inhibitors were added to
the medium separately, including LY294002 (PI3K/Akt inhibitor),
UO1026 (ERK inhibitor), SP600125 (JNK inhibitor), and SB203580
(p38 MAPK inhibitor) at a final concentration of 10 𝜇M. After 24 h
incubation, culture medium was collected, the VEGF levels were
measured with human VEGF Quantikine ELISA kit and expressed
as the percentages of the controls (cells cultured without any signal
inhibitors). Akt and ERK inhibitors significantly decreased, whereas
JNK and p38 inhibitors did not affect the VEGF levels in the
conditioned culture medium from uveal melanoma cells. Data are
mean± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control (cells culturedwithout
inhibitor).

Angiogenesis is required for tumor growth and metasta-
sis. VEGF is a critical regulator of tumor vascularization.The
VEGF family consists of VEGF or VEGF-A, VEGF-B, VEGF-
C, VEGF-D, VEGF-E (viral), and placenta growth factor
[4]. VEGF family members signal by binding to members
of a group of high-affinity receptors, VEGFR-1, -2, -3 and
Neuropilin-1 and -2. VEGF-A binds to VEGFR-1, -2, and
Neuropilin-1, and all of them are selectively though not
exclusively expressed on vascular endothelium [4]. VEGF
modulates tumor vascularization through its potent func-
tions as a stimulator of endothelial cell survival, mitogenesis,
migration, differentiation, and self-assembly [4, 5]. It is well
established that VEGF is an important component of tumor
growth, vascularity, and metastasis. VEGF expression, both
in the tumor and in the circulation, is correlated with poor
patient prognosis in several types of cancer [4, 5]. Cancer
cells constitutively express VEGF proteins without apparent
stimuli, whichmay provide a paracrinemechanism to induce
angiogenesis [4, 5].Therefore, using various drugs that inhibit
the expression and secretion of VEGF by cancer cells is
becoming a target for cancer therapy.

In uveal melanoma, it has been reported that VEGF
mRNA and protein were detected in the tumor tissues [30–
32]. VEGF levels were elevated in aqueous humor from
uveal melanoma patients [32, 33]. Serum VEGF levels were
elevated in uveal melanoma with metastasis [8, 9]. Uveal
melanoma cell lines show a very high constitutive expression

and secretion of VEGF [6, 7]. All of these results suggest that
VEGF plays an important role in the growth, invasion, and
metastasis of uveal melanoma.

It has been reported that apigenin suppressed the expres-
sion and secretion of VEGF in various cancer cells in vitro,
including lung [21], prostate [13–15, 17], liver [18], and ovarian
[12, 20] cancers. Apigenin also suppressed the VEGF expres-
sion and secretion in various experimental cancer models
[16, 21].

The effects of apigenin on the expression of VEGF in
uveal melanoma cells have not been reported. The present
study found that uveal melanoma cells had a much higher
constitutive secretion of VEGF as compared with normal
uveal melanocytes, which is consistent with the previous
report [7]. Apigenin suppressed the expression and secretion
of VEGF in uveal melanoma cells in a dose-dependent
manner, which is consistent with the inhibition of VEGF
expression and secretion by apigenin in various types of
cancer [12–21].

Constitutive activation of the ERK1/2 and PI3K/Akt
pathways has been observed inmany tumors and plays a very
important role in tumor progression [4, 5]. Activation of both
signal pathways leads to enhanced VEGF gene transcription
[4, 5]. It has been reported that ERK and PI3K/Akt signal
pathways are highly activated in uveal melanoma cells consti-
tutively [34–37]. PI3K/Akt signal pathway in uvealmelanoma
cells also could be regulated by micro-RNA (miRNA-34a)
[38].

In the present study, apigenin significantly inhibited
the activation of ERK1/2 and PI3K/Akt and increased the
activation of JNK1/2 and p38 MAPK pathways in cultured
uveal melanoma cells. However, only ERK1/2 and PI3K/Akt
inhibitors significantly reduced the secretion of VEGF by
uveal melanoma cells, whereas JNK1/2 and p38 inhibitors did
not influence the secretion of VEGF by melanoma cells in
the present study.Therefore, it is most probably that apigenin
suppresses the expression and secretion of VEGF through
the inhibition of ERK1/2 and PI3 K/Akt pathways. This is
consistent with the previous reports, which showed that the
inhibition of ERK1/2 and/or PI3 K/Akt pathways by apigenin
plays an important role in its inhibiting effects on VEGF
expression in various malignant tumors [12–14, 17, 21].

5. Conclusion

Apigenin at low and nontoxic levels significantly inhibits the
expression and secretion of VEGF by uveal melanoma cells,
suggesting that it is worth to study the use of apigenin as
a chemopreventive and/or chemotherapeutic agent against
uveal melanoma in the future.
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The cytotoxic effects of zeaxanthin on two human uveal melanoma cell lines (SP6.5 and C918) and related signaling pathways were
studied and compared to effects on normal ocular cells (uveal melanocytes, retinal pigment epithelial cells, and scleral fibroblasts).
MTT assay revealed that zeaxanthin reduced the cell viability of melanoma cells in a dose-dependent manner (10, 30, and 100 𝜇M),
with IC

50

at 40.8 and 28.7 𝜇M in SP6.5 and C918 cell lines, respectively. Zeaxanthin did not affect the viability of normal ocular
cells even at the highest levels tested (300𝜇M), suggesting that zeaxanthin has a selectively cytotoxic effect on melanoma cells.
Zeaxanthin induced apoptosis in melanoma cells as indicated by annexin V and ethidium III flow cytometry. Western blot analysis
demonstrated that zeaxanthin decreased the expression of antiapoptotic proteins (Bcl-2 and Bcl-xL) and increased the expression
of proapoptotic proteins (Bak and Bax) in zeaxanthin-treatedmelanoma cells. Zeaxanthin increasedmitochondrial permeability as
determined by JC-1 fluorescein study. Zeaxanthin also increased the level of cytosol cytochrome c and caspase-9 and -3 activities,
but not caspase-8, as measured by ELISA assay or colorimetric assay. All of these findings indicate that the intrinsic (mitochondrial)
pathway is involved in zeaxanthin-induced apoptosis in uveal melanoma cells.

1. Introduction

Uveal melanoma is the most common primary intraocular
tumor in the adult population, with an incidence of 6-7 cases
permillion per year in theUS [1]. Uvealmelanoma has a poor
prognosis, with half of uveal melanoma patients dying from
their disease within 25 years [2]. The high mortality rate is
related to the development of metastasis, which has a strong
preference for the liver. Most uveal melanoma patients with
liver metastasis die within 6 months [2–4]. Because of the
poor prognosis of metastatic uveal melanoma, new therapies
are urgently required.

Zeaxanthin is a carotenoid pigment, which belongs to the
xanthophyll subclass, having a chemical formula C

40
H
56
O
2
.

It is found at high levels in various foods (e.g., egg yolk,
corn, and many vegetables and fruits), herbs, and traditional
Chinese medications (Hippophae rhamnoides, Lycium bar-
barum, Lycium chinense, Lilium hansonii, Cycas revolute, and
Crocus sativus) [5, 6]. It has been used in traditional Chinese
medicine to treat various diseases and has been tested for
its biomedical effects in several experimental disease models,
including various cancers [7].

Humans are not capable of synthesizing zeaxanthin,
and thus, the zeaxanthin content of the body is entirely
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dependent upondietary intake [8, 9]. Zeaxanthin is present in
various tissues and highly concentrated in the central retina
(macula) of the eye [10–13]. Zeaxanthin is an antioxidant
which also acts as a yellow filter protecting the macula
from the blue light. Various observational and interventional
studies have suggested that zeaxanthin might modify the
risk of age-related macular degeneration (AMD) [14–19].
Therefore, supplementation of zeaxanthin with and with-
out other antioxidants has been used clinically for the
prevention and treatment of AMD with variable effects
[20, 21].

Epidemiological studies have shown that higher intake
and higher blood levels of zeaxanthin appear to be associated
with a lower risk of occurrence of various cancers [22–44].
It has also been reported that zeaxanthin may inhibit cell
growth or induce apoptosis of several tumor cell lines in vitro
[45–48].

To our best knowledge, the effect of zeaxanthin on cul-
tured uveal melanoma cells has not been reported previously.
The purpose of the present study was to investigate the
cytotoxic and apoptosis-inducing effects of zeaxanthin on
human uveal melanoma cells in vitro compared to those in
normal human uveal melanocytes, retinal pigment epithelial
(RPE) cells, and fibroblasts. The effects of zeaxanthin on
the Bcl-2 family of proteins, mitochondrial transmembrane
potential (MTP), cystolic cytochrome c, and the activation of
various caspases were also studied to elucidate the signaling
pathway involved in zeaxanthin-induced apoptosis of uveal
melanoma cells.

2. Materials and Method

2.1. Reagents. F-12 culture medium, Dulbecco’s Modified
Eagle’s Medium (DMEM), fetal bovine serum (FBS), phos-
phate buffered saline (PBS), 0.05% trypsin-0.02%EDTA solu-
tion, and gentamicin were purchased from GIBCO (Grand
Island, NY, USA). Isobutylmethylxanthine, cholera toxin, 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), and dimethyl sulfoxide (DMSO) were obtained from
Sigma (St. Louis, MO, USA). Basic fibroblast growth factor
was obtained fromPeproTech (RockyHill, NJ,USA). Zeaxan-
thin was obtained from Dr. Dennis L. Gierhart (Chesterfield,
MO, USA). Cytochrome c ELISA kit was purchased from
Calbiochem (San Diego, CA, USA). Caspase-8 and -9 colori-
metric activity assay kits were purchased from R&D Systems
(Minneapolis, MN, USA). Caspase-3 colorimetric assay kits
were purchased from Calbiochem.

2.2. Cell Culture. The effects of zeaxanthin were tested in
two human choroidal melanoma cell lines (SP6.5 and C918)
and compared to effects on three different normal cell lines,
human normal uveal melanocytes, fibroblasts, and retinal
pigment epithelial (RPE) cells. SP6.5 melanoma cell line
was isolated from a primary choroidal melanoma patient
and was provided by Dr. Guy Pelletier (Research Center
of Immunology, Quebec, Canada) [49]. Melanoma cell line
C918 was derived from a choroidal melanoma patient with
liver metastasis at the University of Iowa and was provided

by Dr. Robert Folberg (University of Illinois, Chicago) and
Dr. Xiaoliang Leon Xu (Memorial Sloan Kettering Cancer
Center, New York) [50]. C918 is epithelioid in morphology
and is a highly invasive, metastatic, and aggressive melanoma
cell line [50]. The human uveal melanocytes (isolated from
the choroid) and scleral fibroblasts were established in the
Tissue Culture Center of the NewYork Eye and Ear Infirmary
as previously reported [51]. The human RPE cell line, ARPE-
19, was obtained from American Type Culture Collection
(Manassas, VA, USA). All melanoma cells, RPE cells, and
fibroblasts were cultured with DMEM, supplemented with
10% FBS and gentamicin (50𝜇g/mL). Uveal melanocytes
were cultured with FIC medium, supplemented with 10%
FBS and gentamicin [51]. Cells were incubated at 37∘C in a
CO
2
regulated incubator in a humidified 95% air/5% CO

2

atmosphere. After cultures reached confluence, cells were
detached with trypsin-EDTA solution and passaged. All
tissues were obtained with premortem consent in accordance
with the laws and regulations in place in the various jurisdic-
tions.

2.3. MTT Assay for Cell Viability. Methods for MTT assay
have been described previously [52]. Briefly, cells were seeded
into 96-well plates at a density of 5 × 103 cells per well.
After 24 h, zeaxanthinwas applied to the cultures. Zeaxanthin
(6.82mg) was dissolved in 200𝜇L DMSO to make a stock
solution of 60mM. Tested cells were treated by different
concentrations of zeaxanthin. The cells in the control group
were cultured in medium containing the same levels of
DMSO as in the zeaxanthin solution. A separate investigation
about the effects of the highest DMSO levels (1 : 200) used in
this experiment did not show significant differences in the
cell viability between the cells with and without DMSO. After
48 h incubation with or without zeaxanthin, culture medium
was aspirated and replaced with fresh culture medium. MTT
solution (1mg/mL, 50 𝜇L) was added to each well. After 4 h
incubation at 37∘C, themedium andMTTwere aspirated and
the formazan blue that formed in the cells was dissolved in
100 𝜇L of DMSO. Optical density of the 96-well plates was
determined with a microplate reader (Multiskan MCC/340,
Fisher Scientific, Pittsburgh, PA, USA) at 540 nm.The optical
density of formazan formed in control (untreated) cells was
taken as 100% viability.The concentration at which cell viabil-
ity was inhibited by 50% (the 50% inhibitory concentration,
IC
50
) was determined by linear interpolation. All tests were

performed in three independent experiments.
To study the time-effect of zeaxanthin on uvealmelanoma

cells, melanoma cells (C918 cell line) were seeded into 96-
well plates at a density of 5 × 103 cells per well and divided
into two groups, zeaxanthin-treated group and control group
(without treatment of zeaxanthin). After 24 h, zeaxanthin
was added to the cultures in the treated groups at final
concentrations of 30𝜇M. At 0, 6, 12, 24, and 48 h after
the addition of zeaxanthin; MTT test was performed in
both treated and control groups. The results of each treated
group were compared to the controls cultured for the same
time periods. All tests were performed in three independent
experiments.
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2.4. Flow Cytometric Detection of Apoptotic Cells. Cell apop-
tosiswasmeasured using theApoptotic/NecroticCellsDetec-
tion Kit (Promokine, Heidelberg, Germany) and analyzed by
flow cytometry. Uveal melanoma cells (SP6.5 and C918 cell
lines) were seeded in 6-well plates at a density of 1.2 × 105
cells per well. After treatmentwith zeaxanthin (30𝜇M) for 6 h
and 24 h, cells were washed in PBS, detached from the well
using trypsin, centrifuged for 5min to discard supernatant,
and resuspended in binding buffer. FITC-annexin V and
ethidium homodimer III were added to the suspension and
incubated for 15min at room temperature in darkness. Speci-
mens, containing 1×105 cells each, were then analyzed using
a Becton Dickinson Flow Cytometer (Becton & Dickinson,
Franklin Lakes, NJ, USA). The data were analyzed using Cell
Quest V3.3 software and results were reported as percentages
of the cell populations.

2.5. Western Blot Analysis for BCL-2 Family Proteins. Uveal
melanoma cells (SP6.5 and C918 cell lines) were seeded in
10 cm culture dishes at a density of 6 × 106 cells per dish.
Zeaxanthin (30 𝜇M) was added to the medium 24 h later.
After being cultured for 24 h, cells were washed in PBS
and then scraped from the well, centrifuged for 5min to
discard the supernatant, and finally resuspended in binding
buffer. Lysates were prepared by homogenizing cell pellets in
lysis buffer. Protein concentrations were determined by the
BCA protein assay kit (Novagen, Germany), using bovine
serum albumin as the standard. Protein (20𝜇g) was separated
by a precast of 10% SDS-PAGE gel (Invitrogen, Carlsbad,
CA, USA) and transferred onto polyvinylidene difluoride
membranes. The membranes were blocked with 5% milk for
1 h at room temperature. The membranes were incubated
with the primary antibodies of anti-Bak, Bax, Bad, Bcl-2, Bcl-
xL (1 : 500 dilution; Santa Cruz Biotechnology, Dallas, TX,
USA), and calnexin (1 : 1000 dilution; Abcam, Cambridge,
MA, USA) at 4∘C overnight. The membranes were then
incubated with a secondary antibody (anti-mouse, 1 : 10000
dilution and anti-rabbit, 1 : 6000 dilution) (Sigma) for 1 h
at room temperature and the protein was detected using
a chemiluminescence method. Chemiluminescent signals
were captured using the Las-4000 (Fujifilm, Tokyo, Japan).
The signal of each protein was determined using ImageJ
software (National Institutes of Health, Bethesda, MD,
USA).

2.6. MTP Assessment (JC-1). MTP was assessed using a
Mitochondria Staining Kit which employed JC-1 (5,5,6,6-
tetrachloro-1,1,3,3-tetraethylbenzimidazol-carbocyanine
iodine), a sensitive fluorescent dye as the probe. Uveal
melanoma cells (C918 cell line) were seeded into 8-well
chamber slides at a density of 6 × 104 cells/well. After
24 h, cells were treated with 30 𝜇M of zeaxanthin for
another 24 h. JC-1 at a final concentration of 10 𝜇M was
added and incubated for 15min at 37∘C in the dark.
JC-1 and culture medium were aspirated and cells were
washed three times. Cells were immediately observed by
fluorescence microscopy using dual band-pass filters (at
490 nm excitation and 530 and 590 nm emission). The assay

is based on the aggregation of the dye and its fluorescence
in the mitochondria. In the undamaged mitochondria, the
aggregated dye appears as red fluorescence located in the
mitochondria, whereas in cells with damaged MTP, the dye
remains as monomers in the cytoplasm with diffuse green
fluorescence.

2.7. Cytochrome c Release Assay. Uveal melanoma cells (C918
cell line) were seeded into 6-well plates at a density of 4 ×
10
5 cells/well (4 × 104 cells/cm2), and 24 h later, zeaxanthin

was added at final concentrations of 0, 10, 30, and 100 𝜇M.
Cells were harvested at 2 h after the addition of zeaxanthin.
Cultures were washed with cold PBS and then scraped from
the well. After cell counting and centrifugation at 1,500 rpm
for 5min at 4∘C, the cell pellets were collected. Cells were
lysed in a cold hypotonic cell lysis buffer (BioSource, Camar-
illo, CA, USA) and centrifuged at 1000×g for 10min. The
supernatant (cytosol and mitochondria) was collected and
centrifuged at 10,000×g for 20min. The pellets (mitochon-
dria) and the supernatant (cytosol) were collected separately.
The cytochrome c level in the cytosol was measured using a
cytochrome c enzyme-linked immunosorbent assay (ELISA)
kit and performed in accordance with the manufacturer’s
instructions. The level of cytochrome c was expressed as
a percentage of the controls (cells cultured without zeax-
anthin). This was performed in three independent experi-
ments.

2.8. Caspase-3, Caspase-8, and Caspase-9 Colorimetric Assay.
Melanoma cells (C918 cell line) were seeded into 6-well
plates at a density of 4 × 105 cells/well, and 24 h later
zeaxanthin was added at final concentrations of 0, 10, 30,
and 100 𝜇M. Two hours after the addition of zeaxanthin,
cells were washed with cold PBS and collected. After cell
counting and centrifugation at 1,500 rpm for 5min at 4∘C,
the cell pellets were collected. Cells were lysed by using
the cell extraction buffer (BioSource) with protease inhibitor
cocktail (Sigma) and PMSF (BioSource), incubated on ice
for 30min, and vortexed for 30 sec. The lysates were cen-
trifuged at 10,000 rpm for 10min at 4∘C. The supernatant
was stored at −70∘C until analysis. The caspase-8, caspase-
9, and -3 levels in cell lysates were measured using indi-
vidual specific colorimetric kits, according to the manufac-
turer’s instructions. The optical density was read using a
microplate reader (Multiskan EX) at 405 nm. The activities
of caspase-8, caspase-9, and caspase-3 were expressed as
a percentage of the controls (cells cultured without zeax-
anthin). This was performed in three independent experi-
ments.

2.9. Statistics. Statistical significances of difference of means
throughout this study were calculated by ANOVA one-way
test in comparing data from more than two groups and
Student’s 𝑡-test in comparing data between two groups. The
data was analyzed using SPSS statistical software (SPSS Inc.,
Chicago, IL, USA). A difference at 𝑃 < 0.05 was considered
statistically significant.
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Figure 1: Phase-contrast photomicrograph of uveal melanoma cells and retinal pigment epithelial (RPE) cells treated with various
concentrations of zeaxanthin. Human uveal melanoma cells (SP6.5 and C918) or RPE cells were seeded into 24-well plates at density of
8 × 104/well (4 × 104/cm2) and treated with zeaxanthin at 10, 30, and 100𝜇M levels for 48 h. Zeaxanthin at all treated levels significantly
decreased number of viable cells in melanoma cells, whereas, it did not affect the cell viability of RPE cells.

3. Results

3.1. Effects of Zeaxanthin on Cell Viability of Melanoma Cells
and Various Normal Cells. Zeaxanthin at 10, 30, 100, and
300 𝜇M levels did not affect the cell viability of cultured
human uveal melanocytes, RPE cells, or fibroblasts (Figures 1
and 2).

Zeaxanthin at 10, 30, and 100 𝜇M levels significantly
decreased the cell viability of uveal melanoma cells in a dose-
dependent manner (Figures 1 and 2). The difference in cell
viability between cells treated with and without zeaxanthin
at all tested levels (10, 30, and 100 𝜇M) was statistically
significant (𝑃 < 0.05). The IC

50
dose of zeaxanthin for

cultured human uveal melanoma cells (SP6.5 and C918)
at 48 h was 40.8 and 28.7 𝜇M, respectively. These results
suggested that zeaxanthin at 10–100𝜇Mcan selectively reduce
the cell viability of melanoma cells without affecting normal
uveal melanocytes, fibroblasts, or RPE cells.

Time-effect study showed that zeaxanthin at 30 𝜇M
decreased the cell viability of uveal melanoma cells (C918) in
a time-dependent manner from 6 to 48 h (data not shown).
The difference in cell viability at various time points, between
cells treated with and without zeaxanthin, was statistically
significant (𝑃 < 0.05).

3.2. Zeaxanthin-Induced Apoptosis of Melanoma Cells. Uveal
melanoma cells cultured with zeaxanthin (30 𝜇M for 6
and 24 h) and without zeaxanthin (controls) were double
stained using annexin V and ethidium III and analyzed

by flow cytometry. Nonapoptotic cells stained negatively
with annexin. Apoptotic cells at early stage were annexin
positive and ethidium-III negative, whereas apoptotic cells
at advanced stage stained positively with both annexin and
ethidium-III. Cells cultured with zeaxanthin for 6 and 24 h
showed a significant increase in total apoptotic rate (𝑃 <
0.05, as compared with cells cultured without zeaxanthin)
(Figure 3).

3.3. Western Blot Analysis for Effect of Zeaxanthin on BCL-
2 Family Proteins. To assess the involvement of the Bcl-2
family of proteins in zeaxanthin-mediated apoptosis, Bax,
Bak, Bad, Bcl-2, and Bcl-xL proteins, were examined in
zeaxanthin-treated uveal melanoma cell lines. Western blot
analysis revealed that zeaxanthin significantly decreased the
expression of Bcl-xL and Bcl-2, antiapoptotic proteins, and
increased the expression of Bak, a pro-apoptotic protein, in
SP6.5 cells (𝑃 < 0.05 at zeaxanthin 30 𝜇M). Zeaxanthin
significantly decreased the expression of Bcl-xL, an anti-
apoptotic protein, and increased the expression of Bax, a
proapoptotic protein, in C918 cells (𝑃 < 0.05 at zeaxanthin
30 𝜇M) (Figure 4).

3.4. Effects of Zeaxanthin on MTP in Melanoma Cells. In
cells cultured with JC-1, red fluorescence is attributable to a
potential-dependent aggregation of JC-1 in themitochondria.
Green fluorescence, reflecting the monomeric form of JC-
1, appeared in the cytosol after mitochondrial membrane
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Figure 2: Dose effect of zeaxanthin on cell viability of uveal melanoma cells, uveal melanocytes, retinal pigment epithelial (RPE) cells, and
fibroblasts. Human normal uveal melanocytes (a), RPE cells (b), and fibroblasts (c) or uveal melanoma cells C918 (d) and SP6.5 (e) were
seeded into 96-well plates and treatedwith zeaxanthin at various doses for 48 h and cell viability was determined byMTT assay (see Section 2).
Zeaxanthin at all tested concentrations selectively reduced the cell viability of uveal melanoma cells, without affecting cell viability of uveal
melanocytes, RPE cells, and fibroblasts. Data are mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control (cells cultured without zeaxanthin).

depolarization. As shown in Figure 5, uveal melanoma cells
(C918) cultured without zeaxanthin exhibited mainly red
fluorescence, indicating a normal MTP. Treatment with
zeaxanthin (30 𝜇M) caused a diffuse green staining pattern,
representative of damaged MTP (Figure 5).

3.5. Effects of Zeaxanthin on the Release of Cytochrome
c into Cytosol. Zeaxanthin increased cytosol cytochrome
c levels in melanoma cells in a dose-dependent manner
(Figure 6). Cytosol cytochrome c levels in cells treated
with 10–100 𝜇M zeaxanthin were significantly increased
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Figure 3: Effect of zeaxanthin on melanoma cell apoptosis as measured by annexin V-FITC/ethidium homodimer III (annexin/EtD III) flow
cytometry. Melanoma cells (C918 and SP6.5) were treated by zeaxanthin at 30𝜇M for 6 and 24 h, and the extent of apoptosis was determined
by annexin/EtD III staining and analyzed by flow cytometry (see Section 2). (a)–(f) Annexin and EtD III negative cells are nonapoptotic cells
(low left). Annexin positive and EtD III negative cells are in early stage of apoptosis (low right). Annexin and EtD III positive cells are in
advanced stage of apoptosis (upper right). (a), (b), and (c) and (d), (e), and (f) are C918 and SP6.5 treated without zeaxanthin and treated
with zeaxanthin at 6 and 24 h, respectively. Zeaxanthin significantly increased the rate of total apoptotic cells (the sum of early and advanced
stage of apoptotic cells) in C918 (g) and SP6.5 (h). Data are mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control (cells cultured without zeaxanthin).

(𝑃 < 0.05) as compared with the controls. In cells treated
with 100𝜇Mzeaxanthin, cytosol cytochrome c level increased
to 3.30-fold of the controls (cells cultured without zeaxan-
thin).

3.6. Effects of Zeaxanthin on Caspase-3, Caspase-8, and
Caspase-9 Activities in Melanoma Cells. Zeaxanthin signifi-
cantly increased the caspase-3 and -9 activities in melanoma
cells (C918) in a dose-dependent manner (Figures 7(a)
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Figure 4: Western blot analysis of effects of zeaxanthin on expression of Bcl-2 family proteins in uveal melanoma cells. C918 and SP6.5
cell lines were treated with zeaxanthin (30𝜇M) for 24 h. Cellular protein extracts were subjected to western blot analysis and probed with
antibodies specific for proapoptosis member proteins (Bad, Bak, and Bax) and antiapoptosis member proteins (Bcl-2 and Bcl-xL). Calnexin
was used as an internal loading control. Representative images are shown at (a). Quantitative results are presented at (b) (SP6.5 cell line) and
(c) (C918 cell line). Data are mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control (cells cultured without zeaxanthin).

and 7(c)). Both caspase-3 and -9 activities in uveal melanoma
cells treated with 10–100𝜇M zeaxanthin were very signifi-
cantly increased (𝑃 < 0.05). A nearly 5.5-fold increase in
caspase-3 and -9 activities was noted in uveal melanoma cells
treated with 100 𝜇M zeaxanthin. Zeaxanthin at 10–100 𝜇M
did not affect caspase-8 activities of uveal melanoma cells
(Figure 7(b)).

4. Discussion

The relationship between the incidence of various malignant
tumors and zeaxanthin in the diet or blood has been studied
previously. Epidemiological studies showed that high intake
and high blood levels of zeaxanthin (alone or combined with
lutein) might be associated with a lower risk of occurrence

of various malignant tumors, including non-Hodgkin lym-
phoma [22, 23], cervical [24–28], esophagus [29–31], stomach
[31, 32], lung [33–35], breast [34, 36–38, 42], kidney [39],
head and neck [40], colon [41, 43] and pancreas [31, 44],
cancers.

There were only a few reports on the effects of zeaxanthin
on various cancer cells in vitro and these studies were
tested only in few cancer cell lines. It has been reported
that zeaxanthin might inhibit cell growth or cause apoptosis
of lymphoma [45], breast cancer [45, 48], colon cancer
[47], and neuroblastoma cells in vitro [46]. However, the
mechanism of zeaxanthin-induced apoptosis has not been
studied thoroughly.

To our best knowledge, the relation between the intake
and blood levels of zeaxanthin and the incidence of
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Control

Zeaxanthin

530nm 590nm

Figure 5: Fluorescence photomicrograph of effects of zeaxanthin onmitochondrial transmembrane potential (MTP) of uveal melanoma cells
after JC-1 staining. Melanoma cells (C918) were treated by zeaxanthin at 0 (upper row) and 30𝜇M (lower row) for 24 h, and the MTP was
determined by JC-1 staining (see Section 2). Cells were observed by fluorescencemicroscopy using dual band-pass filters (at 490 nm excitation
and 530 and 590 nm emission). In normal mitochondria, the aggregated dye appears as red fluorescence located in the mitochondria (upper),
whereas in cells with damaged MTP, the dye remains as monomers in the cytoplasm with diffuse green fluorescence (lower). The MTP in
melanoma cells was observed at 530 nm (left) and 590mm (right).
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Figure 6: Effects of zeaxanthin-induced cytochrome c activation
on human uveal melanoma cells. Uveal melanoma cells (C918) were
treated with zeaxanthin at various doses for 2 h. Cells were collected
and lysed, and the cytosol was extracted (see Section 2). The
cytochrome c level in the cytosol was measured using a cytochrome
c enzyme-linked immunosorbent assay kit. Cytosol cytochrome
c level in zeaxanthin-treated cells at different concentrations was
expressed as percentage of the controls. Zeaxanthin significantly
increased the level of cytosol cytochrome c in a dose-dependent
manner. Data are mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control
(cells cultured without zeaxanthin).

melanomas and the effect of zeaxanthin on cultured uveal
melanoma cells has not been reported previously.

In the present study, zeaxanthin significantly decreased
cell viability of two different human melanoma cell lines at
concentration of 10–100𝜇M in a dose-and time-dependent
manner.The C918 cell line, which was isolated from a patient
with choroidal melanoma and liver metastasis, is epithelioid
in morphology and is a highly invasive, metastatic, and
aggressive melanoma cell line [50]. C918 is more sensitive
to cytotoxic effect of zeaxanthin as compared with the
nonmetastatic melanoma cell line (SP6.5), indicating that
zeaxanthin may be a promising candidate for prevention and
treatment of metastatic uveal melanoma.

The effects of zeaxanthin on human uveal melanoma cells
were compared with those in uveal melanocytes, fibroblasts,
andRPE cells. Zeaxanthin at lower levels (10𝜇M) significantly
decreased the cell viability of melanoma cells, whereas the
viability of these normal cells was not affected. Actually, the
cell viability of normal cells was not affected at even the
highest tested levels of zeaxanthin (300𝜇M, which is 30-fold
of theminimal toxic levels inmelanoma cells), suggesting that
zeaxanthin has specific anticancer activity in uvealmelanoma
cells.
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Figure 7: Effects of zeaxanthin on the activation of caspase-3, -8, and -9 in human uveal melanoma cell lines. Uveal melanoma cells (C918)
were treated with various concentrations of zeaxanthin (10–100𝜇M) for 2 h. Cells were collected and lysed (see Section 2). The caspase-3,
-8, and -9 in the lysates were measured using relevant caspase colorimetric assay kits. Caspase-3, -8, and -9 levels in zeaxanthin-treated cells
at different concentrations were expressed as percentage of the controls. Zeaxanthin significantly increased caspase-3 (a) and caspase-9 (c)
activities in a dose-dependent manner, but not caspase-8 activities (b). Data are mean ± SD (𝑛 = 3). ∗𝑃 < 0.05, versus control (cells cultured
without zeaxanthin).

Zeaxanthin is a hydrophobic molecule. Once ingested,
zeaxanthin enters the liver through the portal vein and
is taken up by the hepatocytes, incorporated into water-
soluble lipoproteins, transported into the blood, and then
transferred to various tissues [8, 9]. The distribution of
zeaxanthin is eccentric among different tissues and organs.
Ocular tissues have the highest levels of zeaxanthin, especially
in the central retina, which can be several hundredfold the
level in the serum [9]. The uveal tract also has a high level
of zeaxanthin, accounting for up to 30% of the eye’s total
zeaxanthin content.The RPE and choroid may play a key role
in the transport of zeaxanthin from circulating blood to the
neural retina [12]. The zeaxanthin levels in mid-peripheral
RPE and choroid are equal to 20–30% of the zeaxanthin
levels in overlying retina [12]. Supplementation of zeaxanthin
significantly increases serum and retina zeaxanthin levels
[9–11]. In monkey zeaxanthin supplementation studies, the
dietary supplementation of zeaxanthin at 2.2mg/kg wt/day
increased the serum zeaxanthin levels 10-fold [11, 53] and
retina zeaxanthin levels from 4- to 9-fold in mid-peripheral
and peripheral regions [10, 11]. Actually, supplementation
safety dosages of zeaxanthin were far greater than the dosage
(2.2mg/kg wt/day) used in these experiments. One chronic
study (52 weeks) in monkeys used 20mg/kg/day and the
dosage used in subacute studies in rats and mice was
50mg/kg/day. (Gierhart, personal communication). There-
fore, while the exact quantitative changes to zeaxanthin levels
in uveal tract following supplementation are unknown, it is
reasonable to assume that they are also significantly increased
and may be comparable to those used in the present in vitro
studies.

In the present study, the nature of cell death was stud-
ied using annexin V-ethidium-III double staining and flow
cytometry analysis. An early event in apoptosis is a change in
the phospholipid content of the cytoplasmicmembrane outer
leaflet. Phosphatidylserine (PS) is translocated from the inner
to the outer surface of the cell. Annexin V is a phospholipid
with a high affinity of PS. Annexin V labeled with fluorescein
can bind to PS exposed on the outer leaflet and stain the

cell membrane in bright green color [54]. Ethidium-III is a
positively charged nucleic acid probe, which is impermeant
to cells with intact plasma membrane. In the late stage of
apoptosis, the cell membrane is damaged allowing ethidium-
III to enter the cell and stain the nuclei producing red
fluorescence. In the present study of the cells not treated with
zeaxanthin, only very few of them stained with annexin and
ethidium-III. Among cells treated with zeaxanthin, annexin-
stained cells (indicating apoptotic changes) significantly
increased compared to controls. The percentage of apoptotic
cells also increased with time, suggesting that zeaxanthin can
induce apoptosis of melanoma cells. This is consistent with
previous reports which found an apoptosis-induction effect
of zeaxanthin in breast cancer, colon cancer, lymphoma, and
neuroblastoma cells [45–47].

There are two different apoptosis pathways, one extrinsic
and one intrinsic. Extrinsic apoptosis occurs due to the
activation of various cell death surface receptors following
binding to the relevant ligands. Activated death receptors
bind to secondary adaptor proteins which activate caspase-
8 leading to a series of downstream events, including sub-
sequent cleavage of caspase-3, and cell apoptosis. Intrinsic
apoptosis pathway also called the mitochondrial apoptotic
pathway is regulated by the Bcl-2 family of proteins, which
includes the anti-apoptotic proteins (Bcl-2, Bcl-xL, etc.), the
proapoptotic proteins (Bax and Bak) and the apoptosis ini-
tiator proteins (Bad, Bik, etc.). Accumulation of proapoptotic
proteins on the mitochondrial outer membrane results in
increased mitochondrial membrane permeability, causing
the release of cytochrome c into the cytoplasm. Cytochrome
c promotes activation of caspase-9, which in turn promotes
activation of caspase-3, leading to apoptosis of the tumor cell
[55–57].

