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Abstract. Emodin (1, 3, 8-trihydroxy-6-methylanthraquinone)
is an active constituent isolated from the root of Rheum
palmatum L and is the main effective component of some
Chinese herbs and plants. Pharmacological studies have
demonstrated that emodin exhibits anti-cancer effects on
several human cancers. However, the molecular mecha-
nisms of emodin-mediated tumor regression have not been
fully defined. This study was performed to investigate the
antiproliferative and antimetastatic effects of emodin on
pancreatic cancer in vitro and in vivo. Our results showed
that emodin induced a higher percentage of growth inhibition
and apoptosis in the pancreatic cancer cell line SW1990
compared to that of control, and emodin suppressed the
migration and invasion of SW1990 cells in a dose-dependent
manner. To investigate the possible mechanisms involved
in these events, we performed electrophoretic mobility shift
assay (EMSA) and Western blot analysis, and found that
emodin significantly down-regulated NF-kB DNA-binding
activity, survivin and MMP-9 in SW1990 cells. Moreover, the
expression of cleaved caspase-3 was up-regulated in SW1990
cells after treatment with emodin. In addition, a metastatic
model simulating human pancreatic cancer was established by
orthotopic implantation of histologically intact human tumor
tissue into the pancreatic wall of nude mice. Oral administra-
tion of emodin significantly decreased tumor weight and
metastasis compared to control. Furthermore, the expression
of NF-«B, survivin and MMP-9 were also suppressed in
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tumor tissues after treatment with emodin. Collectively, our
results indicated that emodin exerts antiproliferative and
antimetastatic activity on pancreatic cancer both in vitro and
in vivo, which may be related to down-regulation of NF-xB
and its regulated molecules such as survivin and MMP-9
proteins. Consequently, these results provide important insights
into emodin as an anti-invasive agent for the therapy of human
pancreatic cancer.

Introduction

Pancreatic cancer is a highly malignant neoplasm characterized
by locally advanced unresectable disease or metastasis at the
time of diagnosis. Current therapies are largely ineffective in
this disease and the 5-year survival rate remains dismal (1).
Pancreatic cancer is now one of the most common causes of
cancer death worldwide. According to NIH-National Cancer
Institute statistics, of the 38,000 new cases of pancreatic
cancer diagnosed in 2008, 35,000 are expected to succumb to
this disease. In the United States nearly all patients diagnosed
with pancreatic adenocarcinoma die of a cancer-related cause
(2). Complete surgical resection remains the only potentially
curative treatment modality for patients with pancreatic
cancer. Unfortunately, the vast majority of patients present
with unresectable or metastatic disease. Even among patients
undergoing a potentially curative resection, many will develop
metastatic disease.

Emodin is an anthraquinone derivative from the rhizome
of Rheum palmatum L (3), a plant widely used in traditional
Chinese medicine as a laxative. It has been reported that
emodin possesses a number of biological activities such as
anti-bacterial, anti-inflammatory, and immunosuppressive
effects (4). In the context of cancer, recent studies showed
that emodin exerts anti-proliferative and apoptosis-inducing
effects on cell lines derived from ovarian (5), lung (6) and
leukemia (7). However, so far there is little evidence showing
the possible effect of emodin on tumor metastasis in pancreatic
cancer. Herein we investigated the inhibitory effect of emodin
on cell proliferation using pancreatic cancer cell line SW1990,
and whether emodin has anti-metastatic activity on pancreatic
cancer in vitro and in vivo, and if so, the possible mechanisms
of these actions.
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Our findings showed that emodin significantly inhibited
the proliferation of pancreatic cancer in vitro and in vivo,
and emodin exerts an strong anti-metastatic activity on
pancreatic cancer in both in vitro and in vivo. We further
demonstrated that emodin effectively suppressed NF-«B,
leading to decreased survivin and MMP-9 expression. These
results suggest that emodin inhibits the proliferation and
invasiveness of human pancreatic cancer through inhibiting
NF-«B activity.

Materials and methods

Reagents. Emodin was purchased from Sigma (St. Louis,
MO, USA), dissolved in dimethylsulfoxide (DMSO) to make
0.2 mmol-1" stock solution. The final concentration of DMSO
was <0.1%. Antibodies against survivin, MMP-9 and f3-actin
were obtained from Epitomics (Burlingame, CA, USA).
Antibody against caspase-3 was purchased from Abcam
(Cambridge, MA, USA).

Cell culture. Human pancreatic cancer cell line SW1990
was purchased from American Tissue Culture Collection
(Manassas, VA, USA). The cell line was maintained in
continuous exponential growth in RPMI-1640 (Gibco BRL,
Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS) (Gibco BRL), 100 units'ml" penicillin, and
10 pg'ml”! streptomycin in a humidified incubator containing
5% CO, in air at 37°C.

Proliferation assay. Cells were seeded at a density of 4x10°
per well in 96-well microtiter culture plates. After overnight
incubation, medium was removed and replaced with fresh
medium containing different concentrations of emodin (10,
20 and 40 pmol1") for 24 h. On completion of incubation,
cell viability was determined by WST-8 assay (Beyotime,
Shanghai, China) according to the manufacturer's instructions.
Briefly, WST-8 solution was added to cells in 96-well plates,
the cells were incubated at 37°C for 60-90 min, and the optical
density of each well was read at 450 nm using a microplate
reader (ELX800, Bio-Tek, USA)

Flow cytometric assessment of apoptosis. The measurement
of phosphatidylserine redistribution in a plasma membrane
was conducted according to the protocol outlined by the
manufacturer of the Annexin V-FITC/PI apoptosis detection
kit (Abcam). After treatment, harvested 1x103 cells were
suspended in 500 pl of Annexin V binding buffer (1X).
Annexin V-FITC (5 ul) and 5 ul of PI were added and
incubated with for 15 min in dark. Binding buffer (500 pl, 1X)
was added to each sample. The stained cells were analyzed
directly by flow cytometry using the Cell Quest program
(Becton Dickinson, San Jose, CA, USA). The average of the
results from at least three samples of cells for each experimental
condition is presented.

Wound healing assays. The SW1990 cells (10* cells/0.4 ml
RPMI-1640) were grown to confluent monolayers onto
6-wells plates for 24 h. Cells in 6-wells plates were washed
twice with PBS and a wound applied with a plastic pipette tip.
The cells were washed twice with PBS, photographed under

phase-contrast microscope (Olympus, Tokyo, Japan) then
incubated in media with or without increasing concentrations
of emodin (10, 20 and 40 ymol-1"') at 37°C and 5% CO, for
2 h, then the cells were gently washed with PBS. After 24 h
of incubation, the wound area was photographed. The assays
were performed in triplicate.

Invasion assays. Cells (2x10°) suspended in serum-free
RPMI-1640 containing 0.1% BSA were placed in the upper
chamber, which was coated with 50 ul of matrigel (Becton
Dickinson) of a Transwell filter (diameter 6.5 mm, pore size
8 um; Costar, Cambridge, MA, USA), and incubated with
different concentrations of emodin (10, 20 and 40 pgmol1?)
for 2 h. Then the cells were allowed to invade through the
matrigel over a 24 h period at 37°C in 5% CO,. Non-invasive
cells in the upper side of the membrane were removed with a
cotton swab, and invasive cells were stained with the crystal
violet staining kit (Beyotime). Invasiveness was determined
by counting cells in at least 20 random fields per well, and
the extent of invasion was expressed as the average number of
cells per microscopic field.

Protein extraction and Western blot analysis. After treatment,
the cells were harvested in PBS and whole cell lysate was
prepared by suspending the cells in 200 ul of lysis buffer
[1 mol-1"! Tris-HCI (pH 7.5), 150 mmol-1" NaCl, 1 mmol-1"
EGTA, 0.1% Triton X-100; 0.1 mmol‘l"' sodium orthova-
nadate, 1 mmoll" phenylmethylsulfonyl fluoride (PMSF),
and 2 pg'ml! leupeptin, 2 pg'ml' aprotinin]. The cells were
disrupted by sonication and the total proteins were extracted
by centrifuging the tubes at 4°C for 30 min at maximal
microfuge speed to remove debris. For immunoblotting, each
extract was prepared as above and an equivalent to 20 ug total
proteins was separated on SDS-PAGE, electrotransferred
onto nitrocellulose membranes, and probed with specific anti-
bodies. Detection of specific proteins was carried out with an
enhanced chemiluminescence Western blotting kit according
to manufacturer's instructions. The same membrane was
reprobed with the anti-B-actin antibody, which was used as an
internal control for protein loading.