Very little is known about the mechanism of zeaxanthin-
induced apoptosis in malignant tumor cells [48]. In the
present study, zeaxanthin reduced the expression of antiapop-
totic proteins, Bcl-xL, in the two melanoma cell lines and
increased the pro-apoptotic proteins (Bak) in SP6.5 cell line
and Bax in C918 cell line. In additional, zeaxanthin decreased
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the Bcl-2 in SP6.5 cell lines. All of these results suggest
that the zeaxanthin-induced apoptosis effect occurs via the
intrinsic cell death pathway and is regulated by Bcl-2 family
proteins. This finding is consistent with a previous report
which found that zeaxanthin downregulated the expression
of Bcl-2 mRNA in breast cancer cells [48].

The effects of zeaxanthin on the mitochondrial apoptosis
signal pathway in malignant tumor cells have not been
reported previously. In the present study, zeaxanthin signifi-
cantly increasedmitochondria outer membrane permeability
as indicated by the mitochondrial staining test. This can lead
to release of cytochrome c from mitochondria to cytosol,
significantly increasing the cytosol cytochrome c levels,
which in turn causes the activation of caspase-9 and -3 and
results in the apoptosis. In this study, caspase-8, which plays
an important role in the activation of the extrinsic apoptosis
pathway, did not increase after exposing the melanoma cells
to zeaxanthin. These results suggest that zeaxanthin induces
apoptosis in uveal melanoma cells mainly via the intrinsic
mitochondrial pathway.

Recently, it has been found that one of zeaxanthin’s iso-
mer, mesozeaxanthin [3,3-dihydro-𝛽,𝛽-carotene], also has
antimutagenic and anticarcinogenic potential. Mesozeaxan-
thin treatment increased survival of mice with 3-methylcho-
lanthrene-induced sarcoma [58, 59].

In summary, zeaxanthin significantly decreased cell via-
bility and induced apoptosis of human uveal melanoma cells
without affecting the cell viability of normal cells, suggesting
that zeaxanthin has a selective and potent pro-apoptotic
effect on human uveal melanoma cells in vitro. This effect is
mainly through the regulation of Bcl-2 family protein and
intrinsic mitochondrial pathway. The potent and selective
cytotoxic effects of zeaxanthin on a highly aggressive and
metastatic human melanoma cell line (C918 cell line) suggest
that zeaxanthinmay be a promising agentworth exploring for
the treatment of metastatic uveal melanoma.
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To study the effects of [6]-gingerol, a ginger phytochemical, on tight junction (TJ) molecules, we investigated TJ tightening and
signal transduction pathways in human pancreatic duct cell-derived cancer cell line PANC-1.The following methods were utilized:
MTT assay to determine cytotoxicity; zymography to examinematrix metalloproteinase (MMP) activities; transepithelial electrical
resistance (TER) and paracellular flux for TJ measurement; RT-PCR and immunoblotting for proteins related to TJ and invasion;
and EMSA for NF-𝜅B activity in PANC-1 cells. Results revealed that TER significantly increased and claudin 4 and MMP-9
decreased compared to those of the control. TJ protein levels, including zonula occludens (ZO-) 1, occludin, and E-cadherin,
increased in [6]-gingerol-treated cells, which correlated with a decrease in paracellular flux and MMP activity. Furthermore, NF-
𝜅B/Snail nuclear translocation was suppressed via downregulation of the extracellular signal-regulated kinase (ERK) pathway in
response to [6]-gingerol treatment. Moreover, treatment with U0126, an ERK inhibitor, completely blocked NF-𝜅B activity. In
conclusion, these findings demonstrate that [6]-gingerol regulates TJ-related proteins and suppresses invasion and metastasis
through NF-𝜅B/Snail inhibition via inhibition of the ERK pathway. Therefore, [6]-gingerol may suppress the invasive activity of
PANC-1 cells.

1. Introduction

Most natural products targetmultiple gene products and thus
are ideally suited for the prevention and treatment of various
chronic diseases, including cancer [1]. Metastasis is consid-
ered the major cause of death in patients with cancer. Recent-
ly, in various human cancers, including pancreatic cancer,
some tight junction (TJ) proteins, including claudins, were
determined to be abnormally regulated; thus, they may be
promising molecular targets for diagnosis and therapy [2, 3].

TJs are apical intercellular junctional complexes whose
general function is the maintenance of epithelial polarity, as
well as functioning as selective barriers to molecules such as
inhibition of solute and water flow through the paracellular
space [4]. TJs are dynamic structures subject to modulation
during wound repair, inflammation, and tumor progression.

TJs are dysregulated or lost in cancer tissues. Consequently,
dysregulation of TJ proteins contributes to cancer progres-
sion and metastasis [5].

The rhizome of Zingiber officinale, commonly known as
ginger, is a globally important spice. The ginger phytochem-
icals, specifically [6]-gingerol, (5-Hydroxy-1-(4-hydroxy-3-
methoxyphenyl)-3-decanone; Figure 1), the major pungent
component of ginger, has antioxidant, anti-inflammation,
and antitumor promoting activities [6–8]. However, the
exact mechanism responsible for the anti-invasiveness and
metastasis effects of ginger in pancreatic cancer cells is still
unknown. The present research attempts for the first time to
address TJ regulation in the anti-invasive effects of ginger in
pancreatic cancer (PC) chemotherapy.

PC is one of themost lethal malignant cancers inWestern
countries, as well as in Korea [6, 7]. PC is characterized by
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Figure 1: Chemical structures of [6]-gingerol.

rapid progression, late clinical presentation, difficulty in early
diagnosis, and unresponsiveness to chemotherapy, radio-
therapy, and immunotherapy, resulting in low resectability
rates after diagnosis, early recurrence after resection, and
extremely poor survival rates [8, 9]. At the time of diagnosis,
PC normally shows extensive local invasion and/or metasta-
sis, precluding a curative surgical resection. A better under-
standing of the molecular genetics of pancreatic carcinoma is
needed to develop new diagnostic and therapeutic strategies.
However, no studies have reported the effect of [6]-gingerol
on the cellular and molecular mechanisms of invasion and
metastasis related TJs in human pancreatic cancer cells. In
this study, we investigated whether [6]-gingerol prevents dis-
ruption of the TJ and cancer cell invasion in human pancre-
atic cancer cells.

2. Material and Methods

2.1. Cell Culture. The human pancreatic cancer cell line
PANC-1 was obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA). Cells were cultured in
Dulbecco’smodified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; Gibco-BRL, Grand Island,
NY, USA) at 37∘C in a humidified atmosphere containing 5%
CO
2
.

2.2. MTT Assay. For the cell viability assay, cells were plated
at 1 × 104 cells/well in a 96-well plate (Nunc, Roskilde, Den-
mark). After incubation with 0, 5, 10, 15, or 20𝜇M [6]-
gingerol (Sigma-Aldrich, St. Louis, MO, USA) for 24 h, cell
viability was determined using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which is
based on the conversion of MTT to MTT-formazan by mito-
chondria. Cells were incubated with 1mg/mL MTT (Chemi-
con, Temecula, CA, USA) in phosphate-buffered saline (PBS)
for 4 h at 37∘C in 5% CO

2
. Isopropanol and hydrochloric acid

were then added at final concentrations of 50% and 20mM,
respectively. The optical density at 570 nm was determined
using an enzyme-linked immunosorbent assay (ELISA) plate
reader (MN 3663; Molecular Devices, Sunnyvale, CA, USA)
with a reference wavelength of 630 nm.

2.3. Transepithelial Electrical Resistance (TER). The TER is a
quantitative measure explaining the barrier integrity of mon-
olayers. The TER value was measured for transport exper-
iments with an epithelial volt-ohm meter (World Precision
Instruments, Sarasota, FL, USA). TER measurements were

determined to evaluate the barrier-strengthening effect of
[6]-gingerol in cells. TERs were obtained at four separate
areas of each Transwell and averaged.

2.4. Paracellular Permeability. A PANC-1 transport study
was performed to examine the effect of [6]-gingerol on
paracellular permeability. Cells were seeded at a density of
6× 104 cells/cm2 in 12-well, 0.4 𝜇m inserts (Coaster; Corning,
Corning, NY, USA) and grown in DMEM with 10% FBS
for 3 days at 37∘C, 95% humidity, and 5% CO

2
. Cells were

washed twice with prewarmed PBS, and [14C] d-mannitol in
PBS (0.1 𝜇Ci/mL) was then added to the apical compartment.
Afterward, the basolateral sample was removed and replaced
with fresh PBS at 10, 20, 30, 40, 50, and 60min. Monolayers
were continuously agitated during permeability experiments.
[14C] d-mannitol in the samples was quantified using a
LS6500TA liquid scintillation counter (Beckman Coulter,
Fullerton, CA, USA). The apparent permeability coefficient,
Papp (cm/s), for mannitol was determined using the follow-
ing equation: Papp = (𝑉

𝑑
/𝐴 ∙ 𝐷

𝑜
) ∙ (𝑑𝑄/𝑑𝑡), where 𝑑𝑄/𝑑𝑡 is

the flux across the monolayer, 𝑉
𝑑
is the volume of the donor

compartment (0.5mL), 𝐴 is the surface area (1 cm2) of the
Transwell membrane, and 𝐷

𝑜
is the initial concentration of

mannitol in the donor compartment.

2.5. MMP Activity. After incubation with [6]-gingerol for
24 h, cell-free culture supernatants were collected and mixed
with 2× sample buffer and then subjected to 10% polyacry-
lamide gel electrophoresis (PAGE) with 0.1% gelatin Novex
Zymogram precast gels (Invitrogen, Camarillo, CA, USA).
After electrophoresis, gelswerewashed twice at room temper-
ature for 30min in 2.5% Triton X-100, subsequently washed
in buffer containing 50mM Tris-HCl, 150mM NaCl, 5mM
CaCl
2
, 1𝜇MZnCl

2
, and 0.02% NaN

3
(pH 7.5), and incubated

in the same buffer at 37∘C for 24 h. Gels were stained with
0.25% (w/v) Coomassie Brilliant Blue G-250 (Bio-Rad Lab-
oratories, Hercules, CA, USA) and then destained in water
solution containingmethanol and acetic acid, respectively, for
1 h. The gelatinolytic activity was shown as clear bands (area
of gelatin degradation) against the blue backgroundof stained
gelatin.

2.6. In Vitro Invasion Assay. To determine the effects of [6]-
gingerol on PANC-1 cell invasiveness, cells were pretreated
with 10 𝜇M [6]-gingerol for 6 h and plated onto the apical
side of Matrigel-coated filters with 8mm pore membranes
(Corning) in serum-free medium containing either [6]-gin-
gerol or vehicle solution. Medium containing 20% FBS was
placed in the basolateral chamber to act as a chemoattractant.
After 72 h, cells on the apical side were wiped off using a Q-
tip. Cells on the bottom of the filter were fixed with methanol
and stained with hematoxylin and eosin Y and then counted
(three fields of each triplicate filter) under an inverted
microscope (Nikon, Tokyo, Japan).

2.7. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNAwas prepared using Trizol reagent (Invitro-
gen) according to the manufacturer’s recommendations and
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subsequently used for RT-PCRwith one step RT-PCR premix
(Intron Biotechnology Co., Sungnam, Korea) according to
the manufacturer’s instructions. PCR was performed in a
Mastercycler (Eppendorf, Hamburg, Germany) with primers
indicated in Table 1. PCR conditions were as follows: 1 cycle
at 94∘C for 3min; 35 cycles at 94∘C for 45 s, 58∘C for 45 s, and
72∘C for 1min; and 1 cycle at 72∘C for 10min. As a sample
loading control and normalization between samples, PCR
amplification of the housekeeping gene, glyceraldehydes 3-
phosphate dehydrogenase (GAPDH), was included for each
run. PCR amplification products were electrophoretically
separated on a 1.5% agarose gel and visualized by ethidium
bromide (EtBr; Sigma-Aldrich) staining.

2.8. Western Blot Analysis. Immunoblot analysis was per-
formed to analyze protein levels. After pretreatment with the
ERK inhibitor U0126 (Calbiochem, Billerica, MA, USA) for
1 h and treatment with/without [6]-gingerol for 24 h, cells
were harvested, and then protein was extracted with protein
lysis buffer (25mM Tris-Cl, pH 7.5, 250mM NaCl, 5mM
ethylendiaminetetracetic acid, 1% Nonidet P-40, protease
inhibitor, and phosphatase inhibitor cocktails; Thermo Sci-
entific, Waltham, MA, USA). Quantification of protein con-
centration was carried out using the Bradford method (Bio-
Rad protein assay reagent), and total proteinwas resuspended
in Laemmli sample buffer containing 5% 𝛽-mercaptoethanol
and heated at 65∘C for 10min. Aliquots containing∼20–50𝜇g
of total cell proteins were resolved on 8–12% sodium dodecyl
sulfate (SDS)-PAGE and then transferred onto nitrocellulose
membranes (Amersham, ArlingtonHeights, IL, USA).Mem-
branes were blocked in 5% nonfat milk (w/v) in Tris-buffered
saline (TBS) containing 0.05% Tween 20 (TBST) for 1 h at
room temperature, and membranes were then subjected to
immunoblot analysis with the desired antibodies (Table 2).
After overnight incubation at 4∘C, membranes were washed
in TBST and incubated with the appropriate peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Membranes were developed using
chemiluminescence according to the enhanced chemilumi-
nescence Western blotting detection reagent (Pierce, Rock-
ford, IL, USA).

2.9. Electrophoretic Mobility Shift Assay (EMSA). Nuclear
proteins were extracted using the NE-PER nuclear and cytos-
olic extraction reagents kit (Pierce) according to the instruc-
tions. Synthetic complementaryNF-𝜅Bbinding oligonucleot-
ides (Promega,Madison,WI, USA)were 3-biotinylated using
a biotin 3-end DNA labeling kit (Pierce) according to the
manufacturer’s instructions. Assays were performed using a
LightShift electrophoretic mobility shift assay (EMSA) opti-
mization kit (Pierce) according to the manufacturer’s proto-
col.

2.10. Statistical Analysis. All data are presented as the
means ± standard deviation (SD). Statistical analyses (Stu-
dent’s 𝑡-test and one way analysis of variance, ANOVA)
were performed using GraphPad Prism 5 software (Graph-
Pad Software, Inc., La Jolla, CA, USA). Densitometry was

performed using L process V2.01 and MultiGauge V2.02
(Fuji Film, Stamford, CT, USA). A value of ∗𝑃 < 0.05 was
considered to indicate a statistically significant difference. All
results presented in the figures in this study were obtained
from at least three independent experiments.

3. Results

3.1. Effect of [6]-Gingerol on Cell Viability in PANC-1 Cells.
TheMTT assay was performed to determine the cytotoxicity
of [6]-gingerol on PANC-1 cells with ∼0–20𝜇M [6]-gingerol
(Figure 2). Therefore, <20𝜇M [6]-gingerol was used for
treatments in this experiment. Subsequently, [6]-gingerol did
not inhibit cell growth compared to that of the control. Cyto-
toxicity was not observed at concentrations below 20𝜇M [6]-
gingerol.

3.2. [6]-Gingerol Increased Transepithelial Electrical Resis-
tance (TER) in PANC-1 Cells. TER (a measure of TJ for-
mation) values were measured to examine the relationship
between TJ tightening and invasive activity of PANC-1 cells
treatedwith [6]-gingerol. As shown in Figure 3(a), incubation
of cells with [6]-gingerol substantially increased TER levels in
a dose-dependent manner. Using a Matrigel-coated invasion
assay, we next examined the question of whether [6]-gingerol
decreases cell invasion activity. As shown in Figure 3(b), [6]-
gingerol treatment reduced cell invasion through theMatrigel
chamber. These results show that the increase in TER values
upon treatment with [6]-gingerol indicates an increase in TJ
formation and is associated with inhibition of cell invasion in
PANC-1 cells.

3.3. [6]-Gingerol Reduced Paracellular Permeability in PANC-
1 Cells. To further characterize TJ changes induced by [6]-
gingerol, paracellular permeability of PANC-1 monolayers
was determined using the permeability marker mannitol.
The d-mannitol compound is an inert carbohydrate that
is transported only through this paracellular route, that is,
through TJs. After 3 days of treatment with or without
[6]-gingerol (10 𝜇M), the apparent permeability of mannitol
(Papp mannitol) decreased by ∼32% compared to that of
untreated control cells (Figure 4), confirming that [6]-gin-
gerol exhibits an enhancing effect on TJ formation in human
pancreatic cancer cells.

3.4. [6]-Gingerol Suppressed MMP Activity in PANC-1 Cells.
To clarify activation of MMPs in PANC-1 cells, zymography
was conducted to assess whether [6]-gingerol affects MMP
activation. Secretion ofMMP-2 andMMP-9 was significantly
(𝑃 < 0.05) inhibited by [6]-gingerol treatment compared
with untreated cells (Figure 5). MMP-9 activity was sup-
pressed more than that of MMP-2. This result suggests that
[6]-gingerol inhibits the invasiveness of pancreatic cancer
cells by decreasing the levels of protease, MMP-2, andMMP-
9.

3.5. [6]-Gingerol Regulated the Expression of TJ and Invasion-
Related Genes in PANC-1 Cells. To determine whether [6]-
gingerol regulates the expression of TJ and invasion-related
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Table 1: Oligonucleotides used in RT-PCR.

Genes Primer sequence

Claudin-4 Sense 5-TGG ATG AAC TGC GTG GTG CAG-3

Antisense 5-GAG GCG GCC CAG CCG ACG TA-3

MMP-2 Sense 5-GGC CCT GTC ACT CCT GAG AT-3

Antisense 5-GGC ATC CAG GTT ATC GGG GA-3

MMP-9 Sense 5-CGG AGC ACG GAG ACG GGT AT-3

Antisense 5-TCA AGG GGAAGA CGC ACA GC-3

ZO-1 Sense 5-GCT CCT CCC ACC TCG CAC GT-3

Antisense 5-GAC CTG CTG GAG CAT AGG GCT G-3

Occludin Sense 5-TCAGGGAATATCCACCTATCACTTCAG-3

Antisense 5-CATCAGCAGCAGCCATGTACTCTTCAC-3

E-cadherin Sense 5-GAA CAG CAC GTA CAC AGC CCT-3

Antisense 5-GCA GAA GTG TCC CTG TTC CAG-3

GAPDH Sense 5-CGG AGT CAA CGG ATT TGG TCG TAT-3

Antisense 5-AGC CTT CTC CAT GGT GGT GAA GAC-3

Table 2: List of antibodies used in Western blot.

Antibody Company Dilution
Claudin-4 Invitrogen 1 : 500
MMP-2 Santa Cruz Biotechnology 1 : 500
MMP-9 Santa Cruz Biotechnology 1 : 500
ZO-1 Invitrogen 1 : 1000
Occludin Invitrogen 1 : 1000
E-cadherin Invitrogen 1 : 1000
Snail Abcam 1 : 1000
NF-𝜅B Santa Cruz Biotechnology 1 : 1000
pERK Cell Signaling 1 : 1000
ERK Cell Signaling 1 : 1000
𝛽-actin Santa Cruz Biotechnology 1 : 1000
Lamin B Santa Cruz Biotechnology 1 : 1000

genes, RT-PCR and Western blot analysis were conducted
in PANC-1 cells with or without [6]-gingerol. As shown in
Figures 6(a) and 6(b), claudin 4 and MMP-9 expression
decreased in [6]-gingerol-treated cells compared to untreated
cells. Inversely, the mRNA and protein levels of ZO-1, oc-
cludin, and E-cadherin increased upon treatment with [6]-
gingerol. These results suggest that [6]-gingerol can restore
the levels of claudin protein and that TJ may suppress metas-
tasis and invasion.

3.6. [6]-Gingerol Inhibited the Invasion of PANC-1 Cells by a
Decrease in NF-𝜅B/Snail Activity. As shown in Figure 7(a),
protein levels of NF-𝜅B/Snail in the cytosolic fraction
were significantly downregulated in [6]-gingerol-treated cells
compared to those of the control. The degradation of IkB
was also inhibited by [6]-gingerol. However, the nuclear
translocation of NF-𝜅B and Snail significantly (𝑃 < 0.05)
decreased in cells. Inhibition of Snail, a transcription factor,
increased the expression of E-cadherin, a regulator of TJ,
in cells. An inverse relationship between the expression of
these genes was also observed. Activation of NF-𝜅B in the
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Figure 2: Effect of [6]-gingerol on cell viability in PANC-1 cells.
Cells were seeded onto 96-well plates and grown for 1 day. Media
containing the compounds were added after 24 h, and cell numbers
were quantified using the MTT assay. Data represent the mean ±
SD from three independent experiments. Statistical analysis (one-
way ANOVA) was performed using GraphPad Prism 5. NS, no
significance versus the untreated control.

nucleus was also inhibited by [6]-gingerol treatment. MAPK
is known as an upstream regulator of NF-𝜅B. Consequently,
additional testing was necessary to elucidate the signal-
ing pathway that regulates NF-𝜅B activity upon treatment
with [6]-gingerol, which inhibited Snail in PANC-1 cells.
Western blot analysis revealed that [6]-gingerol-treated cells
suppressed ERK phosphorylation compared to that of the
control (Figure 7(b)). These results demonstrate that Snail
expressionwas inhibited by [6]-gingerol through suppression
of NF-𝜅B activation via a decrease in ERK phosphorylation.
As shown in Figure 7(b), treatment with U0126, an ER-
specific inhibitor, confirmed the suppression of Snail andNF-
𝜅B expression through inhibition of ERK phosphorylation,
suggesting that inhibition of ERK by [6]-gingerol regulates
NF-𝜅B activity.
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Figure 3: Effect of [6]-gingerol on TER value and cell invasion in PANC-1 cells. (a) Cells were plated onto 12-well polyester membrane
Transwells (1 cm2 surface area, 0.4-mm pore size; Costar) and grown in media. The compound was added to both the apical and basolateral
compartments in triplicate. TER values were measured using an epithelial volt-ohm meter. (b) Cells were grown on the apical side of a
Matrigel-coated filter chamber in the presence of the compound in serum-free media. Medium including 20% FBA as a chemoattractant was
placed in the basolateral chamber. After 3 days, cells were fixed and stained and then counted. Data represent the mean ± SD from three
independent experiments. Statistical analyses (one-way ANOVA and Student’s 𝑡-test) were performed using GraphPad Prism 5. ∗𝑃 < 0.05
versus the untreated control.
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Figure 4: Effect of [6]-gingerol on paracellular permeability in
PANC-1 cells. Cells grown on Transwells were treated for 3 days. At
time 0, PBS (0.5mL) containing [14C] mannitol (0.1 𝜇Ci/mL) was
added to the apical compartment. The amount of mannitol trans-
ported across the monolayer was determined by counting the sam-
ples in a liquid scintillation counter (LS 6500; Beckman Coulter).
Data represent themean ± SD from three independent experiments.
Statistical analysis (one-way ANOVA) was performed using Graph-
Pad Prism 5. ∗𝑃 < 0.05 versus the untreated control.

4. Discussion

Ginger has been used in traditional Oriental medicine and
contains gingerol, shogaol, paradol, zingerone, zingiberene,
curcumene, and farnesene and so forth [10, 11]. Gingerols
have been reported to exhibit many interesting pharmacolog-
ical and physiological functions, including antipyretic, car-
diotonic, chemopreventive, anti-inflammatory, and antioxi-
dant properties[12–14].
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Figure 5: Effect of [6]-gingerol on MMP activity in PANC-1 cells.
Cells were cultured in the absence or presence of the compound
for 24 h. Cell-free medium was collected and MMP activity was
measured by gelatin zymography. Protease activity was quantified
by densitometry using L Process and MultiGauge software and
normalized relative to the control and background. Data represent
the mean ± SD from three independent experiments. Statistical
analysis (Student’s 𝑡-test) was performed using GraphPad Prism 5.
∗

𝑃 < 0.05 versus the untreated control.

Metastasis is the main reason of death in patients with
cancer and is a multistep process involving invasion and
migration. In cancer, breakdown of the extracellular matrix
and basement membrane via activation of MMPs and tissue
remodeling via the loss the TJ in turn promote tumor
cell migration. Here, we present a new paradigm for the
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Figure 6: Effect of [6]-gingerol on TJ-related gene expression in PANC-1 cells. (a) Cells were treated with [6]-gingerol for 24 h. Total RNAs
were extracted and reverse transcribed. cDNAs were subjected to PCR, and products were observed by 1.5% agarose gel electrophoresis and
visualized by staining with EtBr. GAPDHwas used as an internal control. (b) Cells cultured under the same conditions were lysed, and equal
amounts of cell protein were resolved by SDS-PAGE and transferred to a nitrocellulosemembrane.Western blotting was then performed with
the proper antibodies and an enhanced ECL detection system. Actin was used as an internal control. Band intensities in the immunoblots
were quantified by densitometry using L Process and MultiGauge software. Band intensities were normalized relative to the internal control
and background, respectively. Data represent the mean ± SD from three independent experiments. Statistical analysis (Student’s 𝑡-test) was
performed using GraphPad Prism 5. ∗𝑃 < 0.05 versus the untreated control.

prevention of PC metastasis through the restoration of TJs
in PC cells by the natural compound [6]-gingerol. However,
the antimetastatic effects of [6]-gingerol, a major phenolic
compound derived from ginger, are unknown in PC cells.The
aim of this study was to examine the effect of [6]-gingerol
on PC metastasis and investigate the intracellular signaling
pathways involved.

First, MTT assays were performed to confirm that [6]-
gingerol treatment was not cytotoxic. The effects of [6]-gin-
gerol on TER and paracellular permeability of PC cells were
then investigated using the PANC-1 cell line. Our study
indicated that [6]-gingerol tightened TJ formation and thus
suppressed paracellular permeability compared to that of
untreated cells. Soler et al. [15] demonstrated that the TER
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Figure 7: Effect of [6]-gingerol on the DNA-binding activity of NF-𝜅B in PANC-1 cells. (a) Nuclear and cytosolic extracts were prepared
using the NE-PER nuclear and cytoplasmic extraction kit from PANC-1 cells treated with [6]-gingerol for 24 h. Western blotting was then
performed on each fraction. Actin was used as an internal control for, the cytosolic fraction, and lamin was applied as an internal control for
the nuclear fraction. (b) Cells cultured under the same conditions were pretreated for 30min with U0126, an ERK inhibitor. Cells were then
tested for theDNA-binding activity of NF-𝜅B by EMSA. Band intensities in the immunoblots were quantified by densitometry using L Process
and MultiGauge software. Band intensities were normalized relative to the internal control and background. Data represent the mean ± SD
from three independent experiments. Statistical analyses (Student’s 𝑡-test and one-way ANOVA) were performed using GraphPad Prism 5.
∗

𝑃 < 0.05 versus the untreated control. +𝑃 < 0.05, [6]-gingerol compared with U0126-treated cells.
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of colon carcinoma tissue was significantly lower than that of
normal colon tissue and concurrently that the transepithelial
paracellular permeability of colon carcinomas was higher
than that in normal colon epithelial tissue, confirming the
loss of TJs. Gumbiner [16] reported that the paracellu-
lar transport of ions and small solutes are regulated by
TJs. Schneeberger and Lynch [17] determined that TJs are
involved either directly or indirectly with TJ plaque proteins
to coordinate diverse functions such as the regulation of para-
cellular solute permeability, cell proliferation, cell polarity,
and tumor suppression.Therefore, these reports support that
[6]-gingerol exhibits significant activity on two measures of
metastatic potential, motility, and invasiveness in human PC
cells.

The protein components of TJs have been identified, in
particular those of the claudin family, which include trans-
membrane proteins and their extracellular domains. They
then interact with that of other claudin proteins of adjacent
cells to regulate paracellular permeability [2]. A critical
regulator of TJs, ZO-1, was reduced or lost by 69% in breast
cancers analyzed [18]. Claudin-1, -3, and -4 are overexpressed
in colorectal tumor tissues [19]. Additionally, claudin-3 and
-4 have also been shown to be overexpressed in cancers
including gastric, ovarian, and pancreatic cancers [2, 20–
23]. A German group reported that the ectopic expression
of claudin-4 in pancreatic cancer cells reduced their inva-
sive potential both in vitro and in vivo [2]. These reports
strongly suggest that claudinsmay act as promising targets for
antimetastatic cancer therapeutics [5]. The reports described
above indicate that claudins are dysregulated inmany types of
cancers and that the nature of the dysregulation is highly can-
cer type specific. E-cadherin, an adherent junction protein
and type I transmembrane glycoprotein [24], is also known
to regulate TJ formation [25]. The loss of E-cadherin and
Snail overexpression is correlated with tumor grade and stage
[26], nodal metastasis, and tumor recurrence and predicts a
poor outcome in patients with various cancers [27–29]. In
this study, we showed that [6]-gingerol in PC cells inhibited
TJ proteins and mRNA levels, claudin-4, ZO, and occludin.
The increase in E-cadherin and decrease in Snail were also
regulated by [6]-gingerol. These observations suggest that
[6]-gingerol may bode well for its therapeutic use as an
antimetastatic therapeutic in human pancreatic cancer.

MMPs are proteolytic enzymes that are highly expressed
in variousmalignant tumors. Inhibition ofMMPs could be an
effective strategy to prevent tumor cell invasion and metasta-
sis. As MMPs are important regulators of tumor progression
and metastasis, they have been identified as candidate prog-
nostic markers. Activated MMPs degrade type IV collagen
(a major constituent of the basement membrane), thereby
increasing cell mobility [30, 31]. Durlik and Gardian found
that MMP-9 is activated only in higher tumor grades of
human pancreatic cancer [32]. Dhawan et al. reported that
the ectopic overexpression of claudin-1 in a colon adenocar-
cinoma cell line increased the activity ofMMP-2 andMMP-9,
which play important roles in cell invasion [33].These reports
support our findings showing that the natural compound [6]-
gingerol plays inhibitory roles in metastasis and invasiveness
of human pancreatic cancer cells.

The transcription factor NF-𝜅B plays a critical role in
metastasis and invasion signaling pathways [34]. Also, the
transcription factor Snail translocates into the nucleus in
metastatic human cancer [35]. In the current study, we found
that [6]-gingerol inhibited the nuclear translocation of Snail,
which is regulated by NF-𝜅B. Inhibition of Snail and MMP-9
could be the mechanism of [6]-gingerol-induced inhibition
of cancer cell metastasis. We further investigated the effect of
[6]-gingerol onMAPK pathways. We found that [6]-gingerol
inhibited ERK phosphorylation, which was also confirmed
by the U0126 inhibitor. Therefore, [6]-gingerol modulated
the suppression of ERK phosphorylation, suggesting that
[6]-gingerol-suppressed metastasis is associated with NF-
𝜅B/Snail via the ERK pathway in PANC-1 cells.

5. Conclusion

In conclusion, we present data demonstrating that a natural
compound, [6]-gingerol, can strengthen TJs and regulate
the expressions of TJ-related proteins in human pancreatic
cancer cells and that it is also a potent inhibitor of NF-𝜅B
activation. Thus, our study will greatly enhance our under-
standing of the role of TJs and their composite proteins in
human pancreatic cancer metastasis. However, further stud-
ies are needed to elucidate whether [6]-gingerol can suppress
tumor metastasis and invasion in vivo and further potentiate
chemotherapy effects.
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Porphyra dentata, an edible redmacroalgae, is used as a folkmedicine in Asia.This study evaluated in vitro and in vivo the protective
effect of a sterol fraction from P. dentata against breast cancer linked to tumor-induced myeloid derived-suppressor cells (MDSCs).
A sterol fraction containing cholesterol, 𝛽-sitosterol, and campesterol was prepared by solvent fractionation of methanol extract of
P. dentata in silica gel column chromatography.This sterol fraction in vitro significantly inhibited cell growth and induced apoptosis
in 4T1 cancer cells. Intraperitoneal injection of this sterol fraction at 10 and 25mg/kg body weight into 4T1 cell-implanted tumor
BALB/c mice significantly inhibited the growth of tumor nodules and increased the survival rate of mice. This sterol fraction
significantly decreased the reactive oxygen species (ROS) and arginase activity of MDSCs in tumor-bearing mice. Therefore, the
sterol fraction from P. dentata showed potential for protecting an organism from 4T1 cell-based tumor genesis.

1. Introduction

Breast cancers constitute one of the most serious problems
in oncology, and in many countries breast cancer is a leading
cause of death among women [1]. As the breast cancer phe-
notype progresses, survival factors that inhibit apoptotic cell
death are expressed [2, 3]. In addition, the pathophysiology of
breast cancer has linked it to tumor-inducedmyeloid derived-
suppressor cells (MDSCs), andMDSCs pose a serious barrier
to effective T cell immunotherapy against cancer [4].

Tumor-induced immune suppression is widespread
among patients and experimental animals that display
malignant tumors [5]. Multiple mechanisms have been
suggested as the possible cause of tumor-induced immune
suppression, with MDSCs (previously called immature
myeloid cells) [6] being a major contributor [3]. In mice,
MDSCs are characterized as Gr-1+CD11b+ cell phenotype
and are thus also called Gr-1+CD11b+ cells [7]. Myeloid
lineage differentiation antigen Gr-1 (also known as Ly6G) is
expressed on myeloid precursor cells and granulocytes and
transiently on monocytes [6]. Tumor growth is associated
with systemic expansion of Gr-1+ myeloid cells with the

CD11b antigen. The CD11b antigen is also known as 𝛼M-
integrin, and is a marker for myeloid cells of the macrophage
lineage [8].The quantity of these suppressor cells is positively
correlated to malignancy, which suggests that MDSCs play
a role in tumor invasion and metastasis [7]. MDSCs in the
bone marrow and spleen are significantly overproduced
in tumor-bearing mice [7]. The expansion of MDSCs is
promoted by expansion factors produced by tumor cells,
through stimulation of myelopoiesis and the inhibition of
differentiation of mature myeloid cells [3].

Some studies have suggested that MDSCs are potent
inhibitors of antitumor immunity in secondary lymphoid
organs and may facilitate tumor progression by inactivating
antigen-specific T cells [6, 9]. MDSCs in tumor-bearing hosts
may generate reactive oxygen species (ROS) to suppress
antigen-specific cell responses [6, 10]. ROS inhibition can
completely abrogate the suppressive effect of MDSCs [6].
MDSC suppression has also been implicated in reduced
bioavailability of L-arginine [9, 11–13]. This effect is the
result of enhanced activity of arginase, which hydrolyzes L-
arginine to L-ornithine and urea.The reduction of L-arginine
is thought to affect multiple key biological processes in T
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cells, including proliferation, expression of the T cell receptor
complex, and the development of memory [9]. Zea et al.
[9] showed that cytokines of interleukin 4 (IL-4) and IL-13
upregulate arginase activity ofMDSCs, thereby increasing the
suppressive function of MDSCs. In vivo studies have shown
that blocking arginase eliminated the suppressor function of
MDSCs and induced an antitumor effect of T cells [9, 13].

In vitro, 4T1 cells grow as adherent epithelial type and
are characterized as murine mammary carcinoma cells [14].
The 4T1 cell line is an estrogen-nonresponsive [15] and trans-
plantable tumor cell line that is tumorigenic in NOD/SCID
and BALB/c mice. It multiplies rapidly, resulting in highly
metastatic tumors in the lung, liver, lymph nodes, and brain
while the primary tumor is growing in situ [4]. This tumor
closely imitates human breast cancer and provides an animal
model for Stage IV human breast cancer [2].