Electrophoretic mobility shift assay. Nuclear extracts were
prepared according to the method described previously (8).
Briefly, respective treatment cells were washed with cold PBS
and suspended in 0.15 ml of lysis buffer [10 mmolI" HEPES
(pH 7.9), 10 mmol-1" KCI, 0.1 mmol-1" EDTA, 0.1 mmol-1"
EGTA, 1 mmoll! DTT, 1 mmoll! PMSF, 2 ug-ml" leupeptin,
2 ug'ml! aprotinin, and 0.5 mg-ml"' benzamidine]. The cells
were allowed to swell on ice for 20 min and then 4.8 ul of 10%
NP40 was added. The tubes were then vigorously mixed on a
vortex mixer for a few seconds and centrifuged in a microfuge.
The nuclear pellet was resuspended in 30 ul of ice-cold nuclear
extraction buffer [20 mmoll1"' HEPES (pH 7.9), 0.4 mol1"!
NaCl, 1 mmol'l" EDTA, 1 mmol'l" EGTA, 1 mmoll"' DTT,
0.5 mmolI! PMSF, 2 pg-ml! leupeptin, 2 ug-ml! aprotinin,
and 0.5 mg'ml"' benzamidine] and incubated on ice with
intermittent mixing. The tubes were then centrifuged for
5 min in a microfuge at 4°C, and the supernatant (nuclear
extract) was collected in cold Eppendorf tubes and stored
at -70°C for later use. The protein content was measured by
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Figure 1. Evaluation of cell viability by WST-8 assay (A) and flow cytometry for apoptosis (B) by emodin treatment for 24 h. Data are presented as the mean

+ SE of three independent experiments. "P<0.05 vs. control group.

the bicinchoninic acid method. Electrophoretic mobility
shift assay (EMSA) was done by incubating 5 pg of nuclear
proteins with IRDye-700 labeled NF-«xB oligonucleotide.
The incubation mixture included 2 ug of poly(deoxyinosinic-
deoxycytidylic acid) in a binding buffer. The DNA-protein
complex formed was separated from free oligonucleotide on
8.0% native polyacralyamide gel using buffer containing 50
mmollI" Tris, 200 mmol-1" glycine (pH 8.5), and 1 mmol-1"!
EDTA and then visualized by Imager apparatus (Alpha
Fluorochemical).

Experimental animals. Male athymic BALB/c nu/nu mice
(4-6 weeks old) were obtained from Wenzhou Medical
College. All animals were maintained in a sterile environment
and cared for within the laboratory animal regulations of the
Ministry of Science and Technology of the People's Republic
of China (http:/ www.most.gov.cn/kytj/kytjzcwj/200411/
t20041108_32465.htm). The food, water, and bedding for
these immunocompromised mice were sterilized and changed
at least once weekly.

Orthotopic implantation. Briefly, pancreatic cancer SW1990
cells were subcutaneously injected into the flanks of donor
nude mice, after the tumor had reached a size of ~I mm?.
Only macroscopically viable tissues from the periphery of
the subcutaneous tumor were used for the orthotopic trans-
plantation. Thirty recipient nude mice were anesthetized with
pelltobarbitalum natricum and opened by a left longitudinal
laparotomy. The spleen, together with the pancreatic tail,
was gently exteriorized, and a tissue pocket in the pancreatic
parenchyma was created by microscissors. One tumor fragment
was placed into the tissue pocket in a way that it was entirely
surrounded by normal pancreas. After careful relocation of
the pancreas and spleen into the abdominal cavity, the animals
were closed in 2 layers for the muscular layer and nonabsorb-
able stainless steel wound clips for the skin.