Algal remedies from the Porphyra species, commonly
known as red seaweeds, are emerging as popular agents
for cancer-related therapy [16, 17]. Various sterol compo-
nents have been identified in the Porphyra species, includ-
ing campesterol, cholesterol, 22-dehydrocholesterol, desmos-
terol, fucosterol, 𝛽-sitosterol, and stigmasterol [18–20]. Sev-
eral of these components have been shown to exhibit anti-
tumor activity [21]. In eastern Asian countries, Porphyra
dentata (Bangiaceae) has been used for centuries in the
preparation of folk medicine [22, 23]. This study investigated
the anti-breast-cancer effects of P. dentata using the 4T1
breast cell line in vitro and 4T1 implanted mice in vivo. We
analyzed the presence of effective compositions of sterols and
attempted to explain the underlying mechanism related to
MDSC to account for these anticancer effects.

2. Materials and Methods

2.1. Plant Materials and Chemicals. Marine red alga,
P. dentata, was collected in Taiwan and authenticated
as described previously [22]. Unless otherwise stated,
chemicals and reagents were purchased from Sigma
Aldrich (St. Louis, MO, USA). These included aprotinin,
L-arginine, campesterol, cholesterol, desmosterol, di-
chlorodihydrofluorescein diacetate (DCFDA), dimethyl
sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), EDTA (ethylene-
diaminetetraacetate), 𝛼-isonitrosopropiophenone, N-(1-
naphthyl) ethylenediamine, leupeptin, phenyl methyl
sulfonyl fluoride, 𝛽-sitosterol, stigmasterol, sulfanilamide,
taxol, tris, triton X-100, and urea. We obtained catalase,
arginase inhibitor NW-hydroxy-nor-L-arginine (nor-
NOHA), and phorbol-12-myristate-13-actetate (PMA)
from Calbiochem (Calbiochem, San Diego, CA). Fetal
bovine serum (FBS), EDTAx4Na (tetrasodium EDTA),
HEPES buffer, 2-𝛽-mercaptoethanol, nonessential amino
acids, penicillin/streptomycin, sodium pyruvate, Dulbecco’s
Modified Eagle’s Medium (DMEM), PBS, and RPMI 1640
were purchased fromGibco (Rockville, MD, USA). From BD
Biosciences (San Diego, CA, USA) we obtained a fluorescein
isothiocyanate (FITC) Annexin V Apoptosis Detection
Kit I, propidium iodide (PI), and the antibodies, namely,

anti-mouse Gr1+-FITC (Clone: RB6-8C5; Catalog number:
553126) and anti-mouse CD11b+-PE (Clone: M1/70; Catalog
number: 553311). A protein assay kit (Bradford reagent)
was purchased from Bio-Rad Laboratories (Richmond, CA,
USA). All solvents and chemicals used in this study were of
HPLC grade.

2.2. Extraction and Fractionation of Plant. Crude extract of
P. dentata soaked in methanol was prepared as described
previously [22]. A freeze-dry powder of themethanolic crude
extract (18 g) was fractionated on a chromatographic column
filled with silica gel particles. The first fractionation was
eluted with 1 L of hexane (fraction 1; F1), followed by 2.5 L
of dichloromethane (fraction 2; F2), 3 L of ethyl acetate
(fraction 3; F3), 4 L of acetone (fraction 4; F4), and 4 L of
methanol (fraction 5; F5). The various obtained fractions
were concentrated in a rotary evaporator to dryness and were
then weighed and stored in a freezer (−80∘C) until use.

2.3. Cell Line Maintenance. The 4T1 breast cancer cell line
was obtained from the American Type Culture Collection
(ATCC) and was maintained using standard cell culture
techniques. The cells were cultured in a “4T1 medium” [24]
comprisingDMEM supplemented with 0.2% (w/v) NaHCO

3
,

10% (v/v) FBS, and 1% (w/v) penicillin/streptomycin; the
culture was maintained at 37∘C, 95% humidity, and 5%
CO
2
. The subcultures were performed every 3 days. The

cells were detached using 0.05% (w/v) trypsin with 0.53mM
EDTAx4Na for 5min at 37∘C in a humidified incubator.
The cell count for each subculture was determined using a
hemacytometer (Marienfeld, Long Isand, NY, USA).

2.4. Cytotoxic Effects of Samples on 4T1 Cells. The 4T1 cells (1
× 106 cells/mL) were incubated with 4T1 medium containing
DMSO (control), various concentrations ofmethanolic crude
extract (100, 200, and 400 𝜇g/mL), or fractions of F1, F2, F3,
F4, and F5 (25, 50, and 100 𝜇g/mL in each case) for 48 h. The
cells were then subjected toMTT assays [22].The relative cell
viability (%) was defined as 100 multiplied by the ratio of the
OD490 value of the cells treated with extract or fraction, over
the OD490 value of the control cells.

2.5. In Vitro Effect of Sample on Apoptosis and Necrosis of
4T1 Cells. The 4T1 cells (1 × 106 cells/mL) were incubated
in the 4T1 medium containing various concentrations of F2
fraction for 48 h. The cell undergoing apoptosis or necrosis
was determined using FITC Annexin V Apoptosis Detection
Kit I and PI exclusion in a FACS-based assay, according to
the manufacturer’s protocol (BD Biosciences, San Diego, CA,
USA). Briefly, the reacted 4T1 cell suspension was mixed
with 1 𝜇L of FITC Annexin V staining solution and left for
7min. Thereafter, 1 𝜇L of PI solution was added and reacted
for 15 s in the dark. Flow cytometric analysis was performed
immediately.

2.6. Mouse Maintenance. Thirty female BALB/c mice (5 wk
old) were purchased from National Laboratory Animal Cen-
ter (NLAC) in Taiwan. They were fed ad libitum for 1 wk and
were then divided randomly into 5 groups of 6 animals each.
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The groups were as follows: a naive group of tumor-freemice,
a control group of tumor-bearing mice that did not receive
treatment, and 3 experimental groups of tumor-bearing mice
that received the sample treatments at 3 dosage levels. For
the survival rate analysis, another 30 female BALB/c mice
(5 wk old) were divided in the same manner. The 6 mice in
each group were housed in a cage at 25∘C and were libitum
fed and observed daily. Approval for this study was issued
by the Institutional Animal Care Board of National Taiwan
OceanUniversity, and themice were handled and euthanized
according to the board’s guidelines.

2.7. 4𝑇1 Breast Tumor Model. The experimental mice were
injected with 100 𝜇L of syngeneic breast cancer 4T1 cell
suspension (5 × 106 cells/mL). The injection was delivered
subcutaneously (s.c.) into the mammary fat pads of the mice.
Three hours after the tumor engraftment, the experimental
mice (3 groups) were intraperitoneally (i.p.) injected with
20𝜇L of sample at dosages of 5, 10, or 25mg/kg/day. The
negative control group (naive mice) and the control group
(tumor-bearing mice) were injected with DMSO (a carrier).
The mice were injected every 3 d over 18 consecutive days.

Tumor growth was assessed morphometrically, using a
caliper, and tumor volumes were calculated from the formula
𝑉 (mm3) = 𝐿

1
(major axis) × 𝐿2

2

(minor axis)/2 [25]. After
the indicated time, the mice were sacrificed on frozen CO

2
.

Gross pathology of animals was performed, abnormalities
were noted, and images were obtained to document the
results. Tumor tissues were isolated and weighed on a
microbalance and then stored in cytotoxic media on ice
until further ex vivo analysis. The cytotoxic media comprised
1mM nonessential amino acids, 10mM hepes buffer, 50𝜇M
2-𝛽-mercaptoethanol, 1% (v/v) sodium pyruvate, 2.0 g/L
NaHCO

3,
and 100U/mL penicillin/streptomycin in RPMI

1640.

2.8. Splenocyte Isolation. The suspensions of splenic cells
were prepared according to the method of Nelson et al. [26].
The cell suspensions were washed once with media and the
pellet was resuspended in erythrolysis buffer (7.47 g/LNH

4
Cl,

2.29 g/L KHCO
3
, 0.22𝜇m filtrated, pH 7.2). Erythrolysis was

performed at 37∘C for 10min in a water bath. Thereafter, the
cells were washed twice with phosphate buffer saline (PBS)
and filtered through a cell strainer (40𝜇m, BD) to remove
conglomerated or dead cell debris.

2.9. FACS Analysis of MDSC Surface Proteins in Splenocytes.
Splenocytesat 1 × 106 cells/well in a 96-well V bottom plate
(Hartenstein) were spun down. Cells were resuspended
in 50𝜇L FACS buffer (1% v/v FBS, 0.05% w/v NaN

3
in

PBS) containing the selected antibody cocktail (fluorescence-
conjugated antibodies Gr-1+-FITC andCD11b+-PE) andwere
then incubated at 4∘C in the dark for 30min. After staining,
the cells were washed twice with FACS buffer and were
resuspended in 500 𝜇L FACS buffer. A single stain was
performed for each antibody present in the staining cocktail.
After staining, the cells were analyzed using a BD FACSCanto
II flow cytometer with FACSDiva software (BD Biosciences,
San Diego, CA, USA). The instrument was thresholded on

a forward angle light scatter (FS), and signals from FS and
orthogonal light scatter (SS) were collected using a linear
scale. Two colors of fluorescence were collected using loga-
rithmic amplification, with the optical filters set at approx-
imately 525 nm (on FL1 channel for FITC fluorochrome
detection) and approximately 575 nm (on FL2 channel for PE
fluorochrome detection).

2.10. Single-Cell Sorting of MDSC Fraction. Splenocytes were
stained with fluorescence-labeled antibodies and sorted with
a BD FACSAria II flow cytometer using FACSDiva software
(BD Biosciences, San Diego, CA, USA). The MDSCs were
freshly collected for assays of ROS production and arginase
activity.

2.11. ROS Detection Assay. DCFDA, a cell-permanent dye
sensitive to oxidation by ROS, was used to determine oxida-
tive stress in the MDSCs isolated from the spleens of BALB/c
mice [6]. We labeled 100 𝜇L of MDSCs (2 × 106 cells/mL) in
PBS using 1 𝜇L DCFDA (2 𝜇M) for 15min at 37∘C; thereafter,
the cells were washed twice with PBS. The oxidized DCFDA-
labeled cells were quantified in a green channel (FL1) of
fluorescence by flow cytometry.

2.12. Arginase Activity Assay. Arginase activity wasmeasured
using the method of Chang et al. [27] with some modifi-
cations. To prepare cell lysates for arginase activity assay,
the sorted MDSCs were rinsed twice with ice-cold Dulbecco
PBS and then suspended in 300 𝜇L of lysis buffer containing
50mMTris-HCl (pH 7.5), 0.1mMEDTA, 1mg/mL leupeptin,
1mg/mL aprotinin, 0.1mM phenylmethylsulfonyl fluoride,
and 0.4% Triton X-100. Finally, cells were lysed for 10min in
the lysis buffer and the arginase activity in the cell lysate was
measured. In brief, cell lysate (5 𝜇g/50 𝜇L ddH

2
O) was added

to 50 𝜇L of Tris-HCl (50mM; pH 7.5) containing 10mM
MnCl

2
.The arginase inMDSCswas then activated by heating

the mixture at 55∘C for 10min. The hydrolysis reaction
of L-arginine by arginase was performed by coincubating
the activated arginase with 50 𝜇L of L-arginine (0.5M, pH
9.7) at 37∘C for 1 h. Thereafter, 400 𝜇L of the acid solution
(95% H

2
SO
4
: 85% H

3
PO
4
: H
2
O = 1 : 3 : 7) was added to stop

the reaction. For colorimetric determination of urea, 25𝜇L
𝛼-isonitrosopropiophenone (9% in absolute ethanol) was
added. The mixture was heated at 100∘C for 45min and
quickly cooled to 25∘C. After being kept in the dark at 25∘C
for 10min, the absorbance at 550 nm was determined using
a microplate reader (lQuantTM, BIO-TEK Instrument Inc.,
Winooski, VT).The amount of urea produced was calculated
from the standard curve and prepared as described but using
urea (mg/mL) instead of cell lysate for the arginase activity
assay.

2.13. Identification of Sterols Using a High-Performance Liq-
uid Chromatography Evaporative Light Scattering Detector
(HPLC-ELSD). TheHPLC-ELSD system consisted of a pump
PU-1580 obtained from Jasco (Tokyo, Japan), a Mightysil RP-
18 (H) column (250 × 4.5mm) preceded by an Asahipak
GS-2G 7B guard column (50 × 7.6mm) (Shodex, Showa
Denko, Tokyo, Japan), and an ELSD ZAM 3000 (Schambeck



4 Evidence-Based Complementary and Alternative Medicine

0
10

0
20

0
40

0
10

0
20

0
40

0 25 50 10
0

4T
1 

ce
lls

 v
ia

bi
lit

y 
(%

)

CTR CE-1 CE-2 F1 F2 F3 F4 F5

120

100

80

60

40

20

0

25 50 10
0 25 50 10
0 25 50 10
0 25 50 10
0

Sample
(𝜇g/mL)

∗

∗

∗

∗

∗

∗

∗

∗

Figure 1: Effect of P. dentata methanolic crude extract (CE-1) and
dichloromethane (DCM) crude extract (CE-2) as well as F1 (hex-
ane), F2 (DCM), F3 (ethyl acetate), F4 (acetone), and F5 (methanol)
fractions of CE-1 on the viability of tumor 4T1 cells. The 4T1 cells
were incubated with DMEMcontainingDMSO (control), CE-1, CE-
2, or indicated fractions for 48 h at indicated concentrations. The
cells were subjected to MTT assays. The relative cell viability (%)
was defined as 100 multiplied by the ratio of the OD490 value of the
cells treated with sample over the OD490 value of the control cells.
Data are expressed as mean ± S.D. (𝑛 = 3).

SFD GmbH, Bad Honnef, Germany). The temperatures for
the column oven and detector nebulizer were 40∘C and
80∘C, respectively. Samples were injected through a CO-
150 sampler with a 20𝜇L sample loop (Rheodyne, Cotati,
CA, USA). The mobile phase was a mixture of methanol
and deionized water at a ratio of 95 : 5 with a flow-rate of
1mL/min. Commercially supplied campesterol, desmosterol,
𝛽-sitosterol, and cholesterol were used as calibration stan-
dards for this system. Chrome Manager 5.8 software from
Analytical Based Development Center (Taichung, Taiwan)
was used for online data monitoring and analysis.

2.14. Statistical Analysis. Survival curves were generated
using Sigma-Plot software; the Kaplan-Meier method [28]
and the logrank test [29]were used to comparemean survival.
All other analyses were performed using Student’s t-test and
the results were expressed as means ± standard deviation
(SD). Differences were considered significant at 𝑃 < 0.05.

3. Results

3.1. Effects of Sterol Fraction of P. dentata on Proliferation
and Apoptosis in 4T1 Cells. The cytotoxic effects of the
methanol crude extract (CE-1) of P. dentata and various
solvent fractions (F1–F5) of CE-1 on 4T1cells were investi-
gated. As shown in Figure 1, cell viability decreased in a
dose-dependent manner in samples of CE-1, F2, and F3. Cell
viability was significantly decreased after treatment with CE-
1 (200 or 400 𝜇g/mL), F2 (50 or 100𝜇g/mL), or F3 (50 or
100 𝜇g/mL). Samples of F1, F4, and F5 did not affect cell
viability. Furthermore, F2 was found to have the highest

cytotoxic effect on 4T1 cell proliferation. Therefore, F2 was
selected for testing in the following experiments.

The sterol components in F2 were determined by HPLC-
ELSD after comparing the retention time (𝑇

𝑅
) of individual

peaks with the 𝑇
𝑅
library of sterol standards for cholesterol,

𝛽-sitosterol, and campesterol. The data were analyzed under
the same HPLC conditions (Figure 2). The three major peaks
in F2 had retention times of 10.2min (Peak 1), 12.0min
(Peak 2), and 13.1min (Peak 3) (Figure 2(a)), which were
equivalent to those of cholesterol (𝑇

𝑅
= 10.2min),𝛽-sitosterol

(𝑇
𝑅
= 12.0min), and campesterol (𝑇

𝑅
= 13.1min), respectively

(Figure 2(b)). The relative weight percentages for cholesterol,
𝛽-sitosterol, and campesterol in F2 were 15%, 55%, and 30%,
respectively.

The dose effects of F2 on 4T1 cell proliferation and
apoptosis were further investigated. As shown in Figure 3,
the proliferation of 4T1 cells was inhibited by the sample
(F2) in dose- and time-dependent manner. The proliferation
percentage of 4T1 cells was significantly decreased by a
dose of 50𝜇g/mL of F2, compared with the control cells.
The proliferation percentage in treated 4T1 cells was 63.3%
comparedwith the control cells at 24 h; by 48 h it had reduced
further to 31.1%. Based on the data shown in Figure 3, the
sample concentrations required to achieve 50% inhibition of
cell proliferation at 24 h and 48 h were calculated as 76.2 and
48.3 𝜇g/mL, respectively.

PI and annexin V dual staining enables the identification
of live cells (using annexin V− and PI−); early membrane
damage (using annexin V+ and PI−); and apoptotic, necrotic,
or necrotic membrane-disrupted cells (using annexin V+ and
PI+). To determine if the ability of the sample to inhibit
proliferation was connected with apoptosis in 4T1 cells, dual
staining of annexin V and PI for cells undergoing necrosis-
apoptosis was performed at 48 h (Figure 4). Less than 5% of
4T1 cells in control were dual positive for annexin V and PI
(Figure 4). In the presence of the sample at dosages of 25
to 100𝜇g/mL, the percentage of apoptotic cells (white bar)
and apoptotic-necrotic cells (black bar) gradually increased
from 22% to 50% and from 10% to 20%, respectively. In
the presence of 200𝜇g/mL of the sample, the percentage of
apoptotic-necrotic cells increased to 70%, and the apoptotic
cell percentage decreased to 15%.The remaining 15%of events
showed nonstained viable cells (Figure 4). In this assay, taxol,
a clinical chemotherapy drug for breast and ovarian cancer,
was used as a positive control. Administering taxol at a dosage
of 10 𝜇g/mL induced cell apoptosis at a level of 40% (white
bar) and apoptosis-necrosis at 22% (black bar) (Figure 4).

3.2. Antitumor Effects of Sterol Fraction of P. dentata In Vivo.
The 4T1 cell-implanted tumor mice were i.p. injected with
sample every 3 d over 18 consecutive days. Changes in the
body weights and tumor sizes of mice were monitored. After
the animals were sacrificed, the primary tumor nodules were
isolated and weighed. On day 18 of the experiment, the body
weight of tumor-bearing mice in groups that were treated
with the sample was significantly decreased, compared with
the tumor-bearing control group, for all 3 dosage levels
(Figure 5(a)). As shown in Figure 5(b), tumor nodules
developed by day 3 in tumor-bearing control mice, whereas
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Figure 2: HPLC-ELSD chromatograms of Porphyra dentata F2 fraction (a) and a mixture of standards (cholesterol, 𝛽-sitosterol, and
campesterol) (b). The retention time (𝑇

𝑅

) of each major peak (Peak 1, Peak 2, and Peak 3) present in F2 fraction and each standard is shown
in parentheses and on a time scale. Conditions for HPLC-ELSD: column, Mightysil RP-18 (H) column (250 × 4.5mm); column temperature,
40∘C; mobile phase, 95% methanol in water; flow rate: 1mL/min; ELSD detector nebulizer temperature, 80∘C.
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Figure 3: Effect of Porphyra dentata F2 fraction on viability of 4T1
cells. The 4T1 cells were incubated in DMEM culture containing
10% FBS and sample at indicated concentrations for 24 h and 48 h.
Thereafter, the cells were subjected to MTT assay. The proliferation
percentage (%) was defined as 100 multiplied by the ratio of the
OD
490

value of the cells treated with sample over the OD
490

value
of the control cells. Data are expressed as mean ± S.D. (𝑛 = 3).

tumor nodules were barely detectable on days 3 and 6 in
tumor-bearingmice that were treatedwith sample at a dose of
25mg/kg.Onday 18, the volume andmass of 4T1 tumorswere
significantly larger in the control group than in the tumor-
bearing group treated with the sample at dosages of 10 and
25mg/kg (𝑃 < 0.05) (Figures 5(c) and 5(d)). By contrast,
on day 18 no significant difference was noted in tumor size
between the control mice and mice treated with a low dose
of the sample (5mg/kg) (Figures 5(b) and 5(c)). Increased
survival benefits were observed in the sample-treated groups
(Figure 5(e)). All 6 mice in the tumor-bearing control group
died within 33 days, whereas mice treated with sample at
a dose of 25mg/kg survived significantly longer, at 43 days
(𝑃 = 0.039). Overall, these results showed that the sterol
fraction of P. dentata effectively retarded tumorgenesis and
increased mouse survival (Figure 5).

3.3. Sterol Fraction of P. dentata Did Not Affect Gr-1+CD11b+
Myeloid Cell Expansion. The effect of the sterol fraction of P.
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Figure 4: Simultaneous in vitro detection of apoptosis (annexin
V staining) and necrosis (PI staining) of 4T1 cells treated with P.
dentata F2 fraction. The 4T1 cells were incubated in DMEM culture
containing 10% FBS and F2 sample at indicated concentrations for
48 h. Taxol (10𝜇g/mL)was used as a positive control.The relative cell
population (%) undergoing a solely apoptotic (annexin V positive)
pathway is shown by an open bar square; cells undergoing necrotic-
apoptotic pathway (annexin V and PI double positive) are shown by
a closed black bar square. Data are expressed as mean ± S.D. (𝑛 = 3).

dentata on the percentage of MDSC in splenocytes of tumor-
bearing mice was investigated.TheMDSCs were labeled with
fluorescence-conjugated antibodiesGr-1+-FITC andCD11b+-
PE and were then detected using flow cytometry. On Day 18,
the percentage of splenic MDSCs in tumor-bearing control
mice was markedly elevated by 36% compared with naive
tumor-free mice (4%) (Figure 6). By contrast, mice treated
with dosages of 5 or 25mg/kg of sample did not show
significant changes in the MDSC induction level, compared
with tumor-bearing control mice (Figure 6). This result
suggested that the sterol fraction of P. dentata did not inhibit
MDSC induction pathways in BALB/c mice.

3.4. Sterol Fraction of P. dentata Decreased ROS Levels in
Purified MDSCs. The ROS levels in MDSCs isolated from
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Figure 5: Inhibitory effect of P. dentata F2 fraction on 4T1 tumor-cell-engrafted mice. The 4T1 cells were subcutaneously engrafted (5 ×
105 cells suspended in 0.1mL of PBS) in the nipples of BALB/c female mice. The following parameters were measured: (a) body weight, (b)
photo for tumor growth status, (c) primary tumor volume, (d) primarytumor mass, and (e) survival rate. The data are representative of one
experiment with 6 mice in each group. Naive mice and control mice were i.p. treated with DMSO only.
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Figure 6: The induction of MDSCs in female BALB/c mice treated with or without P. dentata F2 fraction. The 4T1 cells were subcutaneously
engrafted in the mice. A typical dot plot of splenic MDSCs level is shown in (a). The percentage of MDSCs detected in the spleen of mice
bearing 4T1 tumors is shown in (b). The data are representative of one experiment, with 3 mice from each group.

BALB/c mice using an oxidation-sensitive fluorescent dye,
DCFDA, are shown in Figure 7. In vivo, MDSCs from tumor-
bearing control mice exhibited 10 times more ROS-positive
cells than MDSCs from tumor-free mice (Figure 7(a)). The
mean fluorescence intensity (MFI) values represent the ROS
content. These values were 65 ± 3 and 777 ± 68 for naive
MDSCs and tumor-bearing control MDSCs, respectively. By
contrast, the MFI values for MDSCs from tumor-bearing
mice treated with the sample at dosages of 5 and 25mg/kg
were 621 ± 84 and 265 ± 50, respectively; both of which
were significantly lower than the MFI values for MDSCs
from the control group (Figure 7(a)). In vitro, the purified
MDSCs from tumor-bearing control mice were treated with
various stimuli, including catalase (a ROS-quenching agent),
PMA (a ROS induction agent), nor-NOHA (an arginase
inhibitor), and sample. As expected, the in vitro ROS level
in untreated control MDSCs (MFI 776 ± 47) was similar to
the in vivo MDSC level in the tumor-bearing control group
(777 ± 68, Figure 7(a)). Treatment with catalase or nor-
NOHA decreased the ROS level significantly to MFI 336± 67
and MFI 70 ± 3, respectively. By contrast, the ROS level of
MDSCs treated with ROS-inducing PMA increased 2-fold
(MFI 1556±120). Similarly, the ROS levels of MDSCs treated
in vitro with the sample at dosages of 5 and 25 𝜇g/mL were
significantly decreased, with MFI values being 271 ± 66 and
72±15, respectively (Figure 7(b)). Overall, the sterol fraction

of P. dentata decreased ROS in a dose-dependent manner in
MDSCs both in vivo and in vitro (Figure 7).

3.5. Sterol Fraction of P. dentata Inhibited Arginase Activity of
MDSCs In Vivo. Arginase activity is an important contribu-
tor to MDSC suppressive activity. Thus, the arginase activity
in MDSCs from naive, control, and sample-treated mice
was measured to determine whether the arginase activity of
MDSCs was modulated in vivo by our sample. As shown
in Figure 8, the arginase activity (expressed as urea level)
in control MDSCs was 4-fold higher than that in naive
MDSCs. No significant difference was found in arginase
activity between the controlMDSCs and cells treatedwith the
sample (5mg/kg). However, arginase activity (1.9mg/mL of
urea) in MDSCs from mice treated with sample (25mg/kg)
was significantly lower (𝑃 < 0.05) than that of the control
(2.6mg/mL of urea) (Figure 8).

4. Discussion

Porphyra dentata is an edible seaweed that is widely cul-
tivated in Taiwan. Our previous study examined the anti-
inflammatory effect of P. dentatamethanolic crude extract on
iNOS-implicated diseases in lipopolysaccharide-challenged
mouse macrophages [22]. The current study showed for
the first time that dichloromethane solvent fraction (F2) of
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Figure 7: In vivo effect of P. dentata F2 fraction (a) and in vitro effect of F2 fraction and various agents (b) on ROS production by MDSCs. In
vivo, tumor-bearing BALB/c mice were i.p. injected with F2 fraction at dosages of 5 and 25mg/kg body weight. MDSCs were isolated from
tumor-bearing control mice and F2-treated mice as described in Section 2 and their ROS productions were measured. In vitro, MDSCs
isolated from the tumor-bearing control mice were incubated first with F2 fraction or the tested agent; thereafter, ROS production was
measured. Where the stimulating agent PMA was used, MDSCs were incubated at 37∘C for 5min with 1 𝜇g/mL PMA and then washed with
cold PBS. To block ROS production in vitro, MDSCs were incubated with catalase, arginase inhibitor (nor-NOHA), or F2 fraction at 37∘C for
10min.The oxidative-sensitive dye DCFDAwas used tomeasure ROS production by the cells. MDSCs were incubated with 2𝜇MDCFDA for
15min at 37∘C and then washed twice with PBS.The intensity of fluorescence was measured by flow cytometry. Data were obtained from one
experiment, with 4 individual mice from each group. Measurements were obtained in duplicate and the mean fluorescence intensity (MFI)
was calculated for MDSCs in each group, for both in vivo and in vitro treatments.

the crude extract of P. dentata displays anti-breast-cancer
activities.

Phytochemical analysis showed that our biologically
active sample was composed of cholesterol and phytosterols
(𝛽-sitosterol and campesterol) (Figure 2). Recent findings
from a number of studies have shown that foods containing
phytosterols, such as 𝛽-sitosterol either alone or in combi-
nation with campesterol, may protect animals from the risk
of various tumors [21, 30–32]. Phytosterols exert anticancer
actions by inhibition of carcinogen production, cancer cell
proliferation, angiogenesis, invasion and metastasis, and
induction of apoptosis of cancer cells [33]. Similarly, probably
because of the presence of 𝛽-sitosterol and campesterol, our
sample inhibited proliferation of breast cancer cells in vitro
(Figure 3) and caused an apoptotic-necrotic effect in the
cells (Figure 4). Furthermore, treatment with the sample
effectively reduced the tumor size of 4T1 implanted cells and
prolonged survival of the mice (Figure 5).

Previous research has established that MDSCs play a key
role in tumorgenesis [9, 11].The expansion ofMDSCs in bone
marrow of tumor-bearing hosts is governed largely by factors
produced by tumor cells, which results in an accumulation
of MDSCs in the secondary lymphoid organs (spleen and
lymph nodes) [3]. This process occurs through the stimula-
tion of myelopoiesis and inhibition of the differentiation of
mature myeloid cells [3, 34]. Similar expansion, although not
inhibited by the sterol fraction of P. dentata, was observed
in splenic MDSCs of tumor-bearing mice that either did

or did not receive the sample treatments (Figure 6). In the
presence of appropriate cytokines, MDSCs differentiate into
mature myeloid cells [35]. Such differentiation is blocked in
the presence of tumor-cell-conditioned media or in tumor-
bearing hosts [35]. Overall, our study might indicate that
tumor-derived factors that induced expansion of MDSCs
were unaffected by the sterol fraction ofP. dentata.Thiswould
suggest othermechanisms of action onMDSC resulting in the
inhibition of breast cancer tumorgenesis.

The T cell immunosuppressive functions of MDSCs act
through the release of short-lived soluble mediators such as
ROS [6, 10] and arginase activity [12, 13]. Arginase catalyzes
the conversion of L-arginine to urea and L-ornithine [8].
Recent data showed that there is a close correlation between
the availability of L-arginine and the regulation of T cell
proliferation [12, 13]. The high expression of arginase activity
by MDSCs favors their direct inhibition on T-cell function
[8, 11]. Serafini et al. [36] found that a phosphodiesterase-
5 inhibitor, sildenafil, could downregulate the expression of
arginase by MDSCs and, accordingly, inhibit the suppressive
function of MDSCs in growing tumors. In this study the
sterol fraction of P. dentata significantly decreased the ROS
production (Figure 7(a)) and arginase activity (Figure 8) of
MDSCs in 4T1 tumor-cell-engrafted mice in vivo. Accord-
ingly, this fraction could down-regulate suppressive activity
ofMDSCs and decrease the tumor size (Figure 5). In addition,
L-arginine is also used by nitric oxide synthase for nitric oxide
(NO) generation [3]. Boucher et al. [37] showed that a low
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Figure 8: Arginase activity of MDSCs in naive mice, tumor-bearing
control mice, and tumor-bearing mice treated with P. dentata F2
fraction. The splenic MDSCs were isolated from various groups of
BALB/c mice and were lysed for 10min in the lysis buffer and the
arginase activity (shown as urea production) in the cell lysate was
measured, as described in Section 2. Data were obtained from one
experiment, with 3 mice from each group, and expressed as mean ±
S.D.

concentration of L-arginine resulted in low NO generation
and high production of superoxide ion ( ∙O

2

−). In this study,
the high arginase activity in tumor-derivedMDSCs in control
mice (Figure 8) might have lowered the level of L-arginine,
which resulted in increasing of ∙O

2

−, one of ROS (Figures
6(a) and 6(b)) and undetectable NO (data not shown). In
vitro the addition of an arginase inhibitor, Nor-NOHA, in
MDSCs might cause the high level of L-arginine that can be
used for NO production and, finally, significantly decreased
ROS production (Figure 7(b)).

5. Conclusion

This study was the first to screen and isolate the P. dentata
fraction (F2 fraction) and to examine its potent anti-cancer
activity. These anti-cancer effects probably result from the
presence of 𝛽-sitosterol and campesterol. This sterol contain-
ing fraction reduced tumorgenesis and increased the survival
rate of 4T1-engrafted mice; we suggest 2 likely mechanisms
for this effect. First, the sample might cause the apoptosis of
4T1 cells. The other possible mechanism is that the sample
might down-regulate the suppressive activity of MDSCs by
affecting their ROS accumulation and arginase activity. This
inhibition would be consistent with the use of Porphyra
dentata as a folk medicine to treat inflammatory disorders
and also for breast cancer.

Acknowledgments

The authors gratefully acknowledge the financial support for
this study received from the National Science Council of
Taiwan, China, (NSC98-2313-B-019-010-MY3), and the Cen-
ter of Marine Bioenvironment and Biotechnology, National
Taiwan Ocean University (NTOU-RD-AA- 2013-102012).

References

[1] L. Giacinti, P. P. Claudio, M. Lopez, and A. Giordano, “Epi-
genetic information and estrogen receptor alpha expression in
breast cancer,” Oncologist, vol. 11, no. 1, pp. 1–8, 2006.

[2] T. Luo, J. Wang, Y. Yin et al., “(-)-Epigallocatechin gallate
sensitizes breast cancer cells to paclitaxel in a murine model of
breast carcinoma,” Breast Cancer Research, vol. 12, no. 1, article
R8, 2010.

[3] B. A. Pulaski and S. Ostrand-Rosenberg, “Mouse 4T1 breast
tumor model,” in Current Protocols in Immunology, chapter 20,
unit 20.22, 2001.

[4] D. I. Gabrilovich and S. Nagaraj, “Myeloid-derived suppressor
cells as regulators of the immune system,” Nature Reviews
Immunology, vol. 9, no. 3, pp. 162–174, 2009.

[5] P. Sinha, V. K. Clements, S. K. Bunt, S. M. Albelda, and
S. Ostrand-Rosenberg, “Cross-talk between myeloid-derived
suppressor cells and macrophages subverts tumor immunity
toward a type 2 response,” Journal of Immunology, vol. 179, no.
2, pp. 977–983, 2007.

[6] S. Kusmartsev, Y. Nefedova, D. Yoder, and D. I. Gabrilovich,
“Antigen-specific inhibition of CD8+ T cell response by imma-
ture myeloid cells in cancer is mediated by reactive oxygen
species,” Journal of Immunology, vol. 172, no. 2, pp. 989–999,
2004.

[7] L. Yang, J. Huang, X. Ren et al., “Abrogation of TGF beta sig-
naling in mammary carcinomas recruits Gr-1+CD11b+myeloid
cells that promote metastasis,” Cancer Cell, vol. 13, no. 1, pp. 23–
35, 2008.

[8] P. Serafini, I. Borrello, and V. Bronte, “Myeloid suppressor cells
in cancer: recruitment, phenotype, properties, andmechanisms
of immune suppression,” Seminars in Cancer Biology, vol. 16, no.
1, pp. 53–65, 2006.

[9] A. H. Zea, P. C. Rodriguez, M. B. Atkins et al., “Arginase-
producing myeloid suppressor cells in renal cell carcinoma
patients: a mechanism of tumor evasion,” Cancer Research, vol.
65, no. 8, pp. 3044–3048, 2005.

[10] C. A. Corzo,M. J. Cotter, P. Cheng et al., “Mechanism regulating
reactive oxygen species in tumor-induced myeloid-derived
suppressor cells,” Journal of Immunology, vol. 182, no. 9, pp.
5693–5701, 2009.

[11] A. C. Ochoa, A. H. Zea, C. Hernandez, and P. C. Rodriguez,
“Arginase, prostaglandins, and myeloid-derived suppressor
cells in renal cell carcinoma,” Clinical Cancer Research, vol. 13,
no. 2, part 2, pp. 721s–726s, 2007.

[12] P. C. Rodriguez, M. S. Ernstoff, C. Hernandez et al., “Arginase
I-producing myeloid-derived suppressor cells in renal cell car-
cinoma are a subpopulation of activated granulocytes,” Cancer
Research, vol. 69, no. 4, pp. 1553–1560, 2009.