Experimental protocol. After 3 weeks of implantation, mice
were randomized into 3 groups (n=10): Control group, feed
with 0.1% dimethyl sulfoxide (DMSO) 0.2 ml/mouse. Emodin
group I, emodin 20 mgkg' given by intragastric intubation.
Emodin group II, emodin 40 mgkg' given by intragastric

intubation. All treatment lasted for two weeks, thrice per
week. Eight weeks after implantation, tumor weight, inhibi-
tion rate, and the presence of metastasis were evaluated
respectively after the mice were sacrificed.

Immunohistochemical analysis. Sections were cut from
paraffin-embedded pancreatic tumor tissues. Immunostaining
was performed using primary antibodies specific for ki-67,
NF-kB, survivin and MMP-9 with appropriate dilutions
and using normal host serum for negative controls, followed
by staining with appropriate HRP-conjugated secondary
antibodies. The slides were developed in diaminobenzidine and
counterstained with a weak solution of haematoxylin solution
stain. H&E and terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) for apoptosis were done also
on paraffin-embedded tissue sections. The stained slides were
dehydrated and mounted in permount and visualized on an
microscope. Images were captured with an attached camera
linked to a computer.

Statistical analysis. Data are represented as mean + SD for the
absolute values or percent of controls. SPSS11.0 software was
used for statistical analysis. ANOVA (Analysis of variance)
was applied for comparison of the means of two or multiple
groups, in which SNK (Student-Newman-Kewls) was further
used for comparison of each two group. P<0.05 was considered
significant.

Results

Effect of emodin on cell proliferation. To test the effects
of emodin on pancreatic cancer cell line SW1990. The
SW1990 cells were treated with increasing concentrations
of emodin (10, 20 and 40 umoll"") for 24 h, viable cells were
evaluated by WST-8 assay. As shown in Fig. 1A, pancreatic
cancer cells growth were inhibited by emodin treatment in a
dose-dependent manner. Furthermore, to assess whether the
loss of cell viability could in part be due to apoptosis, flow
cytometry was used to detect apoptosis in pancreatic cancer
cells. Fig. 1B shows a significant increase in apoptotic cells
closely paralleled by the loss of viable cells following emodin
treatment.
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Figure 2. The anti-migration effect of emodin on pancreatic cancer cell line SW1990 was measured by scratch-wound healing assay. (A) Photographs indicate
relative wound closure as monitored by visual examination using a Nikon phase-contrast microscope (x200). (B) The number of migrating pancreatic cancer
SW1990 cells treated with increasing concentrations of emodin (10, 20 and 40 gmol-1") for 2 h, respectively. Columns, mean of three experiments; bars, SE.

"P<0.05 vs. control group.

Effects of emodin on the wound closure of pancreatic cancer
cells in vitro. The ability of emodin to affect pancreatic cancer
SW1990 cell migration was tested by means of a scratch-
wound model, the confluent monolayer of pancreatic cancer
cells were wounded with a scratch, rinsed to remove debris,
and incubated in the absence or presence of emodin (10, 20
and 40 gmol1") for 2 h, and then incubated for an additional
24 h. Images were taken from the same field at time zero
and after 24 h (Fig. 2A). The results indicated that SW1990
cells treated with emodin exhibited significant decrease in
migration in dose-dependent manner (Fig. 2B). The numbers
of SW1990 cells treated by emodin migrated to the scratched
area was significantly smaller than that of control.

Effect of emodin on the invasion of pancreatic cancer cells
in vitro. To determine whether emodin could inhibit the
invasive property of pancreatic cancer cells, we used transwell
plates to measure the cell invasion property following emodin
treatment. As shown in Fig. 3A and B, emodin inhibited
the invasiveness of SW1990 cells through matrigel coated
membrane in a concentration-dependent manner. To rule out
the possibility that such inhibition is due to its cytotoxicity,
the cell viability of emodin-treated cells was determined
using WST-8 assay. The result showed that emodin had no
significant effect on SW1990 cell viability at concentration of
40 pmol1" within 12 h of treatment (data not show), suggesting
that emodin inhibits cell invasion without obvious cellular
cytotoxicity.