[13] P. C. Rodriguez, D. G. Quiceno, J. Zabaleta et al., “Arginase I
production in the tumor microenvironment by mature myeloid
cells inhibits T-cell receptor expression and antigen-specific T-
cell responses,” Cancer Research, vol. 64, no. 16, pp. 5839–5849,
2004.

[14] K. Tao, M. Fang, J. Alroy, and G. G. Gary, “Imagable 4T1 model
for the study of late stage breast cancer,” BMC Cancer, vol. 8,
article 228, 2008.

[15] C. L. Banka, C. V. Lund, M. T. N. Nguyen, A. J. Pakchoian, B.
M. Mueller, and B. P. Eliceiri, “Estrogen induces lung metas-
tasis through a host compartment-specific response,” Cancer
Research, vol. 66, no. 7, pp. 3667–3672, 2006.



10 Evidence-Based Complementary and Alternative Medicine

[16] T. Ichihara, H. Wanibuchi, T. Taniyama et al., “Inhibition
of liver glutathione S-transferase placental form-positive foci
development in the rat hepatocarcinogenesis byPorphyra tenera
(Asakusa-nori),” Cancer Letters, vol. 141, no. 1-2, pp. 211–218,
1999.

[17] Y. Okai, K. Higashi-Okai, Y. Yano, and S. Otani, “Identification
of antimutagenic substances in an extract of edible red alga,
Porphyra tenera (Asadusa-nori),” Cancer Letters, vol. 100, no. 1-
2, pp. 235–240, 1996.

[18] D. R. Idler, A. Saito, and P. Wiseman, “Sterols in red algae
(Rhodophyceae),” Steroids, vol. 11, no. 4, pp. 465–473, 1968.

[19] M. Plaza, A. Cifuentes, and E. Ibáñez, “In the search of new
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Glutathione S-transferase (GST) is the key enzyme inmultidrug resistance (MDR) of tumour. Inhibition of the expression or activity
of GST has emerged as a promising therapeutic strategy for the reversal of MDR. Coniferyl ferulate (CF), isolated from the root of
Angelica sinensis (Oliv.) Diels (RadixAngelicae sinensis, RAS), showed strong inhibition of human placental GST. Its 50% inhibition
concentration (IC

50

) was 0.3 𝜇M, which was greater than a known GSTP1-1 inhibitor, ethacrynic acid (EA), using the established
high-throughput screening model. Kinetic analysis and computational docking were used to examine the mechanism of GST
inhibition by CF. Computational docking found that CF could be fully docked into the gorge of GSTP1-1. The further exploration
of the mechanisms showed that CF was a reversible noncompetitive inhibitor with respect to GSH and CDNB, and it has much
less cytotoxicity. Apoptosis and the expression of P-gp mRNA were evaluated in the MDR positive B-MD-C1 (ADR+/+) cell line
to investigate the MDR reversal effect of CF. Moreover, CF showed strong apoptogenic activity and could markedly decrease the
overexpressed P-gp.The results demonstrated that CF could inhibit GST activity in a concentration-dependentmanner and showed
a potential MDR reversal effect for antitumour adjuvant therapy.

1. Introduction

Chemotherapeutics provide the most effective treatment
modality for metastatic cancer. However, resistance to anti-
cancer chemotherapy remains a serious obstacle in cancer
treatment. Primary and acquired resistance of tumour cells
to anticancer drugs are major causes of the limited efficacy of
chemotherapy [1, 2]. Tumoursmay be intrinsically drug resis-
tant or develop resistance during treatment; a phenomenon
that is known as multidrug resistance (MDR). Acquired
resistance is particularly a problem as tumours not only
become resistant to the drugs originally used in treatment but
also become cross-resistant to other drugs [3].

Glutathione S-transferases (GSTs, EC 2.5.1.18) are a super-
family of Phase II detoxification enzymes that catalyse
the conjugation of glutathione (GSH) to a wide variety
of endogenous and exogenous electrophilic compounds
including chemotherapeutic agents [4]. GSTs are present
in human tissues and have been subdivided into at least
eight gene-independent classes named Alpha, Pi, Mu, Theta,
Zeta, Omega, Sigma, and Kappa. Resistant cells often have
increased detoxification of compounds mediated by high
levels of GSH and GST [5]. Evidence suggests that the
GST isozymes may have additional functions beyond their
catalytic role [6]. These roles might include protecting the
cells from death, detoxifying chemotherapeutic agents, and
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inducing drug resistance by inactivating chemotherapeutic
compounds via GSH conjugation [7]. Among these isoen-
zymes, overexpression of GSTP1-1 was found to be correlated
with the resistance of some chemotherapeutic agents in
human tumour cells including colon, stomach, pancreas,
uterine cervix, breast, lung cancers, melanoma, and lym-
phoma [8, 9]. The activity of GST appears to be an important
factor contributing to the resistance of tumour.

However, MDR to cancer chemotherapy is complex and
may involve multiple mechanisms. Notably, a combination
of mechanisms, rather than a sole mechanism, has often
been observed in the resistance to antineoplastic drugs. A
close correlation between the high activity of GSTP1-1 and
overexpression of P-glycoprotein (P-gp) has often been found
simultaneously in many MDR cell lines [10]. P-gp is a classi-
cal ABC transporter (the gene product of ABCB1/MDR1) and
acts as an ATP-dependent active efflux pump for chemother-
apeutic agents. P-gp-mediated MDR appears to be a major
feature in drug resistance [11–13]. Moreover, GSTP1-1 dis-
plays an additional antiapoptotic activity based on a protein-
protein interaction with the c-Jun N-terminal kinase (JNK),
a key enzyme in the apoptotic cascade [14], by which GST
inhibitors seem to indirectly inhibit the abnormal expression
of P-gp. Therefore, the therapeutic use of GST inhibitors is
viable suggestions as MDR reversing agents to improve the
efficacy of chemotherapy. Ethacrynic acid (EA) [15], an active
diuretic, was one of the first generation of GST inhibitors
to be utilised as chemosensitiser [16]. Since then, a variety
of GST inhibitors focused on the substrate-binding site of
the GST isozyme or glutathione analogue have currently
been examined and found to modulate drug resistance by
sensitising tumour cells to anticancer drugs [4, 17, 18].
Unfortunately, most of them, including EA, have not fared
well in clinical trials due to poor efficacy and side effects [19].

Development ofMDR reversing agents with higher activ-
ity and lower toxicity is a promising strategy in the battle
against MDR as this approach could result in the enhanced
efficacy of anticancer compounds. Natural products might
be important sources as potential chemosensitising agents
with greater inhibition of the activity of GST. However, only
a few inhibitors of GSTP1-1 from natural products, such as
quinine [20], thonningianinA [21], quercetin [22], curcumin
[23], and plant phenols [24], have been demonstrated to
antagonise MDR in preclinical trials.

The natural resources of Chinese medicine materials are
abundant and diverse. In addition, these medicines have
relatively few side effects in long-term clinical use. Accord-
ingly, they should be good candidates for a new generation
of GST inhibitors to modulate MDR. In this study, a high-
throughput screening (HTS) model was established to screen
for inhibitors of GST from natural Chinese herbs. Using this
approach, a compound isolated from the roots of Angelica
sinensis (Oliv.) Diels (Radix Angelicae sinensis, RAS) was
found to be a strong inhibitor of GST.

This compoundwas also investigated in inhibitory kinetic
and computational docking to evaluate its mechanism of
GST inhibition and the structure-activity relationship. Apop-
tosis analysis and a reverse transcription-polymerase chain
reaction (RT-PCR) assay for P-gp/MDR1 expression in an

Adriamycin-resistant human endometrial cancer cell line
were also utilised to evaluate the ability of the compound to
reverse MDR. The primary aim of this study was to provide
natural source for the discovery of new drug candidate with
MDR reversing activity.

2. Materials and Methods

2.1. Chemicals and Reagents. GST (mainly GSTP1-1, from
human placenta), glutathione (GSH), 1-chloro-2, 4-dinitrob-
enzene (CDNB), RPMI-1640, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), ethacrynic acid
(purity ≥ 98%), RNase A, propidium iodide, and Adriamycin
(purity ≥ 98%) were obtained from Sigma (St Louis, MO,
USA). Coniferyl ferulate standard (purity ≥ 98%) was pur-
chased for structure identification fromChengduHerbpurify
CO., LTD, Chengdu, China (QC number A-001-120726).
TRIzol reagent and a RT-PCR assay kit were from Life Tech-
nologies (Carlsbad, California, USA). All other chemicals
were from Beijing Chemical Co., Beijing, China. All the
chemicals used were of analytical grade.

2.2. Cell Lines andCell Culture. Human lung carcinomaA549
cells and human endometrial carcinoma B-MD-C1 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Life Technologies, Carlsbad, California, USA), supplemented
with 10% foetal bovine serum (Takara Bio, Shimogyo-
ku, Kyoto, Japan) and antibiotics (100U/mL penicillin and
100 𝜇g/mL streptomycin).The drug-resistant cell line B-MD-
C1 (ADR+/+) was a gift from Professor Baoen Shan; the cell
line’s multidrug resistance was maintained by culturing the
cells at in 5 𝜇g/mL Adriamycin.

2.3. Plant Materials. RAS was collected in 2008 from the
Gansu province of China, as identified by Professor Lanping
Guo of the Institute of Chinese Materia Medica, China
Academy of Chinese Medical Sciences. A voucher specimen
(20080705024) was deposited in the Herbarium of the Insti-
tute of Chinese Materia Medica, China Academy of Chinese
Medical Sciences.

2.4. Extraction and Isolation. The isolation procedure for
the studied compound was as follows. Briefly, dried RAS
(10 kg) was ground into farina and extracted with 95% EtOH
(100 L). After the insoluble farinawas removed, the EtOHwas
evaporated under reduced pressure to give a viscous residue.
The viscous residue was suspended in water and extracted
with petroleum ether. The petroleum ether extract (400 g)
was partitioned between petroleum ether and 80% MeOH,
and the 80% MeOH layer (260 g) was chromatographed on
a silica gel column (100 × 460mm, 160–200mesh). The
column was eluted with a gradient of n-hexane/acetone from
90 : 10 to 10 : 90 to obtain seven fractions according to TLC
detection.The fraction containing the compoundwas further
separated by silica gel (column: 36 × 460mm, 260∼300mesh,
chloroform/acetone from 100 : 0 to 0 : 100), Sephadex LH20
column chromatography (column: 26 × 920mm eluted with
MeOH), and preparative HPLC (Phenomenex C18 column
(21.2 × 250mm, 10 𝜇m, 100 Å, Kromasil), eluted with 55%



Evidence-Based Complementary and Alternative Medicine 3

CH
3
CN-H

2
O) to give the test compound (249.0mg). The

compound was identical to one known compound, coniferyl
ferulate (CF) [25]. Its purity was more than 95% by HPLC.
The structure of the compound (Figure 1) was elucidated
by analysis of mass spectrometry (MS) and 1H, 13C NMR
data and confirmed with authentic sample (QC no. A-001-
120726, Chengdu Herbpurify CO., LTD, Chengdu, China)
spectra data of isolated compoundCF as shown in supporting
information in Supplementary Material available online at
http://dx.doi.org/10.1155/2013/639083.

2.5. Enzyme Activity Assay. The inhibition studies using GST
from human placenta were carried out at 37∘C using the
established HTS method in which GSH and CDNB are used
as substrates [26]; GSH was used at 5mM, and CDNB was
used at 0.1mM. One microlitre of the purified CF (final con-
centration from 0.1 𝜇M to 100 𝜇M) or positive control (final
concentration from 0.1𝜇M to 1mM) dissolved in DMSO was
added to the reaction mixture (10 𝜇L of GST, approximately
0.0018 units) dissolved in 50mMpotassium phosphate buffer
(pH 7.4) in a 384-well plate. After incubation of a certain
amount of GST and CF at 37∘C for 30min with GSH and
CDNB, the change in absorbance at 340 nmwasmonitored to
measure the product GSH conjugate formation with a spec-
trophotometer (Spectra Max M5, Molecular Devices, USA).

2.6. Enzyme Inhibitory Kinetics. Enzyme kinetic experiments
were performed to elucidate the interaction of human GSTs
with CF in detail. Firstly, the initial rate of the enzyme
was analysed by measuring the formation of catalysate at
340 nm. The reaction was carried out at 37∘C for 5min after
preincubating GST with various concentrations of CF for
5min. Furthermore, a plot of ] (𝜇M/mL/min) versus [E]
was obtained with different CF or EA concentrations (0%,
20%, and 50% inhibition rate to GST) and different GST
concentrations of 0.0075–0.18U/mL to distinguish between
reversible and irreversible inhibition. A Hanes plot of V
versus [S] was performed at GSH concentrations from 0.07 to
2.24mM or CDNB concentrations from 0.5 to 44.1𝜇M, with
CF at concentrations of 0, 0.25, and 0.5 𝜇M.

2.7. Computational Docking Methods. Computational dock-
ing was performed with FlexX software in SBVS (rational
drug design v7.0, Tripos Inc.). The protein data bank (PDB)
file 2GSS and the cocrystal format of the inhibitor, EA, in
the active site of GST (human GSTP1-1) were optimised
and used. EA was selected as a reference ligand structure
which was a fixed conformation docked into the active site
of the enzyme. The flexible docking conformations of EA
were then created with 30 docking conformation options.
Each conformation was energy-minimised using amolecular
mechanics program. All ligands were predicted based on the
active sites beingwithin a 6.5 Å radius from the bound ligand.
Water andmetals not involved in bindingwere removed from
the protein. The docking scores in GSTP1-1 were employed
and elucidated in detail.

2.8. Cytotoxic Activity by MTT Assay. The wild-type human
endometrial cancer B-MD-C1 cells or themultidrug-resistant

O

O

OCH
3

H
3
CO

HO OH

Figure 1: Structure of CF isolated from the Chinese herb RAS.

B-MD-C1 (ADR+/+) cells were plated in quadruplicate (6 ×
103 cells per well) and incubated in the presence of different
concentrations of positive control EA (10𝜇M–200𝜇M) and
CF (4.12 𝜇M–3mM) for 48 h. The cytotoxic activity and dose
response of EA and CF to these cell lines were determined
using the MTT assay. Normalised data were plotted graphi-
cally as percentages of viable cells. Each study was performed
in triplicate and repeated three times.

2.9. Flow Cytometry Apoptosis Analysis. Flow cytometry
was used to evaluate the effect of CF on apoptosis of the
multidrug-resistant B-MD-C1 (ADR+/+) cells treated with
Adriamycin. Briefly, B-MD-C1 (ADR+/+) cells (1 × 107/mL)
were incubated with CF at various concentrations or positive
control EA (40 𝜇m) for 48 h, and then the medium was
replaced with fresh medium in the presence of Adriamycin
(5 𝜇g/mL). The B-MD-C1 (ADR+/+) cells only treated with
Adriamycin were used as a control. After incubation for
24 h at 37∘C, the cells were collected and fixed in 70%
cold ethanol (−20∘C) overnight. The cell suspensions were
washed twice with phosphate-buffered saline (PBS) and
resuspended in phosphate-buffered saline containing 1%
foetal calf serum. RNA in the fixed cells was digested with
RNase A (0.5mg/mL) at 37∘C for 1 h. Finally, the cells were
centrifuged at 1000 revolutions/min for 5min. The cells were
resuspended with binding buffer and stained with propidium
iodide (2.5 𝜇g/mL) at room temperature for 15min. The
samples were measured by flow cytometry with CellQuest
software (Becton Dickinson, San Jose, CA, USA).

2.10. MDR1 Gene Expression by RT-PCR. MDR1 gene expres-
sion levels were evaluated by RT-PCR assay on the B-MD-C1
and B-MD-C1 (ADR+/+) cells described above. Total cellular
RNA was isolated using the TRIzol reagent (Life Technolo-
gies). First-strand cDNA synthesis was performed using a
kit (Life Technologies). The primers used for the analysis
of MDR1 were sense 5-TCGTAGGAGTATCCGTGGAT-3
and antisense 5-CATTGGCGAGCCTGGTAG-3 (455 bp);
𝛽-actin was used as an internal standard (sense primer 5-
AGCCCTTTCTCAAGGACCAC-3 and antisense primer 5-
GCACTTTCTCCGCAGTTTCC-3; 312 bp). The amplifica-
tion reaction was carried out with 2 𝜇L of cDNA product
for 35 cycles with each cycle consisting of 95∘C for 30 sec,
55∘C for 30 sec, and 72∘C for 30 sec, followed by a final
5min elongation at 72∘C. The final RT-PCR products were
visualised by ultraviolet illumination after electrophoresis
through 1.5% agarose gel, with 0.5mg/mL ethidium bromide
at 50V at 2 h, and scanned using Kodak gel analysis software.
RNA amounts were normalised against the 𝛽-actin mRNA
levels. EA (40 𝜇M) was also used as the positive control in
this assay.
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2.11. Statistical Analysis. Data were expressed as the means ±
SD and analysed statistically using Student’s t-test.The results
were considered to be statistically significant when 𝑃 < 0.05.

3. Results

3.1. The Inhibitory Activity of CF on GST. As shown in
Figure 2, the inhibitory activity of CF on GST was investi-
gated in the established HTS assay model. EA was chosen
as a positive control that inhibited GST, with an IC

50
value

of 4.89 𝜇M (see Figure 2). Notably, CF showed the stronger
inhibition of GST (mainly GST-pi, from human placenta) in
a concentration-dependent manner.The 50% inhibitory con-
centration (IC

50
) of CF was approximately 0.3 𝜇M.Moreover,

the inhibitory kinetics and the associated binding mode were
investigated because they may provide an exploitable mech-
anism for developing potent drugs with desirable properties.
The kinetic analysis of themechanism of inhibition toGST by
CFwas investigated by varying either GSH or CDNB concen-
tration. The results showed that the inhibition of GST by CF
might be reversible (Figure 3). Figure 4 shows theHanes plots
with various concentrations of GSH or CDNB. The results of
the Hanes plots indicated that CF inhibited GST noncom-
petitively (Michaelis constant [𝐾

𝑚
] remained unchanged,

whereas the maximum rate of clearance [𝑉max] decreased)
with respect to GSH and CDNB. Therefore, CF was likely to
act as a reversible noncompetitive inhibitor of GST.

3.2. Computational Docking for CF. In order to gain an
insight into the structural basis by which CF exerts its
inhibitory activity onGST, the active site of GSTwas analysed
using the GST-EA complex, and molecular docking studies
were performed on CF using the PDB file 2GSS as a reference
structure.The computational docking method was used with
FlexX software to dock CF into the active site of GST. This
method demonstrated that CF might insert into the enzyme
molecule active cavity but not bind to the active site. A
compoundwith a high-scoring conformationwould display a
high inhibitory activity on GST, and the computational dock-
ing scoring conformations were consistent with the results of
the high-throughput screening. CF’s hydroxyl oxygen atoms
in the phenyl ring formed a hydrogen bond with active
site amino acid TYR7. Methoxy oxygen atoms in the same
phenyl ring also formed a hydrogen bond with active site
amino acid TYR106. In addition, hydroxyl, hydrogen atoms
in another phenyl ring formed a hydrogen bond with the
carbonyl oxygen atom of active site amino acid VAL35. The
conformation score was −11.0. The reference compound, EA,
has a side chain carbonyl oxygen atom that forms a hydrogen
bond with active site amino acid TYR108. The carboxyl
oxygen atom forms a hydrogen bond with active site amino
acid LEU52. The conformation score for the ethacrynic acid
interaction is −13.3 (Figure 5).

3.3. The Cytotoxic Activities of CF. The cytotoxic activity of
CF and positive control EA were analysed using the MTT
assay. It was demonstrated that CF (3mM or less) had no
obvious influence on the proliferation of B-MD-C1 and B-
MD-C1 (ADR+/+) cells (the inhibition rate of 3mM was

below 30%), while EA showed more potent inhibition of cell
growth and induction of cell death than CF in these two
cells (the inhibition rate of 60𝜇M was above 45%). Our data
showed that CF hardly had any cytotoxic effect on the wild-
type B-MD-C1 and the B-MD-C1 (ADR+/+) cells when its
dose was less than 3mM (Table 1). However, from the results,
greater than 40 𝜇M of EA seemed to affect cell viability,
whereas 100 𝜇M EA significantly decreased viable cells and
showed the inhibition rate of close to 100%. Considering the
low cytotoxicity, 5, 10, and 20 𝜇M CF and 40𝜇M EA were
chosen as reversal agents in our further study.

3.4. The Reversal Effect of CF on Cancer MDR Cell Lines

3.4.1. The Effect of CF on Apoptosis. To further investigate
the reversal effect of CF on cancer MDR cell lines, its
effects were determined on apoptosis of B-MD-C1 (ADR+/+)
cells by flow cytometry. After the cells were exposed to
5 𝜇g/mL Adriamycin together with various concentrations
of CF or 40 𝜇M EA for 48 h, a distinct sub-G1 peak, the
apoptotic fraction, was observed in the cells compared with
the control (Table 2, Figure 6). B-MD-C1 (ADR+/+) cells
showed gradual arrest in the G(1)/S phase with the increasing
doses of CF. Apoptosis induced by CFmarkedly increased the
proportion of cells in G1-phase, decreased the proportion of
cells in S-phase, and decreased cell survival. The apoptosis-
inducing capacity of CF was much stronger than the positive
control EA in this assay.

3.4.2. The Effect of CF on P-gp Expression Level. RT-PCR
analysis of the expression level of P-gp in the studied groups
further revealed the effect of CF on reversing MDR in MDR-
positive cells (Figure 7(a), lane 1). MDR1/P-gp was signifi-
cantly increased with exposure to Adriamycin (Figure 7(a),
lane 2). This increased level of MDR1/P-gp with exposure
to Adriamycin was found to be reversed to normal levels
by treatment with various concentrations of CF (Figure 7(a),
lanes 3, 4, and 5), and the P-gp levels were significantly
decreased in groups pretreated with Adriamycin and CF at
various concentrations compared with the group only treated
with Adriamycin (𝑃 < 0.01, Figure 7(b)). CF seemed to be
more potent in the inhibition of P-gp expression than the
positive control EA.

4. Discussion

Conventional cancer chemotherapy is seriously limited by
MDR commonly exhibited by tumour cells. MDR has been
recognised as an important type of resistance that can be
due to variousmechanisms.These variousmechanismsmight
explainwhy treatment regimens that combinemultiple agents
with different targets are less effective than expected [11, 27,
28].

Of thesemechanisms, one of themost frequently encoun-
teredmechanisms for the acquisition ofMDRby tumour cells
is the induction and activation of efflux transporter proteins.
P-gp is commonly accepted as one of the best characterized
transporters responsible for the multidrug resistance phe-
notype exhibited by cancer cells. Most of the researchers
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Figure 2: After incubation ofGST andCF at 37∘C for 30minwith 5mMGSHand 0.1mMCDNB, the rate of product formationwasmonitored
by measuring the change in absorbance at 340 nm.The 50% inhibitory concentrations (IC
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Figure 3: Kinetics plot of CF and EA to GST. The reaction was carried out at 37∘C for 5min after preincubating GST with CF for 5min. A
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(a) (b)

Figure 5: Computational docking with PDB file 2GSS as a reference structure. (a) CF hydroxyl oxygen atoms in a phenyl ring formed a
hydrogen bond with active site amino acid TYR7. Methoxy oxygen atoms in the same phenyl ring formed a hydrogen bond with active site
amino acid TYR106. Hydroxyl hydrogen atoms in another phenyl ring formed a hydrogen bond with the carbonyl oxygen atom of VAL35 in
the active site. The conformation score was −11.0. (b) Ethacrynic acid’s carbonyl oxygen atom forms a hydrogen bond with active site amino
acid TYR108. The carboxyl oxygen atom forms a hydrogen bond with active site amino acid LEU52, and the hydroxyl oxygen atom forms a
hydrogen bond with active site amino acid GLN51. The conformation score is −13.3.

Table 1: The inhibitory effect of CF and positive control EA on the proliferation of B-MD-C1 and multidrug-resistant B-MD-C1 (ADR+/+)
cells (𝑋 ± SD, 𝑛 = 3, 48 h).

CF (𝜇M) Inhibitory rate (%) EA (𝜇M) Inhibitory rate (%)
B-MD-C1 B-MD-C1 (ADR +/+) B-MD-C1 B-MD-C1 (ADR+/+)

3000 27.39 ± 4.70 22.67 ± 7.49 200 99.29 ± 5.68 99.89 ± 7.76

1000 18.62 ± 2.87 10.72 ± 3.21 100 99.52 ± 7.49 94.68 ± 10.23

333.33 5.07 ± 0.20 6.33 ± 0.35 80 78.72 ± 4.53 85.56 ± 5.62

111.11 5.30 ± 1.45 5.42 ± 2.20 60 53.30 ± 6.40 45.61 ± 4.43

37.04 2.56 ± 0.51 3.86 ± 0.49 40 6.56 ± 0.89 5.09 ± 1.35

12.35 1.36 ± 0.41 2.56 ± 0.27 20 4.01 ± 1.18 2.14 ± 1.28

4.12 1.02 ± 0.35 2.11 ± 0.45 10 3.02 ± 0.86 1.34 ± 0.57

Table 2: Flow cytometry data for the effect of CF on apoptosis of
B-MD-C1 (ADR+/+) cells (𝑋 ± SD, 𝑛 = 3).

Treatment G1% S% Apoptosis (%)
Control 57.30 ± 7.26 41.87 ± 7.39 4.82 ± 1.38
EA, 40 𝜇M 76.63 ± 4.23∗ 6.07 ± 3.86∗ 16.83 ± 4.69∗

CF, 5𝜇M 78.77 ± 3.48∗ 0∗ 17.13 ± 3.52∗

10𝜇M 80.43 ± 5.00∗ 0∗ 21.73 ± 3.36∗

20 𝜇M 81.20 ± 5.15∗ 0∗ 39.40 ± 5.20∗

Values are presented as the mean ± SD (𝑛 = 3). ∗P < 0.01 versus control.

pay more attention to find molecules that can directly block
the activity of P-gp, which is a common step and a well-
accepted strategy to reverse MDR phenotype [29]. However,
the characteristic structures of the P-gp, such as multiple
active binding sites, too large protein molecule (consists of 12
transmembrane domains, and two cytoplasmic ATP-binding
domains), make it so difficult to evaluate activity in vitro and
find more effective single-target candidate compound. And
as an important transporter protein, it is believed that P-gp

mayplay a significant role in the processes of drug absorption,
distribution, metabolism, and excretion and may protect the
healthy human body against toxic xenobiotics by excreting
these compounds into the bile, urine, and the intestinal lumen
and by preventing their accumulation in the brain. P-gp
is also closely related with the drug-metabolizing enzymes,
such as CYP 3A4 [30]. So developing drug candidate which
is a possible strong P-gpmodulator maymost likely cause the
potential side effects [28].

Cancer cells can also acquire resistance by overexpressing
GSTs that may increase detoxification and circumvent the
cytotoxic action of antitumour drugs. In particular, a number
of chemotherapy agents currently used in cancer therapy
are known to be substrates of GSTs [31], and it has been
clearly shown that overexpression of GSTs in tumours is
closely linked to the development and expression ofMDR [4].
The GST superfamily, particularly the P1-class GST (GSTP1-
1), is frequently overexpressed in various human cancers.
GST is obviously a key resistance factor for anticancer
drugs and has become the focus of extensive pharmaceutical
research in an attempt to generate more efficient anticancer
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Figure 6: Flow cytometry results for the effect of CF on apoptosis of B-MD-C1 (ADR+/+) cells induced by Adriamycin. (a) Control; (b) EA
concentration of 40𝜇M; CF concentrations of (c) 5𝜇M, (d) 10𝜇M, and (e) 20 𝜇M.
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Figure 7: Effect of CF on MDR1 expression in B-MD-C1 (ADR+/+) cells. Cells were incubated with various concentrations of CF (5𝜇M,
10𝜇M, and 20 𝜇M) or Adriamycin (5𝜇g/mL) for 48 h. EA (40 𝜇M) as positive control. MDR1 bands were noted in (a). Densitometric analysis
is shown in (b). #𝑃 < 0.01B-MD-C1 versus B-MD-C1 (ADR+/+), ∗𝑃 < 0.01 compound (+)/Adriamycin (+) versus compound (−)/Adriamycin
(+) group. All the data shown are representative of three independent experiments.

agents [32]. Therefore, GST is a valuable target for the
development of inhibitors that could be used to increase
chemotherapeutic efficiency and to address MDR. Moreover,
accumulating studies suggest that MDR is closely correlated
with the combination action of the high level of GSTs and
overexpression of P-gp and the increased GST activity could
influence the expression of P-gp via several signal pathways.
GSTP1-1 activity and P-gp levels were often found higher in
the chemotherapy-resistant cancer cell lines, such as the B-
MD-C1 cell line treated with Adriamycin compared to the
sensitive cells. Exposure to Adriamycin rapidly increased
GST activity and P-gp expression in the resistant cells [33, 34].
So it could be a better way to find newMDR reversal agents by
screening for inhibitors of GST, which can indirectly regulate
P-gp, rather than having a direct effect on the P-gp.

Natural products should be a noteworthy resource for the
generation of potential MDR reversal agents that have higher
levels of inhibition of GST. However, the GST inhibitors from
natural sources have not been well studied, only a few natural
components have been examined in clinical trials, and their
efficacy has been less than expected. There is our interest
in finding the strong GST inhibitors from natural products
and then observing the effect of the active compound on
reversing MDR. RAS, known as Chinese Angelica, is the
root of Angelica sinensis (Oliv.) Diels, which has been used
in traditional Chinese medicine (TCM) for more than 2000
years [35]. It has been mostly used as one of the herbal
ingredients in prescriptions of TCM to treat gynaecological
diseases. However, more andmore studies show that RAS has
a variety of pharmacological activities, including antitumour
activity [36, 37].

Two ligustilide compounds isolated from RAS have been
reported to be the inhibitors of GST in a previous study from
our laboratory [26]. In this study, another compound, CF, also
isolated from RAS, showed a stronger GST inhibitory effect
than the positive control EA. EA is one of the first generation
GST inhibitors that was utilised as a classical MDR reversal
agent, and it inhibits GST-Alpha, -Mu, and -Pi by binding

directly to the substrate binding site of these isozymes. In
addition, EA inhibits GST by depleting its cofactor, GSH,
via conjugation of the Michael addition intermediate to
the thiol group of GSH [15, 38, 39]. An enzyme inhibitory
kinetic analysis was conducted in some detail to clarify the
mechanism of inhibition of GST by CF. The results gave
the hint that the inhibitory binding site of CF might not
be the catalytic sites. CF did not compete with GSH for the
GSH-binding site (G-site) nor did it compete with CDNB for
the CDNB-binding site (H-site). These effects suggested that
CF induced conformational changes and hencemade enzyme
inactivation. The kinetic characteristics showed a valuable
property of CF.

This study also investigated the structure-activity rela-
tionship and the molecule’s binding mode to understand the
pharmacologic action of this compound. Docking is one of
themost commonly used techniques in drug design. It is used
for both identifying correct poses of a ligand in the binding
site of a protein aswell as for the estimation of the interactions
between potential drugs and the target proteins. In this work,
a docking analysis using FlexX, combined with the HTS of
human GST inhibitors, was employed to identify the effect
of the inhibitor on the structure-activity relationship. It was
found that CF could be fully docked into the gorge of GSTP1-
1 and that hydrogen bond interactions could be an important
factor to the binding affinity of CF in the active cavity.
In addition, these interactions might be important for the
inhibition of GST through a conformation change.

Moreover, in order to clarify whether CF itself could
make the influence on the growth of the test tumour cells,
the cytotoxicity assays were performed on the MDR phe-
notype B-MD-C1 (ADR+/+) and wild-type B-MD-C1 cell
lines. The results showed much less cytotoxicity with CF
treatment alone compared to EA alone. Based on the high
GST inhibitory activity and the low cytotoxicity, the further
apoptosis analysis by flow cytometry and RT-PCR analysis
of MDR1 gene expression had been implemented to evaluate
the MDR reversal effect of CF.The B-MD-C1 (ADR+/+) cells
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presented the typical acquiredAdriamycin resistancewith the
features of high activity of GST and overexpression of P-gp.
The flow cytometry data demonstrated a strong apoptogenic
activity when the cells were treated with a certain concentra-
tion of Adriamycin and CF together. CF, in a concentration-
dependent manner, significantly induced apoptosis in the B-
MD-C1 (ADR+/+) cells and altered the phase distribution of
cell cycle. RT-PCR analysis showed that the overexpression
of P-gp when the cells exposed to Adriamycin was markedly
decreased by CF. CF might inhibit the P-gp expression and
thus increase the intracellular Adriamycin accumulation. It
was of interest that CF seemed to show much stronger effect
of Adriamycin resistance reversal than the positive control
EA in our study.

5. Conclusions

In conclusion, we demonstrated the strong GST inhibitory
activity and the action mechanism of CF, the component
from the Chinese medicine RAS.These studies add powerful
novel evidence that RAS was a potential source to provide
an effective MDR reversal agent for cancer. The compound
CF could also be used as a promising lead compound for
chemosensitization that was able to indirectly regulate P-gp
expression via modulation of GST activity with the possible
lower adverse effect and warrants further investigation in
antitumour adjuvant therapy.
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Chondrosarcoma is a primary malignant bone cancer, with a potent capacity to invade locally and cause distant metastasis,
especially to the lungs. Patients diagnosed with chondrosarcoma have poor prognosis. Berberine, an active component of the
Ranunculaceae and Papaveraceae families of plant, has been proven to induce tumor apoptosis and to prevent the metastasis
of cancer cells. However, the effects of berberine in human chondrosarcoma are largely unknown. In this study, we found that
berberine did not induce cell apoptosis in human primary chondrocytes and chondrosarcoma cells. However, at noncytotoxic
concentrations, berberine reduced the migration and invasion of chondrosarcoma cancer cells. Integrins are the major adhesive
molecules in mammalian cells and have been associated with the metastasis of cancer cells. We also found that incubation of
chondrosarcoma cells with berberine reduced mRNA transcription for, and cell surface expression of, the 𝛼v𝛽3 integrin, with
additional inhibitory effects on PKC𝛿, c-Src, and NF-𝜅B activation. Thus, berberine may be a novel antimetastasis agent for the
treatment of metastatic chondrosarcoma.

1. Introduction

Chondrosarcomas are a heterogeneous group of neoplasms
that are characterized by the production of cartilage matrix
by tumor cells. They are uncommon, malignant, and lethal
primary bone tumors that may occur at any age between
10 and 80 years. Approximately two-thirds of the affected
patients are males [1], and the tumor usually appears on
the scapula, sternum, ribs, or pelvis [2]. Clinically, surgical
resection remains the primary mode of therapy for chon-
drosarcoma. There is a high incidence of fatality associated
with this mesenchymal malignancy due to the absence of an
effective adjuvant therapy, and therefore, it is important to
explore novel remedies [3].