Emodin inhibits NF-xkB DNA-binding activity. As documented
previously, constitutively active NF-kxB DNA binding activity

was found in nuclear extracts from SW1990. To investigate
whether emodin could abrogate constitutively expressed
NF-kB, SW1990 cells were treated with varying concentra-
tions (10, 20 and 40 ymol1") of emodin for 24 h and subjected
to gel shift assay (EMSA). As shown in Fig. 4, EMSA result
showed a concentration-dependent inhibition by emodin
in NF-xB DNA binding activity in SW1990, which clearly
suggest that emodin is effective in down-regulating NF-xB
DNA-binding activity.

Survivin, caspase-3 and MMP-9 protein expression after
emodin treatment in SW1990 cells. To ensure that the anti-
proliferation effects of emodin were not from toxicity but
rather apoptosis, Western blot analysis for cleaved caspase-3
was performed on the SW1990 cell line. As shown in Fig. 5,
the cleaved caspase-3 was markedly induced after emodin
treatment in a dose-dependent manner. In an attempt to explore
the mechanism of enhanced apoptotic process induced by treat-
ment of cells with emodin. We next examined the antiapoptotic
molecule survivin. Relative to control, survivin expression was
down-regulated in cells exposed to emodin. To determine the
potential molecular mediators of anti-migration, the change of
MMP-9 protein expression was analyzed by Western blotting.
Emodin treatment significantly decreased the MMP-9 levels in
a dose-dependent manner.

Emodin inhibits tumor growth in nude mice. Building on
the afore-mentioned results, which strongly support better
killing of pancreatic cancer cells when exposed to emodin,
we evaluated therapeutic advantage of emodin in BALB/c nu/
nu mice bearing orthotopically implanted pancreatic tumors.
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Figure 3. Inhibition of pancreatic cancer cells invasion by emodin. (A) Photographs of SW1990 cells after invasion through matrigel (x200). (B) Inhibitory
effect of emodin on invasiveness of SW1990 cells. Cells (2x10%/ml) were seeded onto matrigel coated membranes of transwell plates and then treated with
different concentrations of emodin (10, 20 and 40 gmol-1") for 2 h. Cells that had invaded to the lower surface of the membranes were counted under a light
microscope. Data are presented as means + SD. All experiments were done in triplicate. "P<0.05 vs. control group.
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Figure 4. Nuclear proteins were prepared from the investigated cell
line SW1990 after incubation with varying concentrations (10, 20 and
40 pmol-1") of emodin for up to 24 h as described in Materials and methods.
Dose response by emodin in down-regulating NF-kB in cells expressing
constitutive NF-«B.

Such studies have never been documented in vivo to the best of
our knowledge. For in vivo experiment, 30 mice were divided
into three groups as described in Materials and methods.
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Figure 5. Western blot analysis of survivin, caspase-3 and MMP-9 in whole
cell lysates of SW1990 cells after treated with various concentrations of
emodin for 24 h. f-actin protein as loading control is shown for each blot.

The results showed that after 14 days of treatment with
emodin, no significant variation in body weight was detected,
suggesting that emodin did not produce significant non-tumor
toxicity in tumor-bearing mice. Next, we determined the mean
pancreatic tumor weight immediately following euthanization
in all treated groups. The average weights of tumors treated
with emodin at 20 and 40 mgkg' were 1.442 and 1.215 g,
respectively, versus 1.651 g of negative control tumors, which
correspond to 12.7 and 26.4% of inhibition. However, in the
present experiment, administration of emodin at 20 mg-kg™
by gavage treatment resulted in nonsignificant reduction in
the mean tumor weight compared with placebo treatment on
completion of experiment, and a dose of 40 mgkg' emodin
showed significant decrease (P<0.05) in tumor weight relative
to control.
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Figure 6. H&E and immunohistochemistry for apoptosis by TUNEL, Ki-67, NF-«B, survivin and MMP-9 protein expression in harvested tumors from tumor-
expression levels in the untreated control group.
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Table 1. Effects of emodin on tumor weight and tumor invasion to visceral organs.

Treatment No. of animals Tumor weight (g) Inhibitory rate (%) Tumor invasion to visceral organs
Control 9 1.651+£0.404 9/9 10/10 (100%)

Emodin dosed

20 mg-kg™ 10 1.442+0.387 12.7 5/10 (50%)*

40 mg-kg! 10 1.205+0.452¢ 264 3/10 (30%)*

Emodin (20 mg-kg™! and 40 mg-kg™') was administered p.o. for two weeks in mice bearing orthotopically implanted pancreatic tumors. Values

are the means + standard error of 9-10 mice. “P<0.05 vs. control group.