Tumor invasion and metastasis are the main biological
characteristics of cancer cells [4]. Mortality in cancer patients

principally results from the metastatic spread of cancer cells
to distant organs. Tumormetastasis is a highly complex, mul-
tistep process, which includes changes in cell-cell adhesion
properties [4]. Because integrins expressed on the surface of
a cell determine whether the cell can adhere to and survive in
a particularmicroenvironment, thematching of integrins and
ligands plays a key role inmetastasis [5]. Integrins are a family
of transmembrane glycoprotein adhesion receptors that play
central roles in the biology of metazoans by controlling cell
adhesion, migration, differentiation, and apoptosis. Integrins
form heterodimers of 𝛼- and 𝛽-subunits [6]. There are at
least 19 𝛼-subunits and 8 𝛽-subunits that can associate to
form 25 unique integrin heterodimers [7, 8]. Integrins play an
important role in many extracellular matrix (ECM) proteins
such as collagens, fibronectin, laminin, osteopontin, and
vitronectin [9]. In addition, they have been implicated in
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the metastasis of chondrosarcomas and lung, breast, bladder,
and colon cancers [10–13]. The 𝛼v𝛽3 integrin, in particular,
has been reported in chondrosarcoma progression, with
effects on angiogenesis, survival, and invasion [14, 15]. In
vitro studies have also found that the 𝛼v𝛽3 integrin facilitated
chondrosarcoma migration and invasion through several
ECM substrates and transendothelial migration [16].

Berberine, an active component of the Ranunculaceae
and Papaveraceae families of plant, is part of the well-studied
group of naturally occurring isoquinoline alkaloids. It has
been suggested that the beneficial properties of berberine
may also have an effect on other diseases such as diabetes,
hypertension, arrhythmia, and gastrointestinal diseases [17].
A recent study has shown its potential chemotherapeutic
efficacy against cancers [18]. In addition, berberine has
been reported to reduce the metastasis of human gastric
cancer, prostate cancer, and breast cancer [19–21]. However,
the effects of berberine in the metastasis of human chon-
drosarcoma cells are largely unknown. Here, we report that
berberine inhibits the migration and invasion of human
chondrosarcoma cells. In addition, the downregulation of
the 𝛼v𝛽3 integrin through protein kinase C (PKC)𝛿, c-
Src, and AP-1 is involved in berberine-reduced cell motility.
Therefore, our data provide evidence that berberine may
be an antimetastatic agent for the treatment of metastasic
chondrosarcoma.

2. Experimental Section

2.1. Materials. Protein A/G beads, rabbit polyclonal antibod-
ies specific for p-c-Jun, and c-Jun were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The pSV-𝛽-
galactosidase vector and luciferase assay kit were purchased
from Promega (Madison, MA). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Culture. The human chondrosarcoma cell line JJ012
was kindly provided by the laboratory of Dr. Sean P. Scully
(University of Miami School of Medicine, Miami, FL, USA)
[22]. Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM)/𝛼-MEM supplemented with 10% fetal
bovine serum (FBS). The human chondrosarcoma cell line
SW1353 was obtained from the American Type Culture
Collection. These cells were cultured in DMEM supple-
mented with 10% FBS. All cells were maintained at 37∘C in
a humidified atmosphere of 5% CO

2
.

To establish primary cultures, chondrocytes were isolated
from articular cartilage, as previously described [23]. The
cells were grown in plastic cell culture dishes in 95% air-
5% CO

2
, in DMEM supplied with 20mM HEPES, 10% heat-

inactivated FBS, 2mM-glutamine, 100U/mL penicillin, and
100 𝜇g/mL streptomycin.

2.3. MTT Assay. Cell viability was determined with a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. After being treated with berberine for 24
or 48 h, the cultures were washed with phosphate-buffered
saline (PBS).Then,MTT (0.5mg/mL)was added to eachwell,

and the mixture was incubated at 37∘C for 2 h. To dissolve
formazan crystals, the culture medium was replaced with an
equal volume of DMSO. After the mixture was shaken at
room temperature for 10min, the absorbance of eachwell was
determined at 550 nm by using a microplate reader (Bio-Tek,
Winooski, VT, USA).

2.4. TUNEL Assay. Cell apoptosis was examined through
a terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick-end labeling (TUNEL) assay per-
formed using the BD ApoAlert DNA Fragmentation Assay
Kit. Cells were incubated with berberine for 24 h, then
trypsinized, fixed with 4% paraformaldehyde, and permeabi-
lized with 0.1% Triton-X-100 in 0.1% sodium citrate. After
being washed, the cells were incubated with the reaction
mixture for 60min at 37∘C. The stained cells were then
analyzed with a flow cytometer.

2.5. Caspase 3 Activity Assay. This assay is based on the
ability of an active enzyme to cleave a chromophore from the
enzyme substrate Ac-DEVD-pNA. Cell lysates were prepared
and incubated with anti-caspase 3. Immunocomplexes were
incubated with the peptide substrate in assay buffer
(100mM NaCl, 50mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulphonic acid [HEPES], 10mM dithiothreitol, 1mM
EDTA, 10% glycerol, and 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), pH 7.4)
for 2 h at 37∘C. The release of p-nitroaniline was monitored
at 405 nm. The results are the percent change in activity
compared to the untreated control.

2.6. Migration and Invasion Assay. The migration assay was
performed using Transwell inserts (Costar, NY; 8mm pore
size) in 24-well dishes. For the invasion assay, filters were
precoated with 30 𝜇L Matrigel basement membrane matrix
(BD Biosciences, Bedford, MA) for 30min. The following
procedures were the same for both migration and invasion
assays. After treatment with berberine (0, 1, 3, 10, and 30𝜇M)
for 24 h, cells were harvested and seeded to Transwell at 1
× 104 cells/well in serum-free medium, and then incubated
for 24 h at 37∘C in 5% CO

2
. Cells were then fixed in 3.7%

formaldehyde for 5min and stained with 0.05% crystal violet
in PBS for 15min. Cells on the upper side of the filters
were removed with cotton-tipped swabs, and the filters were
washed with PBS. Cells on the underside of the filters were
examined and counted under amicroscope. Each experiment
was performed in triplicate and repeated at least three times.

2.7. Wound-Healing Migration Assay. For the wound-healing
migration assay, cells were seeded on 12-well plates at a
density of 1 × 105 cells/well in culture medium. Twenty-four
hours after seeding, the confluent monolayer of culture was
scratched with a fine pipette tip, andmigration was visualized
bymicroscope.The rate of wound closure was observed at the
indicated time.

2.8. Flow Cytometric Analysis. Human chondrosarcoma cells
were grown in 6-well dishes, and then washed with PBS
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and detached using trypsin at 37∘C. Cells were fixed for
10min in PBS containing 3.7% paraformaldehyde, rinsed in
PBS and incubated with mouse anti-human 𝛼v𝛽3 integrin
(1 : 100) (BD Biosciences, CA, USA) for 1 h at 4∘C. Cells
were then washed in PBS, and incubated with fluorescein
isothiocyanate-conjugated goat anti-mouse secondary IgG
(1 : 100; Leinco Technologies, St Louis,MO) for 45min at 4∘C.
After a final rinse, cells were analyzed using a FACSCalibur
flow cytometer andCellQuest software (BDBiosciences, CA).

2.9. Western Blot Analysis. Cellular lysates were prepared,
and proteins were resolved by SDS-PAGE [24, 25]. Proteins
were then transferred to Immobilon polyvinylidene fluoride
membranes. The blots were blocked with 4% bovine serum
albumin for 1 h at room temperature and probed with rabbit
anti-human antibodies against p-c-Jun or c-Jun (1 : 1000)
for 1 h at room temperature (Santa Cruz, CA). After three
washes, the blots were incubated with peroxidase-conjugated
donkey anti-rabbit secondary antibody (1 : 1000) for 1 h at
room temperature. The blots were visualized with enhanced
chemiluminescence by using X-OMAT LS film (Eastman
Kodak, Rochester, NY).

2.10. Kinase Activity Assay. PKC𝛿 and c-Src activities were
assessed with a PKC kinase activity assay kit (Assay Designs,
Inc., Ann Arbor, MI) and a c-Src kinase activity assay kit
(Abnova, Corp., Taipei, Taiwan). The kinase activity kits are
based on a solid-phase ELISA that uses a specific synthetic
peptide as substrate for PKC𝛿 or c-Src, and a polyclonal
antibody that recognizes the phosphorylated form of the
substrate.

2.11. Quantitative Real-Time PCR. Total RNA was extracted
from chondrosarcoma cells by using a TRIzol kit (MDBio,
Taipei, Taiwan). Reverse transcription was performed using
1 𝜇g of total RNA and an oligo(dT) primer [26]. Quantitative
real-time PCR (qPCR) was carried out using a TaqMan One-
step PCR Master Mix (Applied Biosystems, CA, USA). Total
cDNA (100 ng) was added to each 25 𝜇L reaction mixture
with sequence-specific primers and TaqMan probes. All
target gene primers and probes were purchased commer-
cially, including those for GAPDH as an internal control
(Applied Biosystems). qPCR was carried out in triplicate
with a StepOnePlus (Applied Biosystems) sequence detection
system.The cycling conditions were 10min at 95∘C, followed
by 40 cycles of 95∘C for 15 s, and 60∘C for 60 s. To calculate the
cycle number at which the transcript was detected (𝐶

𝑇
), the

threshold was set above the nontemplate control background
and within the linear phase of target gene amplification.

2.12. Reporter Gene Assay. The chondrosarcoma cells were
transfected with AP-1 reporter plasmid by using Lipofec-
tamine 2000 according to the manufacturer’s recommenda-
tions. Twenty-four hours after transfection, the cells were
treated with inhibitors for 30min. Next, berberine or vehicle
was added for 24 h. Cell extracts were then prepared, and
luciferase and 𝛽-galactosidase activities were measured.

2.13. Statistical Analysis. Data are presented as mean ± stan-
dard error of the mean (SEM). Statistical analysis of the two
samples was performed using the Student’s 𝑡-test. Statistical
comparisons of more than two groups were performed using
one-way analysis of variance with Bonferroni’s post hoc test.
In all cases, 𝑃 < 0.05 was considered significant.

3. Results

3.1. Berberine Did Not Induce Cell Death in Primary Chon-
drocytes and Human Chondrosarcoma Cells. It has been
reported that berberine increases death in human cancer cells
[18]. We therefore investigated whether berberine induced
cell death in human chondrosarcoma cells. The cytotoxic
effect of berberine in chondrosarcoma cells was examined by
MTT assay. Stimulation of chondrosarcoma cells (JJ012 and
SW1353) for 24 or 48 h did not affect cell viability (Figures
1(a) and 1(b)). Furthermore, berberine also did not affect the
cell viability of normal primary chondrocytes (Figure 1(c)).
Next, we examined whether berberine induced cell apoptosis
in human chondrosarcoma cells by TUNEL staining and
caspase 3 activity assays. However, incubation of cells with
berberine did not enhance TUNEL expression (Figures 1(d)–
1(f)). Berberine also did not affect caspase 3 activity in normal
chondrocyte or chondrosarcoma cell lines (Figures 1(g)–1(i)).
These data indicate that berberine did not induce cell death
in human primary chondrocytes and chondrosarcoma cells.
Therefore, we used this berberine concentration range for all
subsequent experiments

3.2. Berberine Reduces Cell Migration, Wound-Healing Migra-
tion, and Cell Invasion in Human Chondrosarcoma Cells.
The role of berberine in reducing the metastasis of human
cancers has been previously documented [19–21]. Therefore,
we next checked whether berberine inhibits cell motility in
chondrosarcoma cancer cells. The results from the Transwell
migration assay showed that incubation of chondrosarcoma
cells with berberine (1–30𝜇M)dramatically decreasedmigra-
tion in both chondrosarcoma cell lines (Figures 2(a) and
2(b)). The wound-scratching assay also revealed that berber-
ine reduced wound-healing activity in chondrosarcoma cells
(Figures 2(c) and 2(d)). In addition, incubation of cells
with berberine thwarted the ability of chondrosarcoma cells
to invade through a Matrigel basement membrane matrix
(Figures 2(e) and 2(f)). These results suggest that berberine
suppresses cellmigration and invasion in human chondrosar-
coma cells.

3.3. Berberine Reduces Cell Motility in Chondrosarcoma Cells
by Inhibiting the Expression of the 𝛼v𝛽3 Integrin. Upregula-
tion of the 𝛼v𝛽3 integrin has been known to increase the
metastasis of human chondrosarcomas [27]. We therefore
hypothesized that the 𝛼v𝛽3 integrin may be involved in
berberine-mediated inhibition of migration in human chon-
drosarcoma cells. We found that incubation of chondrosar-
coma cells with berberine reduced the mRNA expression of
𝛼v and 𝛽3 integrin in a concentration-dependent manner
(Figures 3(a) and 3(b)). Similarly, stimulation of cells with
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Figure 1: Berberine did not induce cell apoptosis in human chondrocytes and chondrosarcoma cells. ((a)–(c)) Cells were incubated with
various concentrations of berberine for 24 or 48 h, and cell viability was examined byMTT assay. ((d)–(f)) Cells were incubatedwith berberine
for 24 h; TUNEL-positive cells were examined by flow cytometry. ((g)–(i)) Cells were incubated with berberine for 24 h, and caspase 3 activity
was examined using caspase 3 ELISA kit. Results are expressed as the mean ± S.E.M.∗, 𝑃 < 0.05 compared with control.

berberine inhibited the cell surface expression of the 𝛼v𝛽3
integrin (Figures 3(c) and 3(d)). These data suggest that
berberine reduces the metastasis of chondrosarcoma cells by
inhibiting the expression of 𝛼v𝛽3 integrin.

3.4. Berberine Reduces the Activity of the PKC𝛿 and c-Src
Signaling Pathways. PKC𝛿-dependent c-Src activation has
been reported to mediate the metastasis of human oral
cancer cells [28]. After the inhibitory effects of berberine
on cell migration and integrin expression were revealed, the
effects of berberine on the expression of the PKC𝛿 and c-Src
pathways were investigated. Stimulation of chondrosarcoma

cells with berberine reduced PKC𝛿 kinase activity in a
concentration-dependent manner (Figures 4(a) and 4(b)).
Furthermore, berberine also reduced c-Src kinase activity
in chondrosarcoma cells (Figures 4(c) and 4(d)). Therefore,
berberine appears to act through a signaling pathway involv-
ing PKC𝛿 and c-Src to inhibit cell migration in human
chondrosarcoma cells.

3.5. AP-1 Is Involved in Berberine-Mediated Metastasis in
Chondrosarcoma Cells. AP-1 was found to be involved in
the expression of the 𝛼v𝛽3 integrin and the metastasis of
chondrosarcoma [16]. So, the role of berberine of AP-1
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Figure 2: Berberine inhibits migration and invasion of human chondrosarcoma cells. ((a)–(f)) Cells were incubated with various
concentrations of berberine for 24 h; cell migration and invasion were examined through Transwell, wound healing, and invasion assays.
Results are expressed as the mean ± S.E.M.∗, 𝑃 < 0.05 compared with control.
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Figure 3: Berberine inhibits expression of the 𝛼v𝛽3 integrin in chondrosarcoma cells. ((a)–(d)) Cells were incubated with various
concentrations of berberine for 24 h; mRNA and cell surface expression of 𝛼v𝛽3 integrin were examined by qPCR and flow cytometry. Results
are expressed as the mean ± S.E.M.∗, 𝑃 < 0.05 compared with control.

activation in chondrosarcoma cells was examined. We
found that stimulation of cells with berberine inhibited
the phosphorylation of p-c-Jun (Figures 5(a) and 5(b)).
AP-1 activation was further evaluated by analyzing AP-1
luciferase activity. Cells were transiently transfected with AP-
1 luciferase as an indicator of AP-1 activation. We found that
berberine reduced AP-1-luciferase activity (Figures 5(c) and
5(d)), implying that AP-1 is involved in berberine-reduced
metastasis in chondrosarcoma cells.

4. Discussion

Chondrosarcoma is a rare but deadly formof bone cancer. It is
the secondmost common type of bone cancer, accounting for
nearly 26% of all bone cancers [29]. The metastatic potential
of conventional chondrosarcomas correlates well with the

histologic tumor grade because of the relatively indolent
growth rates of many low- and moderate-grade chondrosar-
comas; approximately 15% of all metastatic disease-related
deaths occur more than 5 years after initial diagnosis [30].
Therefore, it is important to develop effective adjuvant ther-
apy to prevent chondrosarcoma metastasis. Berberine has
various biological applications for disease, with properties
that are antidiabetes, antihypertension, antiarrhythmia, and
antigastrointestinal disease [17]. Berberine also has been
reported to diminish the metastatic potential of human
cancer cells [31]. However, the antimetastasic effects of
berberine on chondrosarcoma cells are mostly unknown. In
the current study, we found that, at noncytotoxic concentra-
tions (0–30𝜇M), berberine reduced cell motility in human
chondrosarcoma cells. Furthermore, berberine did not
increase cell death in primary chondrocytes. We found that
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Figure 4: PKC𝛿 and c-Src signaling pathways are involved in the berberine response of human chondrosarcoma cells. ((a) and (b)) Cells
were incubated with various concentrations of berberine for 24 h; PKC𝛿 kinase activity was examined by use of the PKC𝛿 kinase activity kit.
((c) and (d)) Cells were incubated with various concentrations of berberine for 24 h; c-Src kinase activity was examined by use of the c-Src
kinase activity kit. Results are expressed as the mean ± S.E.M.∗, 𝑃 < 0.05 compared with control.

the downregulation of the 𝛼v𝛽3 integrin through the PKC𝛿,
c-Src, and AP-1 pathways is involved in berberine-reduced
cancer migration. In this study, we identified berberine as
a potential lead base, with good pharmacological proper-
ties, on antimetastasic activity in human chondrosarcoma
cells.

Integrins, which link the extracellular matrix to intracel-
lular signaling molecules, regulate a number of cellular pro-
cesses, including adhesion, signaling, motility, survival, gene
expression, growth, and differentiation [32, 33]. Inhibition
of 𝛼v𝛽3 integrin by disintegrin or 𝛼v𝛽3 integrin antibody
reduced the metastasis of human cancer cells [34, 35].
Therefore, reducing the expression of 𝛼v𝛽3 integrin is a good
target for the treatment of the metastasis of human cancer
cells. Here, we reported that berberine reduced the mRNA
expression of 𝛼v and 𝛽3 integrin. In addition, incubation

of chondrosarcoma cells with berberine diminished the cell
surface expression of 𝛼v𝛽3 integrin. These results indicate
that berberine reduces chondrosarcoma metastasis through
the downregulation of 𝛼v𝛽3 integrin expression.

PKC isoforms have been characterized at the molecu-
lar level and have been found to mediate several cellular
molecular responses [36]. Of the isoforms, PKC𝛿 has been
shown to mediate tumor migration and metastasis [28,
37]. In our study, we found that, depending on dosage,
berberine reduced PKC𝛿 kinase activity in chondrosarcoma
cells. These results, therefore, suggest that PKC𝛿 is involved
in the berberine-mediated cell motility of chondrosarcoma
cells. Our results provide evidence that berberine downreg-
ulates cell motility and 𝛼v𝛽3 integrin expression in human
chondrosarcoma cancer cells by way of the PKC𝛿 signaling
pathway.
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Figure 5: AP-1 mediates the response of human chondrosarcoma cells to berberine. ((a) and (b)) Cells were incubated with various
concentrations of berberine for 24 h; p-c-Jun expression was examined by Western blotting. ((c) and (d)) Cells were incubated with various
concentrations of berberine for 24 h; AP-1 activity was examined through AP-1 luciferase activity assay. Results are expressed as the mean ±
S.E.M.∗, 𝑃 < 0.05 compared with control.

Because PKC𝛿-dependent c-Src activation mediates
tumor migration and invasion [28, 37], we examined the
potential role of PKC𝛿-dependent c-Src in the signaling
pathway of berberine-reduced cell motility. Treatment
of chondrosarcoma cells with berberine also eliminated
c-Src kinase activity, indicating the involvement of PKC𝛿-
dependent c-Src activation in berberine-inhibited expression
of the 𝛼v𝛽3 integrin and in the metastasis of human
chondrosarcoma cells.

The transcription factors of the Jun and Fos families bind
to the AP-1 sequence. These nuclear proteins interact with
the AP-1 site as Jun homodimers or Jun-Fos heterodimers
that are formed by protein dimerization through their leucine
zipper motifs. A variety of growth factors stimulates cancer
metastasis via signal-transduction pathways that converge to
activate the AP-1 complex of transcription factors [38]. The
results of this study show that AP-1 activation contributes
to berberine-inhibited migration and metastasis in human



Evidence-Based Complementary and Alternative Medicine 9

Berberine

PKC𝛿

c-Src

AP-1

Migration/invasion

𝛼v𝛽3 integrin

Figure 6: Schematic presentation of the signaling pathways
involved in berberine-inhibited metastasis of human chondrosar-
coma. Berberine inhibits the migration and invasion of human
chondrosarcoma cells by modulating the 𝛼v𝛽3 integrin through
PKC𝛿, c-Src, and AP-1 signaling pathway.

chondrosarcoma cells. We found that berberine reduced the
phosphorylation of c-Jun. In addition, using transient trans-
fectionwithAP-1 luciferase as an indicator ofAP-1 activity, we
found that berberine reduced the activity of AP-1 luciferase.
Our data indicate that AP-1 activation might play an impor-
tant role in cell migration and the metastasis of human chon-
drosarcoma cells. A variety of growth factor stimulate cancer
metastasis via signal-transduction pathways that converge to
activate NF-𝜅B complex of transcription factors [39]. NF-
𝜅B has been reported to regulate the metastasis of human
chondrosarcoma [40]. However, we did not examine the
role of NF-𝜅B in berberine-inhibited metastasis of human
chondrosarcoma in the current study.Therefore, whetherNF-
𝜅B mediated berberine-inhibited metastasis needs further
examination.

It has been recommended that drugs made from natural
products play a dominant role in pharmaceutical care. Nat-
ural products are important sources of potential agents of
cancer chemotherapy and metastasis [41]. The present study
showed that berberine inhibits the migration and invasion of
human chondrosarcoma cancer cells and that the downreg-
ulation of 𝛼v𝛽3 integrin through the PKC𝛿, c-Src, and AP-
1 pathways is involved in carrying out berberine-mediated
effects (Figure 6). The evidence signals that berberine may
show beneficial effects in reducing the metastatic activity of
human chondrosarcoma cells.
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The anthraquinones emodin and aloe-emodin are abundant in rhubarb. Several lines of evidence indicate that emodin and aloe-
emodin have estrogenic activity as phytoestrogens. However, their effects on estrogen receptor 𝛼 (ER𝛼) activation and breast
cancer cell growth remain controversial. The goal of this study is to investigate the effects and molecular mechanisms of emodin
and aloe-emodin on breast cancer cell proliferation. Our results indicate that both emodin and aloe-emodin are capable of
inhibiting breast cancer cell proliferation by downregulating ER𝛼 protein levels, thereby suppressing ER𝛼 transcriptional activation.
Furthermore, aloe-emodin treatment led to the dissociation of heat shock protein 90 (HSP90) and ER𝛼 and increased ER𝛼
ubiquitination. Although emodin had similar effects to aloe-emodin, it was not capable of promoting HSP90/ER𝛼 dissociation and
ER𝛼 ubiquitination. Protein fractionation results suggest that aloe-emodin tended to induce cytosolic ER𝛼 degradation. Although
emodin might induce cytosolic ER𝛼 degradation, it primarily affected nuclear ER𝛼 distribution similar to the action of estrogen
when protein degradation was blocked. In conclusion, our data demonstrate that emodin and aloe-emodin specifically suppress
breast cancer cell proliferation by targeting ER𝛼 protein stability through distinct mechanisms. These findings suggest a possible
application of anthraquinones in preventing or treating breast cancer in the future.

1. Introduction

Many phytochemicals derived from plants, including
anthraquinone, have been reported to have anticancer
potential. The anthraquinone derivatives emodin (1,3,8-
trihydroxy-6-methylanthraquinone) and aloe-emodin (1,8-
dihydroxy-3-hydroxyl-methylanthraquinone) are the main
bioactive components of rhubarb (Rheum palmatum), which
has been used in traditional Chinese medicine [1]. Aloe-
emodin is also abundant in the leaves of the common plant

Aloe vera [2]. Emodin has been widely investigated for its
antibacterial [3], anti-inflammatory [4], and antiproliferative
effects in several types of cancer [1]. Notably, emodin may
downregulate androgen receptor (AR) and lead to the
inhibition of prostate cancer cell growth [5], suggesting
that anthraquinone derivatives might modulate steroid
receptor activity. Several lines of evidence indicate that
emodin and aloe-emodin have estrogenic activity and
modulate breast cancer cell proliferation as phytoestrogen
compounds [6, 7]. However, the pharmacological effects
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and molecular mechanisms of emodin and aloe-emodin in
estrogen receptor 𝛼 (ER𝛼) modulation and breast cancer cell
growth remain elusive.

Breast cancer is a commonmalignancywith high lethality
in women. Because ER𝛼 activation plays an important role in
the initiation, development, and progression of breast cancer,
estrogen replacement therapy is the most common strategy
to suppress breast cancer progression [8]. By mimicking the
structure of estrogen, synthetic estrogen-like compounds are
used to compete for the binding of endogenous estrogen
with ER𝛼 and therefore inhibit ER𝛼-dependent growth of
breast cancer cells [9, 10]. However, synthetic estrogens have
side effects that increase the risk of cancer development due
to unselective estrogenic action [11]. Although the potency
of natural phytoestrogens is generally lower than that of
synthetic estrogens in terms of estrogenic action, natural
phytoestrogens are relatively safer with fewer side effects
[12]. Therefore, studies investigating the effects and molec-
ular mechanisms of natural herbal medicines that contain
phytoestrogens as potential treatments to breast cancer are of
interest.

We found that the inhibition of proliferation by emodin
and aloe-emodin was ER𝛼-dependent in breast cancer cell
lines. Importantly, aloe-emodin treatment promotes ER𝛼
protein degradation by repressing the association of ER𝛼 and
heat shock protein 90 (HSP90). Moreover, the dissociated
ER𝛼 is ubiquitinated and targeted for proteasome-dependent
degradation in the cytosol. The findings for aloe-emodin
are distinct from those for emodin. Based on the above
observations, these two anthraquinones could potentially be
used as specific phytoestrogens to treat breast cancer.

2. Materials and Methods

2.1. Cell Lines and Cell Culture. The human breast cancer
cell lines MCF-7 and MDA-MB-453 were obtained from the
Bioresource Collection and Research Center (BCRC), Food
Industry Research andDevelopment Institute, Taiwan.MCF-
7 cells were grown in minimum essential medium (Gibco,
Carlsbad, CA, USA) containing 10% fetal bovine serum
(Gibco), 1.5 g/L NaHCO

3
, 0.1mM nonessential amino acids

(Gibco), 1mM sodium pyruvate (Gibco), and 1% penicillin-
streptomycin (Sigma, St. Louis, MO, USA). MDA-MB-453
cells weremaintained in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum, 1.5 g/L
NaHCO

3
, and 1% penicillin-streptomycin. All cells were

incubated at 37∘C in a humidified atmosphere with 5% CO
2
.

2.2. Cell Viability Assay. Cells were incubated for 24 hours
after attachment. Cell numbers were calculated by direct
counting of cells, excluding cells that stained positive for 0.2%
trypan blue stain (Sigma, St. Louis, MO, USA) [13]. Cells
were treated with different concentrations of aloe-emodin
or emodin (ChromaDex, Irvine, CA, USA) for the indicated
number of days, and then, the 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT, Sigma, St. Louis, MO,
USA) assay was used to quantify cell proliferation. The MTT
stock solution (5mg/mL) was diluted to 0.5mg/mL with

complete culturemedium, and 0.1mLwas added to eachwell.
The yellow MTT was converted to blue formazan by living
cells, a reaction that is dependent on mitochondrial enzyme
activity. After using DMSO to dissolve the blue formazan, the
absorbance of converted MTT could be measured at 570 nm
𝜆 [14].

2.3. Cell Fractionation and Western Blot Analysis. Cells were
collected using a rubber scraper and homogenized with
Na
3
VO
4
diluted in PBS (1 : 100). After centrifugation, cells

were resuspended with lysis buffer as previously described
[15–19], and protease inhibitor cocktail (Roche Applied Sci-
ence, Mannheim, Germany) was added, followed by incuba-
tion on ice for 45 minutes. The cell lysate was centrifuged,
and the supernatant was collected as total protein extract.
The protein extract was mixed with sample buffer and boiled
for 10 minutes. Then, western blotting was performed as
previously described [19, 20]. Briefly, SDS-polyacrylamide
gel electrophoresis (SDS-PAGE)was performed, and proteins
were transferred from the SDS-PAGE gel onto a polyvinyli-
dene fluoride (PVDF) membrane. Primary antibodies were
incubated with the membrane overnight, and horseradish
peroxidase- (HRP-) conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratory, West Grove, PA, USA)
were applied. The ECL (western lighting chemiluminescence
reagent plus, PerkinElmer Life Sciences, Shelton, CT, USA)
reaction was performed, and the membranes were exposed
to X-ray films to visualize protein staining (Fujifilm, Tokyo,
Japan). Antibodies directed against the following proteins
were used in this study: poly(ADP-ribose) polymerase (PARP,
06-557, Upstate Biotechnology, Lake Placid, NY, USA), 𝛼-
tubulin (05-829, Upstate Biotechnology), ER𝛼 (sc-543 and
sc-8005, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
cyclin D1 (sc-20044, Santa Cruz Biotechnology), HSP 90𝛼/𝛽
(sc-59577, Santa Cruz Biotechnology), ubiquitin (sc-8017,
Santa Cruz Biotechnology), and 𝛽-actin (MAB1501, Milli-
pore, Temecula, CA, USA). The quantification software used
was MCID Image Analysis Evaluation.

2.4. Immunoprecipitation. Cell lysate was extracted in lysis
buffer, and immunoprecipitation was performed as previ-
ously described [19]. Briefly, the beads/antibody precipitated
complex was prepared by mixing Protein G Mag Sepharose
Xtra beads (GEHealthcare,Waukesha,WI, USA) and specific
antibody at 10 𝜇g : 1𝜇g for 2 h at room temperature. Cell
lysates were mixed with beads/antibody for 12 h at 4∘C, and
protein was isolated by precipitation under magnetic attrac-
tion with three rounds of PBST washes. The precipitated
proteins were analyzed by western blotting after denaturation
following dilution in sample buffer and boiling for 10minutes.

2.5. Quantitative Real-Time PCR. Total RNA was extracted
from cells using a Miniprep Purification Kit (Genemark,
Taipei, Taiwan), and reverse transcription-PCR was per-
formed using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) following
the standard procedures recommended by the manufacturer.
For reverse transcription, 2𝜇g of total RNA was used as the
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first-strand cDNA template for the subsequent amplification
procedure. The following primers were used to amplify
the cDNAs: ER𝛼 (5-TGGAGATCTTCGACATGCTG-3 and
5-TCCAGAGACTTCAGGGTGCT-3) [21] and 𝛽-actin (5-
TTGCCGACAGGATGCAGAA-3 and 5-GCCGATCCA-
CACGGAGTACT-3). cDNA and primers weremixedwithin
FastStart Universal SYBR Green Master (Roche Applied
Science) and measured using a real-time PCR instrument
(Applied Biosystems). Data presented by Ct values were
analyzed and adjusted relative to levels of the 𝛽-actin house-
keeping gene.

2.6. Transfection and Reporter Assays. Cells were plated for at
least 24 h and had reached 80% confluency prior to transfec-
tion. Expression plasmidwas premixedwithin Lipofectamine
2000 Reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The liposome/plasmid com-
plex was transfected into MCF-7 cells incubated with Opti-
MEM (Gibco) for 6 h, and then culture medium was added
for exogenous protein expression. The pCMV5-ER𝛼 expres-
sion plasmid was kindly provided by Professor Chih-Yang
Huang, Graduate Institute of Basic Medical Science, China
Medical University, Taichung, Taiwan. A reporter assay was
performed to detected ER𝛼 transcriptional activity after cells
were transfectedwith 3×ERE-containing-promoter luciferase
reporter gene (pGL2-TK-3 × ERE, gift from Dr. Chih-Yang
Huang, China Medical University, Taichung, Taiwan) and
internal control pSV-𝛽-galactosidase expression plasmid (gift
from Dr. Jeremy J. W. Chen, National Chuang Hsing Uni-
versity, Taichung, Taiwan). Reporter gene luciferase produc-
tion was performed using the Dual-Light System (Applied
Biosystems), andmeasurements were performed using a 1420
Multilabel Counter VICTOR3 instrument (PerkinElmer Life
Sciences). The raw data were normalized to 𝛽-galactosidase
activity to control for varying transfection efficiencies [19].

2.7. Statistics. All values are presented as themean± standard
error of themean (SEM). In all cases, Student’s 𝑡-test was used
to assess the results of cell proliferation and reporter assays.
A difference between two means was considered statistically
significant when 𝑃 < 0.05.

3. Results

3.1. ER𝛼 Is Important for the Growth Inhibition Induced by
Emodin and Aloe-Emodin. The effects of different concen-
trations (0, 6, 12.5, 25, 50, or 100𝜇M) of emodin and aloe-
emodin on the growth of the ER𝛼-positive breast cancer
cell line MCF-7 were determined by cell number counting
(0–6 days) and MTT assays (4 days). Emodin and aloe-
emodin treatment led to dose-dependent suppression of
MCF-7 growth (Figures 1(a) and 1(b)). Notably, 12.5 𝜇M or
higher concentrations of aloe-emodin had stronger effects
on MCF-7 growth compared to the same dosage of emodin.
MTT assays showed significant inhibition of MCF-7 pro-
liferation in a dose-dependent manner following emodin
treatment at concentrations of 25 to 100𝜇M (Figure 1(c)) and
of aloe-emodin treatment at concentrations of 6 to 100 𝜇M

(Figure 1(d)). Whereas emodin was more effective against
the ER𝛼-negative breast cancer cell line MDA-MB-453 than
against MCF-7 (Figure 1(e)), the inhibitory effects of aloe-
emodin on the growth of MDA-MB-453 was moderate com-
pared to the effects on MCF-7 cells (Figure 1(f)). In which,
25 𝜇M of aloe-emodin was not able to affect MDA-MB-453
cell proliferation (Figure 1(f)), while 25 𝜇M of emodin sig-
nificantly reduced that cell proliferation (Figure 1(e)) implies
that the effects of aloe-emodin might be associated with ER𝛼
and distinct to emodin. To further investigate whether ER𝛼
was involved in the inhibitory effects of the emodin and aloe-
emodin treatments, the effects of emodin and aloe-emodin
on the growth of MCF-7 with or without ER𝛼 overexpres-
sion were investigated. Following a 25𝜇M treatment with
emodin (Figure 1(g)) or aloe-emodin (Figure 1(h)), the ER𝛼-
overexpressing cells were more sensitive to drug treatments
compared to control cells. Similar results were also observed
in another ER𝛼-positive cell line, T47D (data not shown).
These data indicate that ER𝛼 protein plays an important
role in the emodin- and aloe-emodin-induced suppression of
breast cancer cell proliferation, although the potency of these
two compounds are slightly different.

3.2. Emodin and Aloe-Emodin Decrease ER𝛼 Protein Levels
in a Time- and Dose-Dependent Manner. ER𝛼 activation
is triggered by estrogen and promotes the initiation and
progression of breast cancer [22, 23]. ER𝛼 protein levels
were detected following treatment with various dosages of
emodin or aloe-emodin (0–100 𝜇M, Figures 2(a) and 2(c))
for different time intervals (0–48 h, Figures 2(b) and 2(d)).
The quantitative results were provided in the lower panels of
the accompanying figures. The data suggest that emodin and
aloe-emodin triggered a decrease in ER𝛼 protein level in a
time- and dose-dependent manner.