Emodin also suppressed local invasion and peritoneal
dissemination. Eight weeks after implantation, mice were
sacrificed by cervical dislocation and their liver, spleen,
thymus and small intestine quickly removed. Invasive metas-
tases to visceral organs were observed manually and H&E
staining. On autopsy, all of mice from the untreated control
group showed evidence of nodal metastasis. However, the
number of mice with visceral organ invasion of tumors was
largely reduced by p.o. administered emodin (20 and 40
mg-kg!) in mice bearing orthotopically implanted pancreatic
tumors (Table I).

Tumor histology and immunohistochemistry after emodin
treatment. H&E evaluation of the tumors from all groups
showed high-grade carcinoma associated with tumor apoptosis
and necrosis (Fig. 6). In the control group, the tumor was largely
viable with high mitosis and minimal intratumoral stroma. The
peripheral tumor is composed of smaller nests or clusters of
neoplastic cells. In contrast, in the group receiving emodin
treatment (40 mg-kg"), large areas of cell debris due to marked
tumor destruction in the tissue sections were seen. Similar but
milder changes were also seen in the tumors from the group
treated with emodin (20 mg-kg™"). Furthermore, significant
differences in percentage of TUNEL-positive cells were also
noted in tumors derived from the emodin group relative to
untreated animals (P<0.05). In addition, immunohistochem-
istry revealed significant reduction in Ki-67, NF-xB, survivin
and MMP-9 in tumors derived from mice treated with emodin
(P<0.05) compared with untreated mice.

Discussion

Several studies have manifested that emodin exerts antipro-
liferative effect on several cancer cells, which are mediated
through the induction of apoptosis. In agreement with a
previous study (8), we documented that emodin within the
range of tested concentrations, is able to directly inhibit cell
viability dose-dependently in human pancreatic cancer cell
line SW1990 in vitro. Furthermore, inhibition of cell growth
was correlated with apoptotic cell death. By fluorescence-
activated cell sorting analysis, our results showed emodin
increased the percentages of both early and late apoptotic/
necrotic cells in a dose-dependent manner. In agreement
with the results of FACS, apoptosis induced by emodin in
pancreatic cells was validated by activation of caspase-3. In
addition to in vitro results, we show for the first time, that

emodin is also an effective antitumor agent in our orthotopic
tumor model, and significant differences in percentage of
TUNEL-positive cells were noted in tumors derived from
the emodin group relative to untreated animals. However, no
significant variation in body weight was detected in animals
after 14 days of treatment with emodin. All these results show
that emodin is a potentially powerful anti-cancer drug and
apoptosis inducer with low toxicity and very few side effects.

The question remains as to how emodin induces apoptosis
in SW1990 cells. The prosurvival molecule survivin, a member
of the inhibitor of apoptosis protein (IAP) family, is associ-
ated with poor prognosis and increased tumor recurrence (9).
Survivin could act directly on caspases and mainly suppress
the activity of caspase-3 and -7 (10). Growing evidence
suggests that survivin is responsible for drug resistance in
cancer cells (11,12). A previous study showed that curcumin
directed against survivin could enhance chemosensitivity to
gemcitabine in pancreatic cancer (13). In the current study, we
showed that emodin down-regulated survivin and increased
the expression of cleaved caspase-3 in SW1990 cells. In
addition, our in vivo results showed that emodin abrogated the
expression of survivin and increased apoptotic cells, which
demonstrates that inhibition of survivin is likely to be associ-
ated with the mechanism of emodin as an apoptosis inducer in
pancreatic cancer.

Metastasis is one of the hallmarks of cancer. Inhibition
of metastasis has become an attractive therapeutic alterna-
tive for the treatment of cancers. The process of metastasis
consists of a complex cascade of interdependent steps. Cell
invasion, the process of translocation of neoplastic cells
across extracellular matrix barriers, is an essential biological
process required for tumor metastasis. For invasion to occur,
a cancer cell requires increased migration activity, loss of
cell-cell adhesion with a concomitant gain of cell-matrix
adhesion, and an increased expression and activation of
extracellular proteases capable of degrading the ECM (14).
Through their degradation of ECM proteins, the MMPs,
a group of zinc-dependent ECM degrading enzymes, play
major roles in the regulation of cancer cell migration,
ECM invasion, and metastasis (15). In particular, MMP-9
is thought to be critical for degrading ECM proteins and
thus perform an important role in cancer cell invasion and
metastasis (16). Moreover, there is substantial evidence on
the inhibition of MMP-9 and suppression of invasiveness
and metastasis of cancer cells using various chemopreventive
agents such as genistein and aspirin (17,18). In the present
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study, we found that nontoxic levels of emodin efficiently
suppressed the invasiveness of pancreatic cancer cells.
Furthermore, we tested the anti-metastatic effect of emodin
by using an in vivo model of peritoneal metastasis in nude
mice. Our study documents, for the first time, that emodin
can effectively suppress the growth of peritoneal metastasis
in this experimental condition. Next we showed that emodin
inhibited MMP-9 expression both in vitro and in vivo, which
provided an explanation for its suppression of invasiveness
of pancreatic cancer cells observed in the cell invasion assay
and orthotopic tumor model.

As reported, the rapid-acting primary transcription factor
nuclear factor-kB (NF-kB) is constitutively active in most
pancreatic cancer cell lines (19). Furthermore, NF-xB activa-
tion has been demonstrated in animal models of pancreatic
cancer and in human pancreatic cancer tissue (13,20). There
is emerging evidence suggesting that NF-kB has become an
attractive target for chemoprevention and its modulation for
pancreatic cancer prevention. First, NF-kB expression has
been implicated in the regulation of survivin expression and
apoptosis in human pancreatic cancer, which underscores
the role of NF-«kB activation in mediating chemoresistance.
Second, tumor invasion is regulated by numerous NF-«xB-
regulated gene products, including matrix metalloproteinases
(MMPs). It has been reported that MMP-9 expression is
regulated transcriptionally through NF-kB elements within
the MMP-9 gene (21). Third, it has been shown that many
conventional cancer chemotherapeutic agents such as gemcit-
abine activate NF-kB (13,20,22), making gemcitabine less
effective in cancer cells. Finally, the evidence indicates
the important role of NF-kB in pancreatic cancer and
suggests that agents that block NF-kB activation could
reduce chemoresistance and metastasis in pancreatic cancer
and possibly could be used as a therapeutic regimen for
pancreatic cancer. Previous studies have demonstrated that
curcumin (13), thymoquinone (20) and hyperthermia (22)
sensitized pancreatic cancer cells to chemotherapeutic drugs
through down-regulation of NF-«xB. In the present study, we
found that emodin abrogates NF-kB activation in pancreatic
cancer SW1990 cells as well as in other cancer cells (23). In
addition, our in vitro results showed that emodin treatment
inhibits NF-kB and exerts antiproliferative and antimetastatic
effects in SW1990 cells, suggesting that inhibition of NF-kB
by emodin is mechanistically associated with sensitization of
pancreatic cancer cells to apoptosis and inhibition of pancre-
atic cancer cell metastasis. However most importantly, these
in vitro results, such as antitumor activity and inactivation of
NF-«B, were recapitulated in vivo using the orthotopic mouse
model, which provides a scientific rationale for therapeutic
exploitation of our strategy for the treatment of patients with
pancreatic cancer. These results provide strong molecular
in vitro and in vivo evidence in support of our hypothesis that
inactivation of NF-kB signaling pathway by emodin is likely
to be an important and novel strategy for the treatment of
pancreatic cancer.

In conclusion, our current findings are consistent with the
hypothesis that emodin could down-regulate antiapoptotic
and metastatic proteins that are transcriptionally regulated by
NF-«B, resulting in loss of pancreatic cancer cells to survive
and metastasize. Our in vitro findings along with in vivo results

provide support for further development of emodin as an
adjunct to conventional chemotherapeutics by targeted inactiva-
tion of NF-«xB for treatment of human pancreatic tumors and
initiation of clinical trials.
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