3.3. Emodin and Aloe-Emodin Decrease Both Nuclear and
Cytosolic ER𝛼 and Inhibit ER𝛼 Activation. Because ER𝛼
protein levels were affected by emodin and aloe-emodin, the
activation status of ER𝛼 was investigated. Fractionation of
cellular protein was performed and indicated that emodin
and aloe-emodin repressed both the nuclear and cytosolic
distribution of ER𝛼 protein (upper panels in Figures 3(a)
and 3(b)). The quantitative results are presented in the
lower panels of Figures 3(a) and 3(b). Additionally, cytosolic
ER𝛼 was more sensitive to treatment than nuclear ER𝛼.
An ER𝛼 reporter assay was performed in MCF-7 cells.
The data showed that aloe-emodin significantly inhibited
ER𝛼-targeted promoter activity in a dose-dependent manner
(Figure 3(d)). Compared to aloe-emodin, emodin in high
dosages (25–100𝜇M) moderately inhibited ER𝛼 activation,
whereas low dosages of emodin (6 and 12.5 𝜇M) tended to
increase ER𝛼 activation. Furthermore, the expressions of ER𝛼
downstream genes might be affected by those two com-
pounds. Figures 3(e) and 3(f) were the evidence indicating
that the protein expression of cyclin D1 which is one of
ER𝛼-regulated protein was indeed decreased by treatments
of 25𝜇M emodin or 25 𝜇M aloe-emodin for 48 h.
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Figure 1: Continued.
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Figure 1: Emodin and aloe-emodin inhibit breast cancer cell growth. MCF-7 cells were treated with various concentrations of emodin (a)
or aloe-emodin (b) for 0 to 6 days. Cell numbers were calculated by trypan blue staining. (c–f) MCF-7 and MDA-MB-453 cells were treated
with various concentrations of emodin or aloe-emodin for 4 days. Cell proliferation was determined by an MTT assay. The control cell
proliferation rate was set at 1. MCF-7 cells were transiently transfected with empty vector or pCMV5-ER𝛼 and treated with 25𝜇M emodin
(g) or aloe-emodin (h) for 4 days. The transfected efficiencies of ER𝛼 overexpression and cell numbers were detected by western blotting and
trypan blue staining, respectively. The results were presented as the mean ± SEM. ∗ and ∗∗ correspond to 𝑃 < 0.05 and 𝑃 < 0.01, respectively,
versus the control group or empty vector group.

3.4. Emodin and Aloe-Emodin Treatment Leads to Decreased
ER𝛼 Protein through Proteasomal Degradation. Because ER𝛼
protein levels were affected by both emodin and aloe-emodin
in the previous experiments, the gene expression and protein
stability of ER𝛼 were investigated. First, ER𝛼 messenger
RNA expression was detected by quantitative real-time PCR
following treatment. We found that treatments of 25𝜇M
emodin and 25𝜇M aloe-emodin for 24 h did not have a
significant effect compared to the control group (Figure 4(a)).
Second, because ubiquitin-proteasome-dependent degrada-
tion is the main process involved in ER𝛼 proteolysis [23], the
proteasome inhibitorMG132was used to prevent ER𝛼protein
degradation, and drug effects can be observed. The results
of this experiment indicated that MG132 could rescue ER𝛼
degradation after emodin or aloe-emodin treatment (Figures
4(b) and 4(c)).These findings suggest that the decreased ER𝛼
protein levels observed following emodin or aloe-emodin
treatment resulted from proteasome degradation.

3.5. Aloe-Emodin Promotes the Dissociation of ER and Heat
Shock Protein 90 and Causes ER𝛼 Ubiquitination. ER𝛼 is
processed by ubiquitination after disassociating from heat
shock protein 90 (HSP90) [24]. Using immunoprecipitation
in the presence of MG132 to prevent protein degradation, we
found that aloe-emodin apparently blocked the protein inter-
action between ER𝛼 and HSP90 (Figure 5(a)); however, the
effect induced by emodin was not as significant (Figure 5(b)).
The quantitative graphs were provided in the lower panels of
accompanying figures. Subsequently, ER𝛼 ubiquitination fol-
lowing drug treatmentwas investigated by detecting the levels
of ubiquitinated ER𝛼 in drug-treated cell extracts following
MG132 administration. The data indicated that aloe-emodin
treatment enhanced ubiquitin-conjugated ER𝛼 levels, and
protein degradation was prevented by MG132 treatment

regardless of whether ER𝛼 or ubiquitin was immunoprecipi-
tated first (Figure 5(c)). Although emodin slightly promoted
ER𝛼/HSP90 dissociation (Figure 5(b)), no increase in ER𝛼
ubiquitination was observed following emodin treatment
(Figure 5(d)). The related quantitative results were shown
in the lower panels. It suggests that ubiquitination was not
required for emodin-induced ER𝛼 degradation by protea-
some. These results indicate that aloe-emodin specifically
reduces ER𝛼 protein levels by promoting ER𝛼 ubiquitination,
which results in proteasome-dependent degradation.

3.6. Comparison of Emodin/Aloe-Emodin and Estrogen on
ER𝛼 Behaviors. Ligand binding by estrogen or estrogen-
like molecules promotes ER𝛼 transactivation, during which
ER𝛼 first dissociates from HSP90 in the cytoplasm and
then translocates into the nucleus [8]. Because the effects of
aloe-emodin and emodin on the ER𝛼 ubiquitination process
are distinct (Figure 5), it is of interest to understand how
the effects of these two compounds compare to those of
estrogen to mediate ER𝛼 behavior. Immunoprecipitation
experiment results indicate that aloe-emodin had similar
effects to synthetic estrogen (estradiol benzoate (EB)) on
ER𝛼/HSP90 dissociation (Figure 6(a)), whereas emodin did
not (Figure 5(b)). However, in contrast to EB treatment,
aloe-emodin treatment led to a decrease in the nuclear
and cytoplasmic levels of ER𝛼 protein. Furthermore, the
decrease in ER𝛼 protein levels following aloe-emodin treat-
ment was blocked by MG132, suggesting that aloe-emodin
promotes ER𝛼 degradation (Figure 6(b)). Comparing the
data in Figure 3(b), we suggest that aloe-emodin preferen-
tially induces ER𝛼 degradation in the cytoplasm of breast
cancer cells. Interestingly, nuclear ER𝛼 was increased by
emodin treatment, and protein degradation was prevented
by MG132 (Figure 6(c)), suggesting that although emodin
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Figure 2: Emodin and aloe-emodin reduce ER𝛼 protein levels. MCF-7 cells were treated with emodin or aloe-emodin in a dose-dependent
manner for 24 h (a, c) and via a time course using 25 𝜇M of the drug (b, d). ER𝛼 protein levels were detected by western blotting. 𝛽-Actin
was used as an internal control. The quantification of ER𝛼 levels is presented as fold increase or decrease compared to control levels and was
evaluated in three independent experiments. The results were presented as the mean ± SEM. ∗ and ∗∗ correspond to 𝑃 < 0.05, and 𝑃 < 0.01,
respectively, versus the control group.

induces ER𝛼 degradation in both the nucleus and cyto-
plasm (compared to Figure 3(a)), it seems that emodin is
able to promote ER𝛼 translocation into the nucleus, which
is in contrast to the actions of aloe-emodin. This might
explain why low concentrations of emodin showed slight
stimulation in the ER𝛼 reporter assay (Figure 3(c)). Taken
together, these results demonstrate that aloe-emodin induces
the dissociation of ER𝛼/HSP90 and subsequently promotes
ER𝛼 ubiquitin-proteasome-dependent degradation in the
cytoplasm, thereby inhibiting ER𝛼 translocation into nucleus,

where ER𝛼 would otherwise be activated as a positive
modulator.

4. Discussion

Breast cancer is a commonmalignancy in women, and estro-
gen plays an important role in early cancer development [25].
Estrogen, which usually denotes 17𝛽-estradiol (E2), binds to
its primary receptor ER𝛼 and stimulates ER𝛼 transcriptional
activity to regulate downstream gene expression and cell



Evidence-Based Complementary and Alternative Medicine 7

EC EC

PARP

0

0.2

0.4

0.6

0.8

1

1.2

Nucleus Cytoplasm

Control
Emodin

CytoplasmNucleus

𝛼-Tubulin

ER
𝛼

le
ve

ls 
(fo

ld
 o

f c
on

tro
l)

ER𝛼

∗
∗

∗
∗

(a)

C AE C AE

0

0.2

0.4

0.6

0.8

1

1.2

Nucleus Cytoplasm

Nucleus Cytoplasm

PARP

Control
AE

𝛼-Tubulin

ER
𝛼

le
ve

ls 
(fo

ld
 o

f c
on

tro
l)

ER𝛼

∗
∗

∗
∗

(b)

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 6 12.5 25 50 100Emodin

Fo
ld

 ch
an

ge
 in

 3
×

ER
E

lu
ci

fe
ra

se
 ac

tiv
ity

∗
∗

∗
∗

∗

(𝜇M)

(c)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 6 12.5 25 50 100AE

Fo
ld

 ch
an

ge
 in

 3
×

ER
E

lu
ci

fe
ra

se
 ac

tiv
ity

∗
∗

∗
∗

∗
∗

∗

(𝜇M)

(d)

Cyclin D1

Emodin  0           6       12.5     25      50        100 

ER𝛼

𝛽-Actin

(𝜇M)

(e)

0         6        12.5       25        50      100 

Cyclin D1

AE  

ER𝛼

𝛽-Actin

(𝜇M)

(f)

Figure 3: Emodin and aloe-emodin diminish both nuclear and cytoplasmic ER𝛼 levels and transcriptional activity. MCF-7 cells were treated
with 25𝜇M emodin (a) or aloe-emodin (b) for 24 h prior to cell lysis and protein fractionation as described in Section 2. ER𝛼 protein
was detected by western blotting, and PARP and 𝛼-tubulin served as markers for the nuclear and cytoplasmic fractions, respectively. The
quantification of ER𝛼 levels was presented as fold increase or decrease relative to controls andwas evaluated in three independent experiments.
The effects of emodin (c) and aloe-emodin (d) on ER𝛼 activation were evaluated using a 3 ×ERE- (estrogen-responsive element-) containing
luciferase reporter assay in MCF-7 cells for 48 h. 𝛽-galactosidase expression served as the internal control. The data were presented as the
fold change compared to control levels (0𝜇M).The results were presented as the mean ± SEM. ∗ and ∗∗ correspond to 𝑃 < 0.05 and 𝑃 < 0.01,
respectively, versus control group. MCF-7 cells were treated with emodin (e) or aloe-emodin (f) in a dose-dependent manner for 48 h, and
the expressions of ER𝛼-regulated protein cyclin D1 were detected by western blotting.
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Figure 4: Emodin and aloe-emodin decrease ER𝛼 protein levels by promoting protein degradation. (a) MCF-7 cells were treated with 25 𝜇M
of emodin or aloe-emodin for 24 h prior to quantitative real-time PCR to assess ER𝛼 mRNA expression. Data were presented as the fold
change compared to control levels. The experiments were performed in triplicate, and each condition was replicated four times within each
experiment. The results are presented as the mean ± SEM. (b, c) MCF-7 cells were treated with various concentrations of emodin or aloe-
emodin in the presence of MG132 (proteasome inhibitor, 5 𝜇M) for 24 h. ER𝛼 protein levels were detected by western blotting. 𝛽-Actin was
used as an internal control.

growth [26, 27]. Tamoxifen is designed to interfere with E2
binding and thus block ER𝛼 transcriptional activity to treat
ER𝛼-dependent diseases such as breast cancer [28]. However,
alternative compounds that are safer and associated with
fewer side effects than Tamoxifen are desired. Numerous
studies suggest that phytoestrogens possess organ-specific
estrogenic and antiestrogenic effects [29]. Phytoestrogens
mainly consist of isoflavones, such as genistein and daidzein,
and are used in the treatment of menopausal symptoms
as well as breast cancer [30, 31]. In this study, we provide
evidence indicating that two phytoestrogens, emodin and
aloe-emodin, might significantly inhibit the proliferation of
ER𝛼-positive breast cancer cells through ER𝛼 degradation.
Although both drugs had dose-responsive effects on inhibit-
ing proliferation of breast cancer cells, low doses (25𝜇M or
less) of aloe-emodin could not affect proliferation of ER𝛼-
negative cells (Figure 1(f)). Therefore, 25 𝜇M of drugs were
utilized in other experiments (Figure 3 to Figure 6). Inter-
estingly, both compounds had inhibitory effects on ER𝛼, but
they utilized different inhibitory mechanisms. Aloe-emodin
inhibited ER𝛼 activation through HSP90/ER𝛼 dissociation
and ubiquitin-dependent degradation, whereas emodin did

not share the same molecular pathway. Therefore, these
findings illustrate that emodin and aloe-emodin might serve
as estrogen receptor modulators with different molecular
mechanisms. The therapeutic application of these two com-
pounds should be investigated further in the future.

Anthraquinones are phytoestrogens that have been
demonstrated to possess anticancer properties through the
inhibition of cell proliferation, the induction of apoptosis,
and the prevention of metastasis [1]. The effects of the
anthraquinone derivatives emodin and aloe-emodin have
been extensively investigated in several cancer types through
studies on their signaling targets. Emodin has been reported
to sensitize Her2/neu-overexpressing lung cancer cells to
chemotherapeutic treatments and to suppress Her2/neu-
overexpressing breast cancer growth by inhibiting tyrosine
kinase activity [32–34]. Notably, emodin has been shown to
downregulate androgen receptor (AR) and inhibit prostate
cancer growth [5], suggesting that there is a connection
between anthraquinone derivatives and steroid receptor in
hormone-related cancers. Although the estrogenic ability
of emodin is higher than that of aloe-emodin, as deter-
mined by ER𝛼 binding studies, the antiproliferation effect
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Figure 5: Only aloe-emodin promotes the dissociation of HSP90/ER𝛼 and subsequent ER𝛼 ubiquitination.The interaction between ER𝛼 and
HSP90 in MCF-7 cells following 25𝜇M treatment of aloe-emodin (a) or emodin (b) in the presence of MG132 (5 𝜇M) for 24 h was evaluated
by ER𝛼 immunoprecipitation followed by western blotting for HSP90with specific antibodies.The ubiquitin-conjugated ER𝛼 levels inMCF-7
cells following 25 𝜇M treatment of aloe-emodin (c) and emodin (d) in the presence ofMG132 (5 𝜇M)were examined by immunoprecipitation
with anti-ER𝛼 or antiubiquitin antibodies followed by western blotting.The lysates were used in the western blotting experiments to indicate
protein levels. Immunoprecipitation by IgG served as a negative control. 𝛽-Actin served as an internal control for western blotting. The
quantitative data were obtained from the results of three times immunoprecipitation experiments and presented as fold change of control.
The quantitative graphs were presented as the mean ± SEM. ∗ and ∗∗ correspond to 𝑃 < 0.05 and 𝑃 < 0.01, respectively, versus the control
group.
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Figure 6: Effects of aloe-emodin and emodin on ER𝛼 subcellular distribution in comparison to EB. (a, b) MCF-7 cells were treated with
aloe-emodin (25 𝜇M) or estradiol benzoate ((EB) 10 nM) in the presence of MG132 (5 𝜇M) for 24 h.The interaction between HSP90 and ER𝛼
was evaluated by ER𝛼 immunoprecipitation followed by western blotting of HSP90 with specific antibodies. Immunoprecipitation by IgG
served as a negative control. The fractionation of cellular proteins was performed, and ER𝛼 protein was detected by western blotting. (c)
MCF-7 cells were treated with emodin (25𝜇M) or EB (10 nM) in the presence of MG132 (5𝜇M) for 24 h.The fractionation of cellular proteins
was performed, and ER𝛼 protein was detected by western blotting. PARP and 𝛼-tubulin served as markers for the nuclear and cytoplasmic
fractions, respectively. The lysates were used in the western blotting experiments to indicate protein levels. 𝛽-Actin served as an internal
control for western blotting.

of aloe-emodin is more efficient than that of emodin in
breast cancer cells [7]. Kang et al. also showed that the
cytotoxicity of aloe-emodin is higher in ER𝛼-positive cells
than in ER𝛼-negative cells [7]. These observations suggest
that aloe-emodin might be a stronger inhibitor of ER𝛼-
positive cancer cell growth than emodin.

The goal of this study was to investigate the differences
between emodin and aloe-emodin in their efficiency and
mechanism of blocking breast cancer cell growth. Our data
showed that aloe-emodin is a more potent growth inhibitor
than emodin and has a unique mechanism for the growth
inhibition of breast cancer cells. MCF-7 cell growth was
abolished following treatment with 12.5 𝜇M aloe-emodin for
6 days, and only 50% of cells survived at 25𝜇M aloe-emodin
treatment for 4 days (Figure 1(b)). Although a previous study
suggested that the IC

50
of aloe-emodin is 12.6 ± 0.83 𝜇g/mL

(approximately 46 𝜇M) on MCF-7 cells [7], the IC
50

of
aloe-emodin in our system was only approximately 25 𝜇M
(Figure 1(d)). With regard to side effects on normal cells, the
previous report indicated that 25 𝜇M aloe-emodin is a more
significant proliferation inhibitor in human skin epidermoid
carcinoma cells than in noncancerous cells [35]. However,
aloe-emodin did not significantly affect the proliferation of
MDA-MB-453 ER𝛼-negative cells (Figure 1(f)). The overex-
pression of ER𝛼 in MCF-7 cells increased the sensitivity
to aloe-emodin treatment (Figure 1(h)). These results are
consistent with previous findings that aloe-emodin has a

higher cytotoxic potential to MCF-7 (ER𝛼-positive) cells
than to MDA-MB-231 (ER𝛼-negative) cells [7]. A low dosage
(10 𝜇M) of aloe-emodin [6] showed that both cell growth
(Figures 1(b) and 1(d)) and ER𝛼 activation (Figure 3(d)) were
significantly repressed by aloe-emodin in a dose-dependent
manner, even at low dosages (6 𝜇M). Additionally, aloe-
emodin treatment reduced ER𝛼 protein levels not only in
total lysates (Figures 2(c) and 2(d)) but also in nuclear and
cytoplasmic fractions (Figure 3(b)). In the nuclear and cyto-
plasmic fractions, the impact of aloe-emodin treatment on
cytoplasmic ER𝛼 levels seems stronger than that on nuclear
ER𝛼 levels (Figure 3(b)). As shown in Figures 2 and 4, we con-
clude that the decrease in ER𝛼 levels induced by aloe-emodin
was due to protein degradation. This correlates with ER𝛼
proteasome-dependent degradation because of the observed
elevation in ubiquitin-conjugated levels (Figure 5(c)). Inter-
estingly, the dissociation of ER𝛼 and HSP90 was increased
by aloe-emodin treatment (Figure 5(a)), and ER𝛼 released
from HSP90 protection was subjected to ubiquitination for
degradation rather than translocation to the nucleus for
activation (Figure 6(b)). These phenomena are similar to
the actions of antiestrogens such as ICI 164384, ICI 182780,
and RU 58668, which may induce ER𝛼 degradation and
result in rapid turnover [24]. As a ligand with an inhibitory
effect on ER𝛼, we suggest that aloe-emodin might qualify as
an estrogen receptor modulator to negatively regulate ER𝛼
activity and inhibit breast cancer cell growth.
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The effect of emodin was also investigated in this study.
Although the inhibitory effects of emodin on breast cancer
growth and ER𝛼 activation were similar to those of aloe-
emodin, the molecular mechanism of emodin inhibition was
unexpectedly distinct. In Figures 1(a) and 1(c), the inhibitory
potency of emodin onMCF-7 cell growth was lower than that
of aloe-emodin (Figures 1(b) and 1(d)). Interestingly, emodin
significantly suppressed cell proliferation of the ER𝛼-negative
cell line MDA-MB-453 (Figure 1(e)). Because emodin may
act as a tyrosine kinase inhibitor by inhibiting the binding of
Her2/neu andHSP90, thereby depletingHer2/neu via protea-
somal degradation [36], it is possible that emodinmight differ
in its effect on the growth of MDA-MB-453 cells (which are
characterized by Her2 overexpression) in ER𝛼-independent
regulation in comparison to aloe-emodin. Like aloe-emodin,
emodin targeted ER𝛼 by proteasomal degradation (Figures 2
and 4); however, the degradation pathway was independent
of HSP90/ER𝛼 dissociation and ubiquitination (Figures 5(b)
and 5(d)). Although the ubiquitin-proteasome degradation
is an important process for modulation of many proteins,
recent studies demonstrate that the proteasome-dependent
protein degradation possibly goes through ubiquitination-
independent pathway [37, 38]. Previous reports indicate
that the estrogenic activity of emodin is higher than that
of aloe-emodin [6, 7]. Our ERE reporter assay results
showed that emodin induced the inhibition of ER𝛼 activation
only at high dosages (over 25 𝜇M, Figure 3(c)), whereas
the aloe-emodin data showed inhibitory effects starting at
low dosages (6 𝜇M, Figure 3(d)). Notably, emodin treat-
ment led to a slight increase in ER𝛼 activation at 6 and
12.5 𝜇M, which differed from the aloe-emodin treatment
results (Figure 3(c)). Unlike aloe-emodin, emodin treatment
elevated nuclear ER𝛼 protein levels in the presence of MG132,
similar to the effects of estradiol benzoate (EB) treatment
(Figure 6(c)). Taken together with the data in Figure 3(a),
we suggest that emodin, using a distinct mechanism from
aloe-emodin, might cause ER𝛼 shuttling into the nucleus
and subsequently promote nuclear ER𝛼 degradation through
ubiquitination-independent pathway, whereas cytoplasmic
ER𝛼 is less affected. This hypothesis is similar to previous
studies indicating that the chemical structure of the ligand
directly affects the nuclear fate and protein turnover rate of
ER𝛼 independently of transcriptional regulation [39]. These
observations suggest that the essential difference between
emodin and aloe-emodin lies in the mechanism of ER𝛼
regulation and Her2 inhibition.

In conclusion, we provide evidence showing that the anti-
cancer mechanisms of the anthraquinone derivatives emodin
and aloe-emodin are mediated via an ER𝛼-dependent path-
way in breast cancer cells. Although emodin and aloe-emodin
display distinct differences in efficiency and ER𝛼 activation
mechanism on breast cancer cell growth, both compounds
are potential selectively therapeutic treatments for breast
cancer.
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The use of doxorubicin (Dox) was severely constrained by dose-dependent side effects, which might be attenuated by combining a
“sensitizer” to decrease its cumulative dosage. In this study, it was investigated whether ocotillol could enhance the antiproliferation
activity of Dox. MTT assays and xenograft tumor model were firstly conducted to evaluate the effect of ocotillol on the antitumor
activity ofDox. Flow cytometry andHoechst staining assayswere then performed to assess cell apoptosis.Western blot and real-time
PCRwere finally used to detect the expression of p53 and its target genes. Our results showed ocotillol to enhance Dox-induced cell
death in p53 wild-type cancer cells. Compared with Dox alone, Dox with ocotillol (Dox-O) could induce much more cell apoptosis
and activate p53 to a much greater degree, which in turn markedly increased expression of proapoptosis genes. The enhanced
cytotoxic activity was partially blocked by pifithrin-𝛼, which might be through attenuating the increased apoptosis. Furthermore,
ocotillol significantly increased the antitumor activity of Dox in A549 xenograft tumor in nude mice. These findings indicated
that ocotillol could potentiate the cytotoxic effect of Dox through p53-dependent apoptosis and suggested that coadministration of
ocotillol with Dox might be a potential therapeutic strategy.

1. Introduction

Cancer was one of the leading causes of death in the world
[1], and chemotherapy, rather than surgery or radiotherapy,
remained the most effective strategy for prolonging survival
and improving cancer patients’ quality of life [2, 3]. Dox-
orubicin (Dox) was a potential chemotherapeutic agent, and
its use was part of several standard regimens for different
cancers [4, 5]. Although Dox had been shown to exert robust
antitumor activity, its effectiveness was often restricted by
drug-resistance and dose-dependent side effects, especially
the Dox-induced cardiomyopathy [5, 6]. Therefore, novel
combination chemotherapeutic strategy, in which one novel
compound was added to increase the therapeutic index of
Dox, would definitely benefit the cancer patients.

The mechanisms of action of Dox in inducing apoptosis
in cancer cells via p53 activation had been widely investigated
[7]. As the gatekeeper of the genome, the tumor repressor p53
was rapidly activated upon Dox-induced DNA damage and
functioned as a transcription factor in regulating downstream
target genes, such as PUMA, PIG3, and BAX [8, 9]. The novel
compounds, which could potentiate the p53 activation after
cotreatment with Dox, might work as one “sensitizer” to
reduce the “toxic dosage” to “subtoxic dosage” for Dox and
prevent the lethal cardiomyopathy. Indeed, several agents,
such as IFN-𝛼, inorganic phosphate, and curcumin, were
reported to potentiate the antitumor activity of Dox via p53
activation [10–12].

Natural sources, including plants, microorganisms, and
halobiotics, provide rich resources for discovery of novel
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Figure 1: The effects of four ginsenosides on the cytotoxic activity of Dox in A549 cells. (a) A549 cells were seeded into 96-well plate and
treated with Dox (0.2𝜇M), ginsenoside (5𝜇M), or the combination as indicated for 72 h. The cell viability was detected by MTT assay after
72 h incubation. (b) Chemical structure of ocotillol. ∗𝑃 < 0.05, compared with Dox group.

drugs [13]. Ginseng had a wide range of pharmacological
actions, such as neuroprotective, cardioprotective, antioxi-
dant, and anticancer properties, which were primarily attrib-
utable to the presence of different ginsenosides [14, 15].
Among which, Ginsenosides Rg3 and Rh2 were reported
to enhance antitumor activity and/or decrease the toxic
effects of several cytotoxic drugs, such as Dox, paclitaxel and
cyclophosphamide [16–19]. As part of our continuing effort to
discover novel agents from natural products to improve the
therapeutic outcome of Dox, we tested the effects of several
ginsenosides on its antitumor activity using MTT assay.
Ocotillol (Figure 1(b)), a derivative of pseudoginsenoside
F11 from American ginseng, was observed to significantly
potentiate the cytotoxic activity of Dox (Figure 1(a)). In this
study, we explored the effects of ocotillol on the potency of
Dox and its associated mechanism of action.

2. Materials and Methods

2.1. Materials. Ocotillol, prepared fromAmerican ginseng by
Shandong Engineering Research Center for Natural Drugs,
was obtained as white powder and had the molecular for-
mula C

30
H
52
O
5
, MW 492. Purity of the compound used

in present study was checked by HPLC and found to be
higher than 98.5%. In vitro, Ocotillol, Dox (Zhejiang Hisun
Pharmaceutical Co., Ltd., China), and pifithrin-𝛼 (Biyuntian,
China) were dissolved in DMSO and stored at −20∘C for less
than one month before use. The vehicle, DMSO, was used
as a control in all experiments at a maximum concentration
of 0.1%. In vivo, Ocotillol and DOX were dissolved in 1%
carboxymethyl cellulose sodium (CMCS) and 0.9% sodium
chloride as proposed dose, respectively.

2.2. Cell Lines and Cell Culture. The human cancer cell lines
A549, H1299,MCF7, and PC3 cells, were purchased fromCell

CultureCenter of Institute of BasicMedical Sciences, Chinese
Academy of Medical Sciences. All the cancer cells were cul-
tured in RPMI-1640 or DMEM medium supplemented with
10% fetal calf serum, penicillin (100U/mL), and streptomycin
(100 𝜇g/mL; Gibco BRL, NY, USA) and incubated at 37∘C in a
humidified air atmosphere containing 5% CO

2
. All cells were

harvested in the exponentially growing phase.

2.3. Animals. Male nude mice (4∼6 weeks old, BALB/c) were
purchased from the Institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences, and Peking Union
Medical College. All of the experiments were performed
in accordance with the Guidelines for Care and Use of
Experimental Animals of Experimental Animal Research
Committee of Yantai University.

2.4. Cell Proliferation Assays. The viability of cell was eval-
uated using MTT assay as reported previously [20]. Briefly,
cells were seeded into 96-well plates and then treated with
tested articles at desired concentration for indicated time.
MTT solution was added into the wells and incubated for
2 h. After the medium was removed, DMSO was added into
each well. The plates were gently agitated until the color
reaction was uniform and the OD

570
was determined using

a microplate reader (Wellscan MK3, Finland). Media-only
treated cells served to indicate 100% cell viability, and the
relative survival was defined as absorbance of treated wells
divided by that of controls, in which the 50% inhibitory
concentration (IC

50
) was defined as the concentration that

reduced the absorbance by 50% of the controls.

2.5. Flow Cytometry Assay. Cell apoptosis was determined by
flow cytometry (FCM) as previously reported [21]. A549 cells
were seeded into 6-well plates, and treatments were initiated
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Figure 2: The effects of ocotillol on the cytotoxic activity of Dox in human cancer cells. A549 cells (a), MCF7 cells (b), PC3 cells (c), and
H1299 cells (d) were seeded into 96-well plate and treated with Dox (I) or Dox + ocotillol () as indicated. The cell viability was detected by
MTT assay after 72 h incubation. #

𝑃 < 0.05, compared with Dox group.

when cells were 60–70% confluent. Tested articles, diluted in
medium, were added into the wells and incubated for 24 h,
and then cellswere harvested by digestingwith trypsin/EDTA
(Gibco BRL, NY, USA). After fixed with cold 70% ethanol,
the cells were stained with propidium iodide (PI) solution
(20mg/mL PI and 20mg/mL RNase A in PBS) for 30min in
37∘C. Samples were read on a Coulter Elite flow cytometer,
and data were analyzed using Elite software program 4.0.

2.6. Hoechst 33342 Staining Assay. Effects of tested agents on
apoptosis were visualized and quantified by immunofluores-
cence microscopy [22]. A549 cells were plated at 50,000 per
well in 6-well cell culture plates with glass slides (Corning
Incorporated, USA) and cultured overnight. Agents, diluted
in medium, were added to desired concentrations. After 24 h
exposure, cells were fixed with 3.7% formaldehyde in PBS for
10min and stained with Hoechst 33342 solution (10𝜇g/mL).
The slides were washed twice in PBS and fixed onto the
microscopic slide. The cell images were taken with a Kodak
fluorescence microscope, and the number of apoptosis cells
was counted in random fields for at least 1000 cells each
group.

2.7. Quantitative Reverse Transcription Polymerase Chain
Reaction. Cells were lysed in TRIzol (Invitrogen, USA), and
total RNA was prepared as previously described [21]. After
reverse transcription using a first-strand cDNA synthesis
kit (Fermentas, USA), the cDNA was subjected to real-time
polymerase chain reaction (RT-PCR) assays using the ABI
7500 RT-PCR System. Primer sequences were as follows:
PUMA, F: 5-CCT GGA GGG TCC TGT ACA ATC T-3, R:
5-GCA CCT AAT TGGGCT CCA TCT-3; BAX, F: 5-TGG
AGC TGC AGA GGA TGA TTG-3, R: 5-AAA CAT GTC
AGC TGC CAC TCG-3; PIG3, F: 5-TTG AGG CAT CTG
GAC ATG TG-3, R: 5-GGG TCA ATC CCT CTG GGA
TAG-3; GADPH (control), F: 5-CAT GTT CCA ATA TGA
TTC CAC C-3, R: 5-GAT GGGATT TCC ATT GAT GAC-
3.

2.8. Western Blotting Assay. Cells were collected and pre-
pared for the lysates after incubation, and then the cell lysates
were performed to detect the target protein as previously
described [21]. Briefly, total cellular proteins were elec-
trophoresed on 10% SDS-polyacrylamide gels, and then the
proteins were transferred to a PVDF membrane (Millipore,
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Figure 3: The effects of ocotillol on the cell apoptosis induced by Dox in A549 cells. A549 cells were seeded into 6-well plate and treated
with Dox (0.5 𝜇M), Oco (0.5𝜇M), or the combination for 24 h. The cells were then subjected to flow cytometry assay (a) to determine the
percentages of apoptotic cells (c) or to Hoechst staining assays (b). At least 1000 cells were randomly chosen, and the numbers of apoptosis
cells (determined by the morphologic observation) were counted (d). ∗𝑃 < 0.05, compared with control group; #

𝑃 < 0.05, compared with
Dox group.

USA). After block, the membrane was incubated overnight
with primary antibodies to P53 (Do-1, USA) and 𝛽-actin (C4,
USA). The membranes were washed with TBS-0.05% Tween
20 for 5min thrice and incubated with secondary antibodies
and then visualized with an enhanced chemiluminescence
detection kit (Amersham Life Sciences, USA). The film was
developed, and the scanned pictures were shown.

2.9. Xenograft Tumor Model in Nude Mice. Male nude mice
were introduced to establish xenograft tumormodels of A549
as previously described [20]. Briefly, A549 cells were subcu-
taneously injected at the dorsum with 5 × 106 cells in 0.1mL,
and treatment was started when the tumors reached an
average volume of 100∼300mm3. Animals were randomized

into 5 groups with 6 mice each group: (a) vehicle; (b)
10mg/kg ocotillol; (c) 1.5mg/kg Dox; (d) 10mg/kg ocotillol
plus 1.5mg/kg Dox. Ocotillol was administrated by oral
gavage, and Dox was injected intraperitoneally, which were
at a volume of 10mL/kg based on individual body weight.
Themice were checked daily for toxicity/mortality relevant to
treatment, and the tumor wasmeasured with a caliper twice a
week for up to endpoint days.The tumor volume inmm3 was
calculated by the formula: volume = (width)2 × length/2, and
the tumor growth curve was presented.

2.10. Data Analysis and Statistics. The results were presented
as mean ± SD. Comparisons between more than 2 groups
were performed by analysis of variance (one-way ANOVA),
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Table 1: Inhibitory effects of Dox, Oco, or the combination on tumor cell lines.

Cell line p53 status IC50 (𝜇M)
Dox Dox + Oco 5𝜇M Oco

A549 Wild type 0.16 ± 0.01 0.04 ± 0.01 >50
MCF7 Wild type 0.24 ± 0.03 0.05 ± 0.01 >50
PC3 Null 0.27 ± 0.03 0.24 ± 0.02 >50
H1299 Null 0.22 ± 0.04 0.16 ± 0.01 >50

Dox 0.5 𝜇M
Oco 5 𝜇M
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Figure 4: The effects of ocotillol on Dox-induced p53 activation.
A549 cells were seeded into 6-well plate and treated with Dox
(0.5 𝜇M), Oco (0.5 𝜇M), or the combination for 24 h. The cells were
then lysed for immunoblotting to measure expression levels of p53
(a) or lysed for qRT-PCR assays to determine the BAX, PUMA, and
PIG3 mRNA levels. Data were depicted as average ± SD values of
3 determinations. ∗𝑃 < 0.05, compared with control group; #

𝑃 <

0.05, compared with Dox group.

followed by Students 𝑡-test.The level of statistical significance
was defined as 𝑃 ≤ 0.05, unless indicated otherwise.

3. Results

3.1. Ocotillol Enhanced the Cytotoxic Activity of Dox in
p53 Wild-Type Cancer Cells. A series of MTT assays were
performed to explore the effect of ocotillol on the anti-
tumor activity of Dox in four cancer cells, such as A549,
MCF7, PC3, and H1299. After 72 h incubation, Dox did

display robust cytotoxic effect against all the tested cells in
vitro (Figure 2 and Table 1). Interestingly, cotreatment with
ocotillol at concentration of 5 𝜇M, which alone had no effect
on cell proliferation, enhanced the cytotoxic effect of Dox in
A549 and MCF7 cells (Figures 2(a) and 2(b)). The enhanced
effects, however, were not observed in p53-null cells, such as
PC3 and H1299 cell lines (Figures 2(c) and 2(d)). The IC

50

values were calculated and shown in Table 1.

3.2. Ocotillol Potentiated Dox-Induced Cell Apoptosis. FCM
and Hoechst staining assays were then performed to detect
the effect of Dox-O on cell apoptosis in A549 cells. As shown
by FCM, the ratio of cells in sub-G0 phase, in which theywere
considered to be undergoing apoptosis, was significantly
increased after Dox treatment for 24 h (Figures 3(a) and
3(c)). Ocotillol (5𝜇M) alone had no effect on apoptosis
but dramatically increased the ratio of cells in sub-G0 after
being cotreated with Dox (𝑃 < 0.01, compared with the
Dox only group). Similar results were found in Hoechst
staining assay (Figure 3(b)), in which apoptotic cells were
observed with characteristic morphologic characteristics,
such as nucleic shrinkage. Apoptosis increased after Dox
treatment for 24 h (𝑃 < 0.01, compared to control group);
cells cotreated with Dox-O showed dramatically increased
apoptosis (Figure 3(d), 𝑃 < 0.01, compared to the Dox only
group). Ocotillol alone had no effect on apoptosis at the
tested concentration.

3.3. Dox with Ocotillol Enhanced the Activation of p53.
Dox dramatically increased p53 protein levels in A549 cells
(Figure 4(a)), which in turn increased the induction of its
downstream target genes, such as BAX, PUMA, and PIG3
(Figure 4(b), 𝑃 < 0.01, compared with control group).
However, DOX-O activated p53 to a greater extent, which
enhanced mRNA expression of PUMA, BAX, and PIG3
(Figure 4(b), 𝑃 < 0.01, compared with Dox alone group).
Ocotillol at tested concentration had no obviously effect on
the mRNA expression of PUMA, BAX but decreased mRNA
expression of PIG3.

3.4. Ocotillol Enhanced Potency of Dox in a p53-Dependent
Pathway. Pifithrin-𝛼, a p53 inhibitor, is often used to explore
the p53 signal pathway [23]. As shown in Figure 5, the
increased proapoptosis genes induced by Dox-O, such as
BAX, PUMA, and PIG3, were significantly attenuated by
being coincubated with pifithrin-𝛼 (Figure 5(a), 𝑃 < 0.01,
compared with Dox-O group). FCM (Figure 5(b)) and
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Figure 5: The effects of pifithrin-𝛼 on the cytotoxic activity of Dox-O in A549 cells. (a) A549 cells were seeded into 6-well plate and treated
with as indicated for 24 h. The cells were then lysed for qRT-PCR assays to determine the PUMA, PIG3, and BAX mRNA levels. (b) and (c)
A549 cells were treated as indicated for 24 h and subjected to flow cytometry (b) or Hoechst staining (c) to determine percentages of apoptotic
cells. (d) A549 cells were treated as indicated, and the cell viability was detected by MTT assay after 24 h incubation. ∗𝑃 < 0.05, compared
with control group; #

𝑃 < 0.05, compared with Dox group. ∗∗𝑃 < 0.05, compared with Dox plus ocotillol group; ##𝑃 < 0.05, compared with
Dox group.

Hoechst staining (Figure 5(c)) showed pifithrin-𝛼 to signif-
icantly suppress the increased apoptosis in the Dox-O group
(𝑃 < 0.01, compared with Dox-O group). As a result,
the enhanced cytotoxic activity of Dox-O was dramatically
attenuated when cotreated with pifithrin-𝛼 (Figure 5(d), 𝑃 <
0.01, compared with Dox-O group).

3.5. Ocotillol Potentiated the Anti-Tumor Activity of Dox in
Xenograft Tumor Model. A549 xenograft tumor was estab-
lished, and the mice were treated with vehicle, ocotillol,
Dox or Dox-O. As shown in Figure 6(a), ocotillol at dose of
10mg/kg, which alone had no obvious effect on the tumor
growth, could significantly increase the anti-tumor activity

of Dox administrated every three days at dose of 1.5mg/kg
(𝑃 < 0.01, compared with Dox alone group). Little weight
loss was observed (Figure 6(b)), and no animal was dead in
all treated groups.

4. Discussions

Cancer was one of the major causes of death in the world,
and its first-line and most salient treatment strategy still was
the cytotoxic agent-based chemotherapy [2, 24]. Although
Dox-based chemotherapy could increase patients’ survival,
side effects and acquisition of drug resistance severely limited
its clinical effectiveness [25]. Therefore, novel therapeutic
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Figure 6: Effect of ocotillol on the antitumor activity of Dox on A549 xenograft tumors in nude mice. Tumor diameter was serially measured
with a vernier caliper, the relative tumor volume was calculated, and the growth curve was drawn (a). The body weight changes of animals
were recorded and shown (b). Vehicle (∙); 10mg/kg ocotillol (◼); 1.5mg/kg Dox (I); 1.5mg/kg Dox plus 10mg/kg Ocotillo (). ∗𝑃 < 0.05,
compared with control group; #

𝑃 < 0.05, compared with Dox group.

strategies, in which cotreatment with a sensitizer could
reduce the cumulative doses of Dox by enhancing the anti-
tumor activities, needed to be developed. Here, we provided
the first evidence that ocotillol could potentiate the cytotoxic
activity of Dox via p53-dependent apoptosis.

In current study, ocotillol was observed to induce higher
sensitization toDox in p53wild-type cell lines, not in p53-null
cells (Figure 2), which indicated the enhancement of ocotillol
on potency of Dox might be in a p53-dependent manner.
Based on our previous data, ocotillol did not aggravate the
cardiotoxicity of Dox in H9C2 cells [17]. Indeed, ocotillol
could significantly enhance the anti-tumor activity of Dox
in xenograft tumor models without apparently increasing its
toxic effect, which was primarily evaluated by the animal sur-
vival and body weight (Figure 6). Dox-O combination ther-
apy, therefore, could exert more robust anti-tumor effects and
does not increase toxic effects, which might in turn decrease
the cumulative toxic effects through reducing Dox dosage.

Inducing apoptosis was a common mechanism of anti-
cancer drugs [26], in which the apoptotic cells were easily
detected by several methods, such as FCM and Hoechst
staining [27]. Stained apoptotic cells are showed with less
nuclear PI dye and could be recorded as sub-G0 phase in
FCMassay, andmorphologic characteristics of apoptotic cells
such as nucleus shrinkage and DNA breakage were shown
after stained with Hoechst 33342. In the current study, both
FCM and Hoechst staining showed proportions of apoptotic
cells to be dramatically increased in the Dox-O group
compared with the Dox alone group (Figure 3), indicating
that ocotillol potentiated Dox cytotoxicity via promoting the
cancer cells undergoing apoptosis.

As a transcription factor, p53 played an important role
in many cancer drugs’ anti-tumor effects, including both
“cytotoxic drugs” and “target drugs” [28]. Doxorubicin,
paclitaxel, etoposide, and cisplatin reportedly exerted cyto-
toxic activities through activating p53, resulting in increased
expression of its target genes, such as PUMA, PIG3, and BAX

[29]. In this study, mRNA expression PUMA, PIG3 and BAX
were increased following p53 activation after Dox treatment.
Dox-O was seen to further increase mRNA expression of
PUMA,PIG3 andBAX (Figure 4), whichwere all known to be
proapoptosis genes, induction of which led cells to undergo
apoptosis. As a result, MTT assay detected this as decreased
cell viability.

To verify that ocotillol’s effect on the cytotoxicity of
Dox was through p53 pathway, the p53 inhibitor pifithrin-
𝛼 was used to block p53 transcription activity [23]. Indeed,
pifithrin-𝛼 could significantly attenuated the increase of pro-
apoptosis genes induced by Dox-O (Figure 5). As a result,
the increased Dox-induced apoptosis in both the presence
and absence of ocotillol was dramatically attenuated by
co-administration with pifithrin-𝛼. Consequently, the MTT
assay showed that pifithrin-𝛼 repressedDox cytotoxicity with
and without ocotillol. The finding was consistent with the
fact that Dox displayed anti-cancer activity through, or at
least partially through, activating p53 [29]. All of these results
showed clearly p53 played the major role in the effect of
ocotillol on Dox potency, The exact molecular mechanisms
of action, how Dox with ocotillol could further activate p53,
and which regulator protein was involved were still needed to
be explored.

5. Conclusion

We here reported for the first time that ocotillol enhanced
Dox cytotoxicity apparently by inducing p53-dependent
apoptosis. This implied that use of ocotillol with Dox could
be an improved therapeutic strategy.
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Compelling evidence indicates that bone marrow-derived endothelial progenitor cells (EPCs) can contribute to postnatal
neovascularization and tumor angiogenesis. EPCs have been shown to play a “catalytic” role inmetastatic progression bymediating
the angiogenic switch. Understanding the pharmacological functions and molecular targets of natural products is critical for
drug development. Butein, a natural chalcone derivative, has been reported to exert potent anticancer activity. However, the
antiangiogenic activity of butein has not been addressed. In this study, we found that butein inhibited serum- and vascular
endothelial growth factor- (VEGF-) induced cell proliferation, migration, and tube formation of human EPCs in a concentration
dependent manner without cytotoxic effect. Furthermore, butein markedly abrogated VEGF-induced vessels sprouting from aortic
rings and suppressed microvessel formation in the Matrigel implant assay in vivo. In addition, butein concentration-dependently
repressed the phosphorylation of Akt, mTOR, and the major downstream effectors, p70S6K, 4E-BP1, and eIF4E in EPCs. Taken
together, our results demonstrate for the first time that butein exhibits the antiangiogenic effect both in vitro and in vivo by targeting
the translational machinery. Butein is a promising angiogenesis inhibitor with the potential for treatment of cancer and other
angiogenesis-related diseases.

1. Introduction

Angiogenesis plays a critical role in physiological conditions
such as embryonic development, reproduction, tissue repair,
and bone remodeling. In contrast, angiogenesis is an impor-
tant process for tumor progression and various inflammatory
diseases [1]. Angiogenesis is the result of complex effect on

cell-cell and cell-matrix interactions. This process mainly
involves endothelial cells proliferation, migration, tube for-
mation, and extracellular matrix (ECM) degradation [2].
Vascular endothelial growth factor (VEGF) is themost potent
angiogenic factor, which is primarily secreted by cancer cells
to mediate tumor angiogenesis via binding to VEGF receptor
(VEGF-R).Therefore, targeting VEGF/VEGF-R axis to block
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angiogenesis is currently an attractive therapeutic approach
for cancer treatment [3, 4].

Circulating endothelial progenitor cells (EPCs) have been
shown to play important roles in maintaining vascular
integrity and facilitating tissue repair. Circulating EPCs are
mobilized from the bone marrow into the bloodstream
and induce neovascularization during tissue ischemia [5, 6].
Emerging evidence suggests that EPCs have the ability to self-
renew, circulate, home to tumor sites, and differentiate into
mature endothelial cells that contribute to angiogenesis and
vasculogenesis during the growth and metastatic spread of
tumors [7]. Tumor-derived cytokines, such as VEGF, regulate
the mobilization of EPCs, which subsequently contribute to
tumor angiogenesis and the growth of certain tumors [8].
EPCs reportedly mediate the progression of micrometastasis
and subsequently promote tumormacrometastasis, as critical
regulators of the angiogenic switch. These findings establish
the role of EPCs in tumor angiogenesis and metastasis and
support that selective targeting of EPCs may merit investiga-
tion for antiangiogenic treatment of metastatic cancer [9, 10].

Translational control has a crucial impact on cancer
development and progression, directing both mRNA trans-
lation and protein synthesis that regulate tumor cell pro-
liferation, transformation, angiogenesis, and metastasis [11].
Numerous molecular signals have been demonstrated to
regulate translational signaling pathways. Earlier studies have
shown thatAkt andMAPKpathways regulate protein transla-
tion through its downstreammammalian target of rapamycin
(mTOR) [12, 13]. In eukaryotes, 95–97% of total cellular
mRNA translation is via cap-dependent pathway, and the
others are through cap-independent pathway [14]. The best-
understood roles of mTOR in mammalian cells are tightly
associated with the control of cap-dependent mRNA trans-
lation. mTOR conducts this translational pathway through
phosphorylation of two downstream effectors, the 70 kDa
ribosomal protein S6 kinase (p70S6K) and eukaryotic initi-
ation factor 4E binding protein 1 (4E-BP1) [15, 16]. P70 S6
kinase phosphorylates the 40S ribosomal subunit protein S6
and is involved in translational control of 5 oligopyrimidine
tract mRNAs. Unphosphorylated 4E-BP1 is a translational
inhibitor that binds to eukaryotic initiation factor 4E (eIF4E)
to repress translation initiation.The activation ofmTOR leads
to hierarchical phosphorylation of 4E-BP1, dislodging 4E-
BP1 from eIF4E, and subsequently increasing cap-dependent
translation [11]. mTOR-mediated translational signaling is
important for cellular proliferation and growth in endothelial
cells and various tumor cells [17, 18]. Deregulation of mTOR
signaling is frequently associated with tumor growth and
angiogenesis [16, 19]. Thus, mTOR signaling pathway is
central to translational regulation and is a novel target for
cancer therapeutics.

Butein (3,4,2,4-tetrahydroxychalcone), a type of chal-
cone derivative, has been identified from numerous plants
including the heartwood of Dalbergia odorifera (namely,
Jiangxiang in Chinese), the stem bark of cashews (Semecar-
pus anacardium), and the traditional Chinese and Tibetan
medicinal herbs such asCaragana jubata andRhus verniciflua
Stokes. Previous reports have demonstrated that butein has

various pharmacological effects, such as antioxidant and anti-
inflammatory activities [20, 21], elicitation of endothelium-
dependent vasodilation [22], antirestenosis effect [23], and
anticancer effects in a variety of human cancer cells [24–
29]. Several chalcones have been reported to exhibit antian-
giogenic activity via blocking VEGF-induced angiogenesis
[30, 31]. However, the antiangiogenesis property of butein is
mostly unknown. In this study, we investigated the antiangio-
genic activity of butein in both in vitro and in vivo assays and
further elucidated its mechanism of action in human EPCs.

2. Materials and Methods

2.1. Materials. 3,4,2,4-Tetrahydroxychalcone (butein) was
purchased from Extrasynthese Corporation (Genay, France).
3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), crystal violet, and other chemicals were
purchased from Sigma (St Louis, MO). MV2 complete
medium was purchased from PromoCell (Heidelberg,
Germany). Defined fetal bovine serum (FBS) and all cultured
reagents were purchased from HyClone (Logan, UT).
Recombinant human VEGF was purchased from R&D
Systems (Minneapolis, MN). Lactate dehydrogenase (LDH)
assay reagents were purchased fromPromega (Madison,WI).
Antibodies to phospho-Akt (Ser473), Akt, phospho-mTOR
(Ser2448), and phospho-eIF4E (Ser209) were purchased
from Epitomics (Burlingame, CA). Antibodies to phospho-
ERK1/2 (Thr202/Tyr204), ERK1/2, phospho-p70S6K
(Thr389), phospho-4E-BP-1 (Thr37/46), and GAPDH were
purchased from Cell Signaling Technologies (Boston, MA).

2.2. Isolation and Cultivation of EPCs. Ethical approval was
granted by the Institutional Review Board of Mackay Med-
ical College, New Taipei City, Taiwan (reference number:
P1000002). Informed consent was obtained from healthy
donors before the collection of peripheral blood (80mL).
The peripheral blood mononuclear cells (PBMCs) were frac-
tionated from other blood components by centrifugation on
Ficoll-Paque plus (AmershamBiosciences, Uppsala, Sweden)
according to the manufacturer’s instructions. CD34-positive
progenitor cells were obtained from the isolated PBMCs
using CD34 MicroBead Kit and MACS Cell Separation
System (Miltenyi Biotec, Bergisch Gladbach, Germany). The
isolation and maintenance of CD34-positive EPCs were
performed as described previously [32, 33]. Briefly, human
CD34-positive EPCs were maintained and propagated in
MV2 complete medium consisting of MV2 basal medium
and growth supplement, supplied 20%FBS. Cells were seeded
onto 1% gelatin-coated plasticware and cultured in humid-
ified air containing 5%CO2 at 37∘C for further treatment.
Characterization of EPCs was confirmed by UEA-1 binding,
and surface marker staining of CD34, KDR, and CD31. (see
Supplementary Figure 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2013/943187). Experiments
were conducted on EPCs between passages 8 and 12.

2.3. Cell Proliferation Assay. For crystal violet assay, EPCs
(5 × 10

3 cells/well) were seeded onto 96-well plates. After
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Figure 1: Effect of butein on cell proliferation and cytotoxicity of EPCs. Cells were seeded into a 96-well plate at 5000 cells per well overnight
for attachment. After 72 h incubation with the indicated concentrations of butein in MV2 complete medium containing 10% FBS, cell
morphology was detected by inverted phase contrast microscope (a), and cell proliferation was determined using crystal violet assay (b).
Serum-starved cells were stimulated with or without VEGF (20 ng/mL) in the absence or presence of various concentrations of butein, and
the cell growth and cytotoxicity were determined using MTT assay and LDH assay, respectively (c and d). Data are expressed as mean ± SEM
of five independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the control group.

24 h incubation, the culture medium was removed and cells
were incubatedwith freshMV2 completemedium containing
10% FBS for 72 h in the absence or presence of butein. Then,
cell proliferation was determined by crystal violet staining,
which was performed by staining with 0.5% crystal violet
in 20% methanol. The dye was subsequently eluted in the
solution containing 0.1M sodium citrate and 75% ethanol,
and absorbance was measured at 540 nm with ELISA-reader.

For MTT colorimetric assay, EPCs (5 × 103 cells/well)
were incubated in 96-well plates and starved with MV2
complete medium for 16 h. Then, the culture medium was
removed, and cells were incubated with fresh MV2 complete
medium containingVEGF (20 ng/mL) for 48 h in the absence
or presence of butein. Cells were incubated with MTT
(0.5mg/mL) for 2 h. Formazan crystal was lysed by dimethyl
sulfoxide (DMSO), and absorbance was measured at 550 nm
with ELISA-reader.

2.4. Cytotoxicity Assay. EPCswere seeded onto 96-well plates
in a density of 5 × 103 cells per well and starved with MV2
complete medium for 16 h.Then, cells were treated withMV2
complete medium containing VEGF (20 ng/mL) for 48 h in
the absence or presence of butein. The percentage of LDH
release was calculated from the ratio of LDH activity in the
medium to LDH activity in the cell lysate.

2.5. Cell Migration Assay. Cell migration assay was per-
formed using Transwell chambers with 8.0𝜇m pore size
(Coring, Coring, NY). EPCs (5 × 104 cells/well) were seeded

onto the upper chamber with MV2 complete medium and
then incubated in the bottom chamber with MV2 complete
medium containing 10% FBS or VEGF (20 ng/mL) with the
indicated concentrations of butein. After 16 h of treatment,
cells on the upper side of the filters were mechanically
removed, and those which migrated on the lower side were
fixed with 4% formaldehyde then stained with 0.5% crystal
violet for 10min. Cell migration was quantified by counting
the number of stained cells in 10 random fields with the
inverted phase contrast microscope and photographed.

2.6. Capillary Tube Formation Assay. Matrigel (BD Bio-
sciences, Bedford, MA), which was used to promote the
differentiation of EPCs into a capillary tube-like structure,
was added to 48-well plates. The Matrigel-coated 48-well
plates were incubated at 37∘C for 30min to allow for poly-
merization. After gel formation, EPCs (6 × 104 cells) were
seeded per well on the layer of polymerized Matrigel in MV2
complete medium containing 10% FBS or VEGF (20 ng/mL)
with the indicated concentrations of butein, followed by
incubation for 10–16 h at 37∘C. Photomicrographs of capillary
tube formation were taken with the inverted phase contrast
microscope. Tube formationwas quantified bymeasuring the
long axis of each tube in 3 random fields per well by using
Image-Pro Plus software.

2.7. Aortic Ring Sprouting Assay. Assay was performed as
previously described with modification [34]. Aortas were
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Figure 2: Effect of butein on cell migration of EPCs. Cells were seeded onto the upper chamber consisting of 8mm pore-size filters and
then treated with the indicated concentrations of butein in MV2 complete medium containing 10% FBS (a) or 20 ng/mL VEGF (b) as a
chemoattractant in the lower chamber. Cells that invaded the filter were counted as mean ± SEM of five independent experiments. ∗𝑃 <
0.05,

∗∗

𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the control group.

harvested from 8- to 10-week-old Sprague-Dawley rats. Fol-
lowing a completewashing, the aortaswere cut into 1mmring
segments. The aortic rings were placed in the 48-well plates
which were precoated with 130 𝜇L Matrigel and polymerized
at 37∘C. The wells were subsequently overlaid with another
50 𝜇LMatrigel for sealing. VEGF (20 ng/mL) with or without
butein was then added to the well. The cultured medium
was changed every 3 days. Sprouting endothelial cells were
observed and photographed on day 8. The area of sprouting
vessels was measured quantitatively by Image-Pro Plus soft-
ware.

2.8. Directed In Vivo Angiogenesis Assay (DIVAA). DIVAA
was performed as described previously [35]. Briefly, sterile,
surgical silicone tubes were filled at 4∘C with matrigel
containing VEGF with or without butein. Therefore, the
dorsal haunches of the anesthetized mice (8- to 10-week-
old female C57BL/6 mice) were shaved and sterile prepped.
A 5mm cutaneous incision was made, and a 10mm deep
subcutaneous pocket was created with a sterile hemostat.

DIVAA tubes were incubated at 37∘C for 1 hour to allow gel
formation and then implanted into the dorsal flank of mice.
After 15 days, DIVAA tubes were taken and photographed.
Neovessels were quantified by measuring the hemoglobin
of the plug with the Drabkin method and Drabkin reagent
kit 525 (Sigma). The animals were maintained on a 12-hour
light/dark cycle under controlled temperature (20 ± 1∘C) and
humidity (55±5%). Animals were given continuous access to
food and water. All procedures involving animal experiment
were approved by the Institutional Animal Care and Use
Committee at College of Medicine, Tzu Chi University.

2.9. Western Blot Analysis. Cells were lysed with lysis buffer
as described previously [36]. Cell homogenates were diluted
with loading buffer and boiled for 5min for detecting
phosphorylation and protein expression. Total protein was
determined and equal amounts of protein were separated by
8–12% SDS-PAGE and immunoblotted with specific primary
antibodies. Horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were
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Figure 3: Effect of butein on tube formation of EPCs. Cells were plated on Matrigel-coated plates in the presence of MV2 complete medium
containing 10%FBS (a) or 20 ng/mLVEGF (b)with various concentrations of butein, and tubularmorphogenesis was recorded by the inverted
phase contrast microscope. Tube formation was quantified by measuring the length of tubes in three random fields per well with the use of
Image-Pro Plus and was calculated against DMSO control. Data are expressed as mean ± SEM of four independent experiments. ∗𝑃 <
0.05,

∗∗

𝑃 < 0.01 compared with the control group.

used, and the signal was detected using an enhanced chemi-
luminescence detection kit (Amersham, Buckinghamshire,
UK).

2.10. Statistical Analysis. Data are presented as the mean
± SEM for the indicated number of separate experiment.
Statistical analyses of data were performed with one-way
ANOVA followed by Student’s t-test, and P values less than
0.05 were considered significant.

3. Results

3.1. Butein Inhibits Cell Proliferation of EPCs without Cyto-
toxicity. To assess the antiangiogenic activity of butein, we
first evaluated the influence of butein on cell proliferation of

EPCs. The results showed that butein induced the cytostatic
effect in human EPCs (Figure 1(a)). Furthermore, butein
suppressed serum- or VEGF-induced cell proliferation of
EPCs in a concentration-dependent manner (Figures 1(b)
and 1(c)). In order to investigate whether the effect of
butein was due to its cytotoxicity, LDH assay was performed.
There is no significant increase in LDH release when the
concentration is lower than 20𝜇M. However, treatment of
higher concentration of butein (30𝜇M) caused a significant
LDH release (Figure 1(d)). Therefore, the concentration of
butein used in the following research is less than 20 𝜇M.

3.2. Butein Inhibits Cell Migration of EPCs. The migration
of EPCs is an important step in angiogenesis. We investi-
gated the chemotactic migration with Transwell chambers to
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Figure 4: Effect of butein on VEGF-induced angiogenesis ex vivo. Aortas in Matrigel were treated with or without VEGF (20 ng/mL) in the
absence or presence of various concentrations of butein. After 8 days, aortic rings were photographed. Experiments were repeated four times,
and a representative result is shown. Data are expressed as mean ± SEM of four independent experiments. ∗∗∗𝑃 < 0.001 compared with the
control group.

examine the effect of butein on EPCmigration toward serum
or VEGF. As shown in Figure 2, serum and VEGF induced
EPCs migration after 16 hr treatment. Butein significantly
attenuated serum- and VEGF-induced cell migration.

3.3. Butein Inhibits Tube Formation of EPCs. In order to
study the effect on EPCs differentiation and formation of
capillary-like structure, we tested whether butein inhibited
tube formation on Matrigel. The capillary tube-like structure
was facilitated by angiogenic factors such as serumandVEGF.
After 10 hours of treatment, butein exhibited the promising
inhibitory effect on serum- or VEGF-induced tube formation
(Figure 3). These results demonstrate that butein has the
ability to block in vitro angiogenesis of EPCs.

3.4. Butein Inhibits Angiogenesis Ex Vivo and In Vivo. We
further performed the aortic ring sprouting assay to evaluate
ex vivo antiangiogenic effect of butein. As shown in Figure 4,
VEGF apparently stimulated the vessels sprouting of the rat
aortic ring, whereas butein significantly decreased the sprout-
ing of VEGF-induced vessels in a concentration-dependent
manner. To determine whether butein is capable of blocking
angiogenesis in vivo, we used an in vivomouseDIVAAmodel.
An aliquot of growth factor-reduced Matrigel containing
VEGF was filled into a sterile, surgical silicone tubing and
then inoculated subcutaneously into mouse. New vessels
were induced by VEGF and formed a capillary network in
theDIVAA tubes. As shown in Figure 5, butein demonstrated
the inhibitory effect of microvessel in growth into the DIVAA
tubes. Quantification of angiogenesis by hemoglobin content
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Figure 5: Effect of butein on VEGF-induced angiogenesis in vivo.
Matrigel containing VEGF (200 ng/mL) with or without butein
in sterile, surgical silicone tubes were subcutaneously placed into
C57BL/6 mice. After 15 days, DIVAA tubes was taken and pho-
tographed. Hemoglobin was measured as an indication of blood
vessel formation, using the Drabkin method. Data are presented
as mean ± SEM of at least 3 mice per group. ∗∗𝑃 < 0.01, ∗∗∗𝑃 <
0.001 compared with control group.

revealed that butein significantly inhibited the angiogenic
response in a dose-dependent manner. These results suggest
that butein strongly blocks VEGF-induced angiogenesis ex
vivo and in vivo.

3.5. Butein Inhibits the Translational Pathway in EPCs. Both
phosphatidylinositol-3-kinase (PI3K)/Akt and extracellular
signal-related kinase 1/2 (ERK1/2) signaling pathway play
important roles in cell proliferation, survival, migration,
and angiogenesis [18, 37]. Therefore, we investigated these
molecular mechanisms underlying the effects of butein-
mediated intracellular signal transduction in EPCs. As shown
in Figure 6(a), phosphorylation of Akt and ERK1/2 were
markedly increased after serum stimulation. Butein dramati-
cally inhibited the phosphorylation ofAkt in a concentration-
dependent manner but did not significantly suppress the
phosphorylation of ERK1/2 in EPCs. The important down-
stream effector of PI3K/Akt pathway termed mTOR is recog-
nized to regulate the translational process through increased
phosphorylation of p70S6K and 4E-BP1. In addition, mTOR
and p70S6K signal have been indicated to regulate various
biological functions of endothelial cells (ECs) for angiogen-
esis [17, 19]. Thus, we explored whether butein modulated
these signaling pathways in EPCs. As shown in Figure 6(b),
serum induced a significant increase in the phosphorylation
of mTOR, p70S6K, 4E-BP1, and eIF4E. We found the phos-
phorylation of mTOR and the major downstream targets,

p70S6K, 4E-BP1, and eIF4E, were significantly suppressed in
EPCs by butein treatment. These results suggest that butein
may inhibit angiogenesis probably through the inhibition of
translational process.

4. Discussion

The development of new blood vessels from preexisting ones
is generally referred to angiogenesis, which plays a critical
role in tumor growth and metastasis. In recent years, anti-
angiogenic agents have become attractive strategy for cancer
treatment and provide some additional benefits, including
fewer side effects and lower dosage of chemotherapy [3,
38]. Accumulating evidence indicates that tumor angiogen-
esis is also supported by the mobilization and functional
incorporation of other cells such as endothelial progenitor
cells (EPCs) [6]. Recently, EPCs have been proposed to
improve early tumor growth and late tumor metastasis by
interveningwith the angiogenic switch; EPCs promote tumor
neovessel formation through the production of angiogenic
cytokines during tumor progression [8, 39]. Furthermore,
several studies demonstrate that certain chemotherapy drugs
can trigger circulating EPCs mobilization and subsequent
tumor homing [10, 40]. Therefore, EPC-targeting thera-
pies may be the promising strategy to block angiogenesis-
mediated tumor growth. In this study, we used EPCs to
investigate the effect of butein on angiogenesis.We found that
butein inhibited serum- and VEGF-induced proliferation in
a concentration-dependent manner (Figure 1). Tumor cells
release chemoattractants, such as VEGF, into microenviron-
ment and stimulate cell migration and angiogenic effects to
form capillaries.We showed that butein reduced the ability of
EPCs tomigrate towards serum and VEGF (Figure 2). Butein
markedly and concentration-dependently inhibited serum-
and VEGF-induced capillary-like tubular formation of EPCs
(Figure 3). Notably, we demonstrated the potent ex vivo and
in vivo anti-angiogenic effect of butein, suggesting that butein
may be a potential angiogenesis inhibitor (Figures 4 and 5).

Butein that is derived from numerous traditional herbal
medicines displayed promising anticancer activities against a
broad spectrum of human cancer cells via different mecha-
nisms. Butein inhibited migration and invasion through the
ERK1/2 andNF-Κb signaling pathways in bladder cancer cells
[25]. Butein suppressed invasion and CXCR4 expression in
breast and pancreatic cancer cells [26]. Butein was found
to be an aromatase inhibitor with growth inhibitory effect
in breast cancer cells [29]. In addition, butein inhibited cell
growth and induced apoptosis in melanoma, leukemia, and
hepatocellular carcinoma cells [24, 27, 28].The concentration
of butein for its anticancer effects varies from 5 to 200𝜇M
depending on its mechanism, time treatment, and tumor cell
type. Mostly, butein induced the growth inhibitory and apop-
totic effects in cancer cells at a higher concentration around
25–200𝜇M. In the present study, the concentration of butein
(<20 𝜇M) did not induce LDH release of EPCs, indicating
that this antiproliferation effect of butein was not due to its
cytotoxicity (Figures 1(c) and 1(d)). Butein at a concentration
of 10 𝜇M significantly inhibited angiogenesis of human EPCs
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Figure 6: Effects of butein on the phosphorylation of Akt, ERK1/2, and translational regulatory proteins. Quiescent EPCs were treated with
or without MV2 complete medium containing 10% FBS in the absence (control) or presence of butein (10 and 20𝜇M) for 15min. Cells were
harvested and lysed for the detection of p-Akt and p-ERK1/2 (a), p-mTOR, p-p70S6K, p-4E-BP1, and p-elf4E (b) by Western blot analysis.
The quantitative densitometry of the relative level of protein was performed with Image-Pro Plus. Data are expressed as mean ± SEM of five
independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the control (CTL) group.

and human umbilical vein endothelial cells (HUVECs) (see
Supplementary Figure 2). The growth inhibitory action of
butein at low concentration (1–10 𝜇M) is considered to be a
more specific effect on endothelial cells that are stimulated
by angiogenic growth factors. Taken together, we suggest that
low concentration of butein exhibits novel anti-angiogenic
activity and may contribute to suppress tumor growth and
metastasis in vivo.

Importantly, our study is the first to show the effect
of butein on AKT/mTOR-mediated translational pathway.
Previous evidence implies that Akt and Erk signaling is
the key mediator for vasculogenic functions, such as prolif-
eration, survival, migration, and differentiation, which are
activated by a variety of stimuli in endothelial cells and
EPCs [37, 41]. Several studies showed that the inhibition
of Akt and ERK1/2 signaling in tumor vasculature resulted
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in vessel reduction and tumor growth suppression [42–44].
We found that butein significantly inhibited serum-induced
Akt phosphorylation in a concentration-dependent manner,
but not Erk1/2 phosphorylation in EPCs (Figure 6(a)). These
results indicated that butein may suppress angiogenesis via
inhibition of the Akt-dependent pathway. Akt signaling
plays an important role in the activation of mTOR pathway,
which has been indicated to regulate various biological
functions of ECs for angiogenesis [13, 17]. Recent study
also demonstrates that mTOR is involved in the control of
cell growth in EPCs [45]. The mTOR signaling pathway is
central to translational regulation and is a pivotal target in
cancer therapeutics. Through activation of its downstream
p70S6K and hyperphosphorylation of 4E-BP1, AKT/mTOR
pathway coordinates and conducts cap-dependent mRNA
translation in not only cell proliferation and growth, but
also a crucial step leading to angiogenesis in the neoplastic
and nonneoplastic processes [11, 46]. Our results showed
that butein dramatically inhibited the mTOR signaling cas-
cade, including mTOR, p70S6K, 4E-BP1, and elf4E in EPCs
(Figure 6(b)). Thus, we suggest that anti-angiogenic activity
of butein may be through the suppression of translation
signaling pathway.

In conclusion, this study discovers a novel mechanism
by which butein impairs angiogenesis in vitro and in vivo.
We demonstrate that butein inhibits EPCs proliferation,
migration, and tube formation by targeting the AKT/mTOR
translation dependent signaling pathway. Since the contribu-
tion of EPCs during tumor angiogenesis is important for the
initiation and promotion of tumor neovessel formation, our
data provide evidence for butein that could be a potential
candidate of angiogenesis inhibitor. Based on the findings
herein, we suggest that butein is a promising natural product
worthy of further development for the treatment of human
cancer and other angiogenesis-related diseases.
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Angiogenesis and lymphangiogenesis are considered to play key roles in tumor metastasis. Targeting receptor tyrosine kinases
essentially involved in the angiogenesis and lymphangiogenesis would theoretically prevent cancermetastasis. However, the optimal
multikinase inhibitor for metastasis suppression has yet to be developed. In this study, we evaluated the effect of NSTPBP 0100194-
A (194-A), a multikinase inhibitor of vascular endothelial growth factor receptors (VEGFRs)/fibroblast growth factor receptors
(FGFRs), on lymphangiogenesis and angiogenesis in a mammary fat pad xenograft model of the highly invasive breast cancer cell
line 4T1-Luc+. We investigated the biologic effect of 194-A on various invasive breast cancer cell lines as well as endothelial and
lymphatic endothelial cells. Intriguingly, we found that 194-A drastically reduced the formation of lung, liver, and lymph node
metastasis of 4T1-Luc+ and decreased primary tumor growth. This was associated with significant reductions in intratumoral
lymphatic vessel length (LVL) and microvessel density (MVD). 194-A blocked VEGFRs mediated signaling on both endothelial
and lymphatic endothelial cells. Moreover, 194-A significantly inhibited the invasive capacity induced by VEGF-C or FGF-2 in
vitro in both 4T1 and MDA-MB231 cells. In conclusion, these experimental results demonstrate that simultaneous inhibition of
VEGFRs/FGFRs kinases may be a promising strategy to prevent breast cancer metastasis.

1. Introduction

Tissue invasion and metastasis, which cause 90% of cancer
deaths, are common features during the development ofmost
types of human cancer.The distant settlements of tumor cells
can be, in general, classified into hematogenous metastasis
and lymphogenousmetastasis. Although invasion andmetas-
tasis are exceedingly complex processes, recent advances in

understanding the molecular mechanisms involved in angio-
genesis and lymphangiogenesis have provided opportunities
to develop new treatments to prevent metastasis.

Tumors express various angiogenic and lymphangiogenic
factors. VEGF family, among all, is perhaps the most impor-
tant one. VEGF-A, the founding member of the family, has
emerged as the key mediator of neovascularization in cancer
[1]. The biological functions of the VEGFs are mediated
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by a family of cognate protein tyrosine kinase receptors
(VEGFRs) [2–4]. VEGF-A binds to VEGFR-2 and VEGFR-1;
VEGF-C and VEGF-D bind VEGFR-2 and VEGFR-3; PLGF
and VEGF-B bind only to VEGFR-1; VEGF-E binds only
to VEGFR-2. Signaling through VEGFR-2 and VEGFR-3
is crucial in the promotion of angiogenesis and lymphan-
giogenesis, respectively [5, 6]. In addition to the expression
on endothelial cells/lymphatic endothelial cells, VEGFR-
2/VEGFR-3 has been shown to be expressed in a variety of
human malignancies, including breast carcinoma [7, 8].

Much research has determined that the VEGF-A/
VEGFR-2 axis in cancer cells can promote growth of cancer
cells [9], while theVEGF-C/VEGFR-3 axis enhancesmobility
of cancer cells and contributes to the promotion of metastasis
in animals [10]. Given a significant role of VEGFR-2/VEGFR-
3 in tumor development and progression, inhibition of
both VEGF-A/VEGFR-2 and VEGF-C/VEGFR-3 signals has
shown promising results in suppressing tumor progression
and metastasis in preclinical studies [11].

Overexpression of fibroblast growth factor receptor
(FGFR) tyrosine kinases has been found in humanbreast can-
cers and has been associated with poor patient prognosis [12,
13]. There are four FGFR genes (FGFR1–FGFR4) that encode
receptors consisting of three extracellular immunoglobulin
domains, a single-pass transmembrane domain, and a cyto-
plasmic tyrosine kinase domain [14]. In breast carcinoma,
amplification and overexpression of FGFRs, including FGFR-
1 (20%), FGFR-2 (12%), and FGFR-4 (30%), have been
observed [15–17]. These FGFRs mediate signaling from their
high-affinity ligands, fibroblast growth factors (FGFs) [18].
The FGFs/FGFRs signaling interferes with many cellular
functions, such as cell proliferation, transformation, and
angiogenesis [19]. In particular, recent advances have shown
that FGFRs activity is linked to tumor growth, epithelial-
mesenchymal transition, and distant metastasis and thus
contributes to tumor progression [20–22]. Also, targeting
FGFRs signaling has been shown to suppress tumor out-
growth and metastasis in pre-clinical models [23]. Therefore,
blocking VEGFRs/FGFRs activities may be of clinical benefit
in the management of patients with highly metastatic breast
cancer.

We have recently discovered a low molecular weight syn-
thetic receptor tyrosine kinase inhibitor with the 2H-indazole
core [24].We identifiedNSTPBP0100194-A (194-A) as a com-
pound with particularly strong inhibitory potency against
VEGFR-3 and VEGFR-2 kinase activity. In addition, 194-A
showed similar potency against FGFR-1, FGFR-2, and FGFR-
4, but was largely inactive against other tyrosine kinases.
The kinase inhibitory signature of 194-A prompted us to
evaluate this compound as a therapeutic forVEGFRs/FGFRs-
dependent malignancies. In this study, we determined the
effect of 194-A on both angiogenesis and lymphangiogen-
esis using a 4T1 mammary fat pad model and found that
inhibition of VEGFRs/FGFRs dramatically suppressed tumor
metastasis to regional lymph nodes and distant organs,
via angiogenic and lymphangiogenic inhibition as well as
suppressing the metastatic potential of tumor cells.

2. Materials and Methods

2.1. Cell Lines. Human umbilical vein endothelial cells
(HUVECs) and lymphatic endothelial cells (LECs) were
purchased from PromoCell (Heidelberg, Germany). The
high invasive breast cancer cell lines, 4T1 and MDA-MB231,
were purchased from American Type Culture Collection
(Manassas, VA, USA). These cells were cultured according
to the vendor’s guidelines. 4T1 cells were engineered to
express the firefly luciferase protein for detection in vivousing
Xenogen IVIS-100 imaging system. The luciferase positive
population of 4T1 cells was selected in gentamicin (G418;
Life Technologies). Bioluminescent, antibiotic resistant, and
single-cell clones were amplified in culture and characterized
for stable luminescence in vitro, and tumorigenic potential
monitored in vivo.

2.2. Kinase Inhibitor. NSTPBP0100194-A (194-A), 1-(2-cyclo-
hexenylethyl)-2-(2-(3,3-diphenylpropyl)-2H-indazole-6-yl)-
1H-benzo[d]imidazole-5-carboxylic acid (see Supplemen-
tary Figure 1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2013/718380) was provided by
Dr. Chung-Ming Sun’s laboratory at the Department of
Applied Chemistry (National Chiao Tung University,
Hsinchu, Taiwan). The synthetic routes were described
elsewhere [24] and the kinase inhibitory profile was shown
in Supplementary Table 1. For in vitro experiments, 194-A
was dissolved in DMSO. For in vivo experiments, 194-A was
prepared in a microemulsion containing 2mg 194-A, 8.3mg
tricaprin, 50mg Tween 80, and 20mg propylene glycol in
1mL PBS buffer.

2.3. Antibodies and Reagents. VEGF-C and VEGF-A
165

were
purchased from R&D Systems. The following primary anti-
bodies were used: VEGFR-2, proliferating cell nuclear anti-
gen (PCNA) (Upstate, Lake Placid, NY, USA); p-tyr1054
VEGFR-2 (Millipore); lymphatic vessel endothelial receptor
1 (LYVE-1) (R&D Systems); phosphorylated tyrosine (PY-
99), VEGFR-3, phosphorylated extracellular signal-regulated
kinase 1/2 (ERK1/2), ERK1/2, phosphorylated Akt, Akt, CD31
(Santa Cruz Biotechnology). Biotin-labeled donkey anti-goat
IgG and TRITC-labeled donkey anti-goat IgG secondary
antibody were purchased from Santa Cruz Biotechnology.
4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) was
obtained from Sigma-Aldrich. Sunitinib and sorafenib were
purchased from Pfizer and Bayer, respectively.

2.4. Immunoprecipitation and Western Blot. Protein lysates
were prepared as previously described [25]. Western blot-
ting was performed with primary antibodies for p-tyr1054
VEGFR-2, VEGFR-2, p-ERK1/2, ERK1/2, p-Akt, and Akt, as
noted. For immunoprecipitation, protein lysates were incu-
bated with VEGFR-3 antibody immobilized onto protein A-
Sepharose (Sigma-Aldrich) for 1 h at 4∘Cwith gentle rotation.

2.5. Endothelial Cell Proliferation. 5 × 103 HUVECs or LECs
were seeded in collagen-coated 96-well plates and allowed
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to attach overnight. The medium was replaced with serum-
free medium containing 194-A or DMSO with 100 ng/mL
VEGF-A or 500 ng/mL VEGF-C for 12 h. Cell proliferation
was performed byMTS assay (Promega). Data were collected
from three replicates.

2.6. Endothelial Cell Migration. Assessment of endothelial
cell migratory activity was performed as described [26].
3 × 104 HUVECs or LECs were suspended in serum-free
media and seeded in the top chamber of a cell culture insert
(Costar, Cambridge, MA, USA) after treatment with DMSO
or 194-A for 30min. The insert was placed in a 24-well
plate containing serum-free medium with control protein,
VEGF-A (100 ng/mL) or VEGF-C (500 ng/mL); the cells were
incubated for 24 h and migrating cells were stained with
crystal violet (Sigma, St Louis, MI, USA). The migratory
activity was calculated as a percentage of migratory cells in
the test samples versus control.

2.7. Invasion Assay. Invasion assays were done using mod-
ified Boyden chambers with Matrigel (30 𝜇g, Collaborative
Biomedical, Becton Dickinson Labware, San Jose, CA, USA)
coated filter inserts for 24-well plates. Cells (1 × 105) were
pretreated with DMSO or 194-A for 30min and plated into
100 𝜇L of low serum (1% FBS) RPMI or DMEM in the top
chamber. The insert was placed in a 24-well plate containing
low serum medium with control protein, FGF-2 (20 ng/mL)
or VEGF-C (100 ng/mL) for 24 hr. The cells that invaded
through the Matrigel and attached to the lower surface of the
filter were stained with crystal violet and calculated.

2.8. In Vitro Cytotoxicity Assay. 4T-1 cells were plated in 96-
well microtiter plates and treated with various concentrations
(0, 1, 3, and 10𝜇M) of 194-A for 24 h, and cell viabilities were
assessed using the MTS (Promega Corporation, Madison,
WI,USA) assay.The absorbance (𝐴) was read at 490 nmusing
an ELISA reader (MQX200; BioTek Instruments, Winooski,
VT, USA).

2.9. 4T1 Tumor Model In Vivo. Female BALB/c mice were
orthotopically injected with 2.5 × 105 4T1-Luc+ cells, sus-
pended in PBS, into the right fat pad. Tumors were measured
every three days according to (tumor size = length×width2 ×
0.52). Mice were given 194-A, sorafenib (in cremophor
EL/ethanol), or sunitinib (in citrate-buffer solution) as oral
administrations of 50mg/kg/day or other dosage, as noted.
Treatment was initiated after tumors reached 75mm3 and
lasted until the endpoint of the experiment. Mice were
imaged once a week, by injecting 150mg/kg luciferin i.p.
and imaging the tumors using bioluminescence technology
(Xenogen IVIS-100 imaging system). For primary tumors, the
exposure time ranged from 5 seconds to 1 minute depending
on the size of the tumor. For detection of metastatic tumor
nodules, exposure timewas extended to 5minutes. To exclude
treatment related toxicity, mice were weighted every two
days. Lymph node, distal organs (lung and liver) metastasis,
and primary tumor weights were excised at the end of the

experiment. All experiments were repeated at least twice with
a minimum of 5 mice per group.

2.10. Tumor Vascularity Detection In Vivo. Tumor vascular-
ity was monitored by using non-contrast-enhanced flow-
sensitive ultrasound (Vevo 770 micro-ultrasound system).
Non-contrast-enhanced flow-sensitive ultrasound predomi-
nantly visualized the vessel networks on the tumor margins,
some of which branched toward the tumor center. Tumor
vascularity was quantified in power Doppler images by
computing the color pixel density, which is equal to the
percentage of image voxels within a region of interest that
exhibits detectable flow.

2.11. Pharmacokinetics of p.o. 194-A Administration in Mice.
BALB/C mice received a single dose of 50mg/kg 194-A
by oral gavage, and plasma samples were collected at dif-
ferent time points. The plasma samples were prepared for
ultrahigh performance liquid chromatography coupled to
tandemmass spectrometry (UPLC/MS/MS) analysis, by pro-
tein precipitation with two volumes of acetonitrile (100 𝜇L)
per 50𝜇L plasma sample. Pharmacokinetic parameters were
determined by MassLynx 4.1 software.

2.12. Immunohistochemistry. Tumor tissues were processed
for either paraffin or OCT sections as previously described
[27]. CD31 and PCNA staining was detected using
streptavidin-biotin peroxidase complex method by DAB
Peroxidase Substrate Kit (SK-4100; Vector Laboratories).
Detection of LYVE-1 was performed using TRITC-
conjugated donkey anti-goat IgG secondary antibody under
a Zeiss Axioskop fluorescence microscope. Microvessel
density (MVD) and lymphatic vessel length (LVL) were
quantified for each 200x field using ProImage software. For
each tumor section, 3-4 fields were counted. The number of
PCNA-positive cells, among at least 500 cells per field, was
counted and expressed as percentage values.

2.13. In Vivo Cell Death Analysis. DeadEnd Fluorometric
Terminal Deoxynucleotidyl Transferase-Mediated Nick-End
Labeling System (Promega, Madison, WI) was used to eval-
uate the cell death in sections of 4T1 tumors obtained from
control and test compounds-treated animals, according to the
manufacturer’s instructions.

2.14. Statistical Analysis. Differences between the means of
unpaired samples were evaluated by the Student’s t-test and
differences in themedian values between the two groupswere
evaluated by Wilcoxon rank-sum test using the SigmaPlot
and SigmaStat programs. 𝑃 < 0.05 was considered statisti-
cally significant. All statistical tests were of two sided.

3. Results

3.1. The In Vivo and In Vitro Antitumor Activity of 194-A in
a Metastasis-Specific Mouse Mammary Carcinoma 4T1. To
evaluate the antitumor activity of 194-A on primary tumor
growth and metastasis, a mouse mammary carcinoma cell
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line, 4T1, was used. 4T1 is a highly metastatic tumor cell
that can metastasize to the lung, liver, and lymph nodes
while the primary tumor is growing in situ [28]. 194-A
was administered p.o. and evaluated in an orthotopic graft
model. 4T1-Luc+ cells were inoculated into the mammary
fat pad and allowed to establish for 9 days before initiation
of treatment. 4T1-Luc+ orthotopic graft mice were treated
with daily administrations of different dosages of 194-A (10∼
50mg/kg) or vehicle control using oral gavage. Figure 1(a)
showed the inhibitory potency of 194-A (50mg/kg) on tumor
growth after 10 days of treatment by photon emissions
detection in vivo. The mean tumor volume from caliper
measurement showed that treatment with 194-A resulted in a
dose-dependent inhibition of tumor growth (Figure 1(b)). In
194-A-treated mice receiving 25 or 50mg/kg daily, the mean
tumor volume on day 30 was inhibited by 38% (𝑃 < 0.05) and
55% (𝑃 < 0.01), respectively, relative to the vehicle-treated
4T1 tumors (Figure 1(b)). Next, we examined the effects of
194-A on cell proliferation and apoptosis within the 4T1
tumors after 10 days of treatment.The immunohistochemical
analysis of cell proliferation was performed using PCNA
staining. The mean number of PCNA positive tumor cells
was reduced with 60% after treatment with 194-A compared
to control mice (Figure 1(c)). Additionally, the number of
TUNEL positive cells was increased 4.3-fold in the 194-A
treated group compared to the control group (Figure 1(d)).
However, 194-A, at a concentration up to 10 𝜇M for 24 h
treatment, had no significant effect on 4T1 cells growth
in vitro (Figure 1(e)). These experimental results clearly
verify that 194-A can suppress in vivo tumor growth of 4T1
cells without significantly altering their in vitro growth rate.
Pharmacokinetic studies revealed a maximal plasma concen-
tration (𝐶max) ∼7500 ng/mL at 0.75 hour, while the plasma
levels were below 500 ng/mL at 12 hours after administration
of 50mg/kg 194-A.The p.o. bioavailability of 194-A in BALB/c
mice was ∼55%. The rapid reduction in 194-A levels implies
that 194-A rapidly metabolize to another metabolite, but
which metabolite exhibited antitumor activity in vivo must
be further explored (Figure 1(f)).

3.2. The Antiangiogenesis Efficacy of 194-A in the 4T1 Tumor
Model. 194-A exhibited significant activity against VEGFR-
2 (Supplementary Table 1), the RTK known to promote
angiogenesis. We, therefore, determined the effect of 194-A
on intratumoral vasculature. We utilized a high frequency
volumetric power Doppler ultrasound (HF-VPDU) to mea-
sure blood flowwithin large vessels of tumor vasculature with
high flow velocities. Though HF-VPDU is a non-contrast-
enhanced imaging, therapeutical effects can be recognized
on the depicted vessels visually. Figure 2(a) showed that the
intratumoral vascularity in orthotopic grafts was drastically
decreased compared with control tumors after the 10-day
194-A treatment. The antiangiogenic effect of 194-A was also
verified by immunohistochemical analysis with an endothe-
lial cell marker, CD31, on primary tumor tissue (Figure 2(b),
upper panel). Administration of 194-A at 50mg/kg p.o.
produced 64% inhibition of the microvessel density (MVD)
relative to vehicle-treated 4T1 tumors (Figure 2(b), bottom

panel). In vitro, a dose-dependent decrease in VEGF-A-
induced HUVECs proliferation was observed upon addition
of 194-A (Figure 2(c)). 194-A at 1 𝜇M significantly inhibited
VEGF-A-induced HUVECs proliferation. Similar inhibitory
effect by 194-A on HUVECs migration was also observed
(Figure 2(d)). Furthermore, we examined the effect of 194-
A on VEGF-A-induced VEGFR-2 activity and their down-
stream signaling targets in primary HUVECs. 194-A at 1𝜇M
inhibited VEGF-A-induced phosphorylation of VEGFR-2
(Tyr 1054), ERK1/2, and Akt significantly (Figure 2(e)).
Overall, these data demonstrate that administration of 194-
A suppresses angiogenesis in 4T1 tumors, whichmay account
for the antitumor activity of 194-A.

3.3. Significant Antimetastatic and Antilymphangiogenic Effect
of 194-A in the 4T1 Tumor Model. In contrast to modest
tumor growth inhibition, formation of spontaneous lung
metastasis was dramatically prevented by 194-A (∼94% inhi-
bition) as measured by luciferase expression (Figure 3(a)).
Visual comparison of mouse lungs showedmarked growth of
lung metastasis in vehicle-treated group, but few established
invasive metastasis in 194-A-treated group (Figure 3(a)). In
addition, H&E staining revealed a significant reduction in the
incidence of lung, liver, and lymph node tumor metastasis
in response to 194-A treatment (Figures 3(b) and 3(c)).
Metastasis to lymph nodes occurred in 8.5% ± 3.5% and
to the lung in 25% ± 8% after 194-A treatment, whereas
metastasis to the lymph nodes and lung occurred in 41.5 ±
8.5% and 100%, respectively, in vehicle-treatedmice. Notably,
immunofluorescent analysis with a lymph endothelial cell
marker, LYVE-1, showed that the mean lymphatic vessel
length (MLVL) was decreased by 194-A (∼70% inhibition)
compared to vehicle treatment (Figure 3(d)). In vitro, 194-
A dose dependently inhibited VEGF-C-induced LECs pro-
liferation and migration (Figures 3(e) and 3(f)). In parallel,
the activation of VEGFR-3 and its downstream signaling
pathway induced by VEGF-C were inhibited by 194-A in a
dose-dependent manner and almost abolished by 194-A at
1 𝜇M (Figure 3(g)). These experimental results demonstrated
the antilymphangiogenesis efficacy of 194-A, which at least in
part accounts for its antimetastatic effect.

3.4. 194-A Reduces the VEGF-C and FGF-2-Induced Invasive
Effects of Mammary Carcinoma Cell Lines. Earlier studies
of VEGFRs/FGFRs signaling on tumor cells have prompted
us to evaluate whether 194-A would reduce the invasiveness
of breast cancer cells [10, 20, 23, 29]. Here, we found that
stimulationwithVEGF-C in twoVEGFR-3+mammary carci-
noma cell lines, 4T1 (Supplementary Figure 2(a)) and MDA-
MB231 [10], resulted in a significant increase of invasive
ability (Figures 4(a) and 4(b)). A dose-dependent decrease
in VEGF-C-induced invasion was observed upon addition
of 194-A (Figures 4(a) and 4(b)). Furthermore, increased
levels of FGFR-1 and FGFR-2 expression were observed in
4T1 (Supplementary Figure 2(b)) andMDA-MB231 cells [30].
FGF-2 stimulation substantially increased the invasiveness of
MDA-MB231 and 4T1 cells. Likewise, 3 𝜇M 194-A effectively
suppressed the FGF-2 induced invasion of this two breast
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Figure 1: Continued.
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Figure 1: The in vivo and in vitro antitumor activity of 194-A in the 4T1 orthotopic graft model. (a) and (b) Tumor growth inhibition after
treatment with 194-A. 4T1-Luc+ (5 × 105 cells/mouse) were orthotopically implanted into the fat pad of male BALB/c mice.The tumor growth
inhibition by p.o. administration of 194-A at different dosages (10∼50mg/kg/day) wasmonitored based on emitted bioluminescence detection
(a) or external measurement using a caliper (b). (c) and (d) 194-A induced inhibition of proliferation and induction of apoptosis in 4T1
orthotopic grafts. Proliferation index and apoptotic index were determined by PCNA immunohistochemical staining (c) and TUNEL assay
(d), respectively, after 10-day 194-A treatment. PCNA-positive or TUNEL-positive cells were counted in five 200x fields per 4T1 tumor section
(𝑛 = 6).The average number of PCNA-positive or TUNEL-positive cells in each sectionwas normalized to vehicle control. (e) 194-A (1∼10 𝜇M)
have no significant effects on 4T1 cells proliferation as measured by MTS analysis. Lines or columns, mean (𝑛 = 6); bars, SE. ∗𝑃 < 0.05;
∗∗

𝑃 < 0.01 as compared to the vehicle control group. Scale bar, 20𝜇m. (f) 194-A plasma concentration in mice after a single p.o. dose of
50mg/kg (𝑛 = 3).

cancer cell lines (Figures 4(c) and 4(d)). These works further
support the anti-metastatic potential of 194-A by targeting
VEGFRs/FGFRs signaling.

3.5. The Antimetastatic Effects of 194-A Are Comparable
with Sunitinib and Sorafenib. Given our observations that
inhibition of VEGFRs/FGFRs signaling caused significant
metastasis inhibition, we compared the therapeutic effects
of 194-A, sunitinib, and sorafenib on metastasis of 4T1 to
distant lung. Sunitinib and sorafenib are clinically used VEG-
FRs/PDGFR inhibitors with stronger potency than 194-A in
inhibiting VEGFRs [31, 32]. We treated tumor-bearing mice
using oral gavagewith 50mg/kg 194-A, sunitinib, or sorafenib
daily starting 9 days after inoculation and administered for 30
days. While 194-A significantly reduced the primary tumor
growth by 50% compared to the vehicle control (𝑃 = 0.047),
sunitinib and sorafenib were shown to be more effective than
194-A (𝑃 = 0.009 and 0.048) (Figure 5(a)). Of note, using
photon emissions detection of lung metastasis, we found that
194-A has comparable potency to sunitinib and sorafenib in
preventing 4T1 metastasis to lung at the end of treatment
(𝑃 = 0.75 and 0.92). Figure 5(b) showed that the median
value of photon emissions from the lungs was 2.9 × 105 (for
194-A), 1.9 × 105 (for sunitinib), 2.5 × 105 (for sorafenib),
and 1.4 × 106 (for vehicle). No significant difference in body
weight was detected among these four groups (Figure 5(c)).

These experimental results suggest that the kinase inhibitory
profile of 194-A (VEGFRs/FGFRs) might be feasible for
preventing breast cancer metastasis.

4. Discussion

Much research has determined the requirement of angio-
genesis for growth and progression of dormant lesions. It is
of particular interest to determine whether antiangiogenic
approach will not only reduce tumor growth but also block
the progression of dormant lesions into aggressive cancers
or metastasis in high-risk cancer patients. The multikinase
inhibitor 194-A was an equally potent inhibitor of VEG-
FRs and FGFRs in cell-free assay (Supplementary Table
1). Administration of 194-A (p.o.) partially reduced tumor
growth of 4T1 cells injected into the mammary fat pad and
drastically reduced metastasis to distal organs. Histological
analyses revealed decreased angiogenesis and lymphangio-
genesis in tumor section from 194-A-treated mice, high-
lighting the impact of angiogenesis and lymphangiogenesis
on tumor development and progression. 194-A treatment
substantially reduced breast cancer cell motility and invasive
ability associated with VEGFRs/FGFRs. The anti-metastatic
potency of 194-A can be attributed by the synergistic
inhibitory effects, which are achieved by targeting different
signaling circuits, not only in endothelial cells, but also
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Figure 2: The antiangiogenesis efficacy of 194-A in the 4T1 orthotopic graft model. (a) Tumor vascularity was monitored after 10 days
of 194-A (50mg/kg) p.o. treatment, by using non-contrast-enhanced flow-sensitive ultrasound (Vevo 770 micro-ultrasound system). (b)
Immunohistochemical staining of 4T1 tumor sections with CD31 antibody, counterstained with hematoxylin. Vessel density per 200x field
was assessed from 3 to 4 fields per tumor section. Columns, mean (𝑛 = 6); bars, SE. ∗∗𝑃 < 0.01 as compared to the vehicle control group.
Scale bar, 20 𝜇m. (c) Relative proliferation of HUVECs grown in serum-free media supplemented with 100 ng/mL of VEGF-A as indicated.
Proliferation was reduced in a dose-dependent manner in response to 194-A treatment. Mean values of three replicates, normalized to the
untreated controls; bars, SE. (d) Treatment with increasing concentrations of 194-A reduced VEGF-A-induced migration in HUVECs. The
number ofmigrating cells was normalized toDMSO control and values are displayed asmean values from three independent experiments. (e)
194-A inhibited VEGF-A-induced activation of VEGFR-2 and its common downstream signaling molecules. Serum-starved HUVECs were
pretreated with 194-A for 30min and then stimulated with 100 ng/mL VEGF-A for 10min. Lysates were resolved in SDS-PAGE and probed
with specific antibodies against p-Tyr1054 VEGFR-2, VEGFR-2, p-ERK1/2, ERK1/2 p-Akt, and Akt.



8 Evidence-Based Complementary and Alternative Medicine

Vehicle

Vehicle 194-A

194-A

0

10

20

30

40
1.0

0.8

0.6

0.4

0.2

×10
6

Ph
ot

on
ic

 ra
di

an
ce

/ 1
0
6

ph
/s

∗∗

∗∗
𝑃 < 0.01

Color bar
Min = 5.00𝑒4

Max = 1.00𝑒6

(p
/s

/c
m

2
/s

r)

(a)

194-AVehicle

Lu
ng

Li
ve

r
Ly

m
ph

 n
od

e

(b)

0

20

40

60

80

100

120

Vehicle (p.o.)

Pr
im

ar
y 

tu
m

or

Lu
ng

 m
et

as
ta

sis

Li
ve

r m
et

as
ta

sis

LN
 m

et
as

ta
sis

194-A 50 mg/kg (p.o.)

In
ci

de
nc

e o
f m

ac
ro

sc
op

ic
 tu

m
or

s (
%

)

(c)

0

20

40

60

80

100

Vehicle 194-A

Vehicle 194-A

∗∗

∗∗
𝑃 < 0.01

D
A

PI
M

er
ge

LY
V

E-
1

M
ea

n 
ly

m
ph

at
ic

 v
es

se
l l

en
gt

h 
(×
2
0
0

H
PF

)

(d)

Figure 3: Continued.
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Figure 3: Significant antimetastatic and antilymphangiogenic effect of 194-A in the 4T1 orthotopic graft model. (a) 4T1-Luc+ (5 ×
105 cells/mouse) were orthotopically implanted into the fat pad of male BALB/c mice. Mice were p.o. administered with 50mg/kg/day of
194-A or vehicle control for 30 days. At the end of the study, lung metastasis was measured by in vivo bioluminescent signals and ex vivo
visualization. Arrow indicates metastatic tumor nodules. (b) Histological analyses of lung, liver, and lymph node metastasis from vehicle or
194-A-treated group. T, tumor part; NT, nontumor part. (c) The incidence of tumor metastasis was evaluated by histological analyses of the
lung, liver, and lymph node. Mean values of two replicates; bars, SE. (d) Cryostat sections of 4T1 tumors, from mice treated with 194-A or
vehicle control, were stained against LYVE-1 for the quantification of the mean lymphatic vessel length (LVL). Vessel length per 200x field
was assessed from 3 to 4 fields per tumor section. Columns, mean (𝑛 = 6); bars, SE. ∗∗𝑃 < 0.01 as compared to the vehicle control group. Scale
bar, 20 𝜇m. (e) and (f) Relative proliferation or migration of LECs grown in serum-free media supplemented with 500 ng/mL of VEGF-C
as indicated. Proliferation (e) or migration (f) was reduced in a dose-dependent manner in response to 194-A treatment. Mean values of
three replicates, normalized to the untreated controls; bars, SE. (g) 194-A inhibited VEGF-C-induced activation of VEGFR-3 and its common
downstream signaling molecules. Serum-starved LECs were pretreated with 194-A for 30min and then stimulated with 100 ng/mL VEGF-C
for 10min. Lysates were subjected to immunoprecipitation (IP) with VEGFR-3-specific antibody and resolved in SDS-PAGE, or resolved in
SDS-PAGE directly and probed with specific antibodies against p-Tyr, VEGFR-3, p-ERK1/2, ERK1/2 p-Akt, and Akt.

in cancer cells. Furthermore, we confirmed the effect of 194-
A on tumor growth andmetastasis using xenograftmodels of
two highly metastatic cell lines, Lewis lung carcinoma, and
B16/F10 (data not shown).These studies implicate the pivotal
role of VEGFRs/FGFRs in cancer progression andmetastasis.

Angiogenesis itself is a complex, multistep process that
follows stage- and tissue-specific regulations. Various angio-
genic factors have been identified that form an intimate
network regulating angiogenesis. The most successful anti-
angiogenic approaches are likely to involve combinatorial
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Figure 4: Effect of 194-A on VEGF-C or FGF-2-induced invasive effects in mammary carcinoma cells. Relative invasion of 4T1 and MDA-
MB231 grown in low-serum (1% FBS) media supplemented with 100 ng/mL of VEGF-C (a) or 20 ng/mL FGF-2 (b) as indicated. Invasive
ability was reduced in a dose-dependent manner in response to 194-A treatment. Mean value of three replicates, normalized to the untreated
controls; bars, SE. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 as compared to the VEGF-C or FGF-2 treatment group.

strategies to target the angiogenic factors appearing on the
central stage of the angiogenesis network, such as VEGF,
FGF, and PDGF. Some dual-action inhibitors have emerged
that are more effective in restraining cancer growth. For
example, sunitinib inhibits PDGF and VEGF receptors [33];
ZD6474 inhibits VEGFR and EGFR [34]; VX-322 inhibits
FLT-3 and c-KIT [35]. Both VEGF and FGF are potent
angiogenic factors. An intimate crosstalk exists among FGF-
2 and the different members of the VEGF family during
angiogenesis and lymphangiogenesis [36]. Previous reports
have demonstrated that combinatory inhibition of VEGFR-
1 and FGFR-1 produced an enhanced suppression of tumor
growth in different types of cancer [37]. Our observation is
in line with these studies, suggesting that blockade of both
VEGFRs and FGFRs would efficiently inhibit angiogenesis.

Preventative antiangiogenic strategies could be especially
useful in patients who are at high risk for developing

metastasis. Few experimental studies in animals, as well as
in clinical trials, have already shown promising results. For
example, angiostatin and endostatin reduced the formation
of metastasis in the murine Lewis lung carcinoma model
[38, 39]. Additionally, regional lymph nodes are often the
primary sites for metastasis, emphasizing the importance
of the lymphatic system in metastatic process. Blocking the
lymphangiogenic process has reduced metastasis to both the
lymph node and distant organs [40]. Dual inhibition of both
VEGFR-3 and VEGFR-2 appeared to be a better strategy to
suppress tumor metastasis as both VEGFR-2 and VEGFR-
3 are essentially involved in tumor angiogenesis and lym-
phangiogenesis. Supportive evidence from previous report
showed that combination treatment using anti-VEGFR-2 and
anti-VEGFR-3 antibodies more potently decreased lymph
node and lung metastasis than each antibody treated alone
[41]. The results of our study also highlight the significance
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Figure 5: Comparison of the antitumor activity of 194-A with sunitinib or sorafenib in the 4T1 orthotopic graftmodel. (a) At the end of study,
the tumor volume inmice treated with vehicle, 50mg/kg/day 194-A (p.o.), sunitinib (p.o.), or sorafenib (p.o.) was measured by using a caliper.
The median value of tumor volume was indicated. (b) Lung metastasis was measured at the end of study by in vivo bioluminescent signals.
The median value of photon emissions was indicated. Bars, median values (𝑛 = 5). (c) 194-A, sunitinib, or sorafenib treatment did not affect
the body weights significantly. Lines, mean (𝑛 = 5); bars, SE.

of inhibition of VEGFR-3 and VEGFR-2 kinases in lymphatic
and vascular endothelial cells, which reduced lymphangio-
genesis and angiogenesis, resulted in inhibition of regional
lymph node and distal organs metastasis.

The invasive ability of tumor cell is a critical determinant
of the metastatic phenotype of human cancers. Several sets
of growth factors and their cognate receptors have been
reported to be importantly involved in the regulation of
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tumor invasion and metastasis [42]. Earlier, we have demon-
strated that the VEGF-C/VEGFR-3 signal directly promote
cancer cells invasion and increase both lymph node and
lung metastasis in xenograft model of human lung adeno-
carcinoma [10]. Treatment with a soluble form of VEGFR-
3 (Flt4/Fc) suppressed lung and lymph node metastasis of
two distinct lung tumor cell lines (A549 cells and VEGF-
C-overexpressing H928 cells) [10]. 194-A might, therefore,
directly inhibit VEGFR-3 in tumor cells, to down-regulate
invasive activity and suppress tumor metastasis. Further-
more, it has also been demonstrated that FGFRs can mediate
cell proliferation and the invasive ability of breast cancer cells
[20, 29]. Indeed, both 4T1 (Supplementary Figure 2(b)) and
MDA-MB-231 [30] cells expressed high levels of FGFR-2. We
found that 194-A inhibited FGF-2-induced invasive ability
of 4T1 cells more significantly than other chemoattractant
(fibronectin) (data not shown). These observations suggest
that the antitumor metastasis activity of 194-A in vivo might
be, at least in part, attributed to reduced tumor cell inva-
siveness via inhibition of VEGFR-3- and FGFRs-mediated
signaling on tumor cells.

Multiple pathways promote tumor angiogenesis and lym-
phangiogenesis. To restrict the metastatic spread of cancer,
the ideal drug should counteract the essential angiogenic
and lymphangiogenic factors produced by cancer cells and/or
stromal cells during tumor progression. Clinically, VEG-
FRs/FGFRs expression is associated with poor prognosis in
multiple cancer type.

5. Conclusion

This study has validated the VEGFRs/FGFRs-mediated sig-
naling pathways as a potential therapeutic target for inhibit-
ing the metastatic spread of tumor cells. These encouraging
data support further evaluation of VEGFRs/FGFRs inhibi-
tion for the treatment of highly metastatic cancer. It will also
be tempting to determine whether this inhibition combined
with conventional cytotoxic therapy could result in added
efficacy without drawbacks in the near future.
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