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Abstract
Ellagic acid is a polyphenolic phytochemical present in many fruits and nuts with anti-cancer
properties demonstrated in experimental tumor studies. Embelin is a benzoquinone phytochemical
isolated from the Japanese herb Ardisiae Japonicae and has been shown to induce apoptosis in cancer
cells. We found that ellagic acid and embelin each dose-dependently increased apoptosis and
inhibited proliferation in human pancreatic cancer cells, MIA PaCa-2 and HPAF-II cells, and in
pancreatic stellate cells (PaSCs) which are progenitors of pancreatic cancer desmoplasia. In each of
these cell types, combinations of ellagic acid and embelin at low micromolar concentrations (0.5–
3 μM) induced synergistic increases in apoptosis and decreases in proliferation. Ellagic acid
decreased NF-κB transcriptional activity, whereas embelin decreased STAT-3 phosphorylation and
protein expression of its downstream target survivin, in cancer cells. In vivo dietary ellagic acid alone
or in combination with embelin decreased tumor size and tumor cellularity in a subcutaneous (s.c.)
xenograft mouse model of pancreatic cancer. These results show that ellagic acid and embelin interact
with divergent intracellular signaling pathways resulting in augmentation of apoptosis and inhibition
of proliferation at low micromolar concentrations for the key cellular components of pancreatic
adenocarcinoma.
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Introduction
Pancreatic cancer is the fourth most common cause of death in Western countries with almost
the same rate of incidence and mortality per year (1, 2). Pancreatic cancer is very resistant to
radio- and chemo- therapies. The cancer is uniquely characterized by an abundant and dense
desmoplastic reaction. The desmoplasia contains myofibroblastic pancreatic stellate cells
(PaSCs) that produce large amounts of extracellular matrix (ECM) as well as cytokines,
chemokines and growth factors that likely provide a microenvironment that promotes cancer
cell growth (3–5). Evidence is emerging that there is a symbiotic relationship between
pancreatic cancer cells and PaSCs of the tumor that results in an overall increase in the rate of
growth of the tumor and possibly metastasis (6, 7). Therefore, the development of therapies
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targeting both cancer cells and stroma components such as the PaSCs has emerged as a
necessary strategy.

Cancer cells protect themselves from cell death by up-regulating pro-survival mechanisms.
One survival mechanism utilized by cancer cells consists of activation of the Jak2/STAT3
signaling pathway leading to up-regulation of the caspase inhibitors, inhibitor of apoptosis
proteins (IAPs) (8). Activation of the transcription factor NF-κB is another major key pro-
survival and anti-apoptotic mechanism in cancer cells (9, 10). NF-κB is constitutively active
in pancreatic cancer cells, and its inhibition leads to pancreatic cancer cell death and inhibition
of tumor growth (11).

Traditional herbal medicine is a rich resource for molecular target-specific drug discovery.
Many herbal products (phytochemicals) have demonstrated anticancer activities in
experimental models of human cancer, although their precise molecular mechanisms of action
are still unclear. Ellagic acid (2,3,7,8-tetrahydroxy[1]benzopyrano[5,4,3,–cde][1]
benzopyran-5,10-dione) is a polyphenol phytochemical present in a variety of fruits and nuts
such as pomegranates, strawberries, raspberries, blackberries and walnuts. Accumulative
evidence indicates that ellagic acid has anti-carcinogenic, antioxidant and anti-fibrosis
properties in several cell types (12–15).

The anti-carcinogenic effects of ellagic acid have been reported in experimental models of
skin, esophageal, and colon cancers (15, 16). However, the effects of ellagic acid on pancreatic
cancer have not been studied. Furthermore, the mechanisms mediating the anti-cancer effects
of ellagic acid, in general, remain unknown.

Embelin is a benzoquinone phytochemical derived from the Japanese herb Ardisiae
Japonicae. Embelin has traditionally been used in Chinese medicine as anticancer agent as
well as a contraceptive (17–19). Recent studies have demonstrated that embelin forms
complexes with X-linked inhibitor of apoptosis protein (XIAP), a key member of the IAP
family (20). Binding of embelin with XIAP prevents XIAP interaction with and inhibition of
caspase-9. Embelin induced apoptosis in prostate cancer cells that display high levels of XIAP,
but had minimal effect on normal prostate cells with low levels of XIAP, supporting a key role
for XIAP in embelin mediated anticancer activities (20).

In the present study we investigated the effects of ellagic acid and embelin alone and in
combination on human pancreatic cancer cells and mouse PaSCs. In addition, we investigated
whether dietary ellagic acid and embelin reduced tumor growth in a xenograft mouse model
of pancreatic cancer. Our data indicates that ellagic acid and embelin induce apoptosis and
decrease proliferation in cultured pancreatic cancer cells and stellate cells. We found that
ellagic acid inhibited proliferation and stimulated apoptosis in pancreatic cancer cells. Embelin
alone inhibited STAT-3 activity as measured by its phosphorylation; whereas, combination of
embelin and ellagic acid inhibited NF-κB transcriptional activity. Finally, we found that mice
fed diets supplemented with ellagic acid and embelin have reduced xenograft tumor growth
compared to mice fed control diets.

Material and Methods
Reagents

Antibodies against Bcl-xL, phospho-STAT3, survivin, and GAPDH were from Cell Signaling
(Beverly, MA); survivin from Santa Cruz Biotechnology (Santa Cruz, CA). Ellagic acid and
embelin were from chromadex (Irvine, CA). Ellagic acid for mouse diet was from Sigma-
Aldrich (St. Louis, MO). All solvents used were HPLC grade (Fisher Scientific, Fairlawn, NJ).
β-glucuronidase/sulfatase (type H-5 from Helix Pomatia) was purchased from Sigma-Aldrich.
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Internal standard 3, 3′, 4′-trihydroxyflavone was purchased from Indofine (Hillsborough, NJ).
All other chemicals were from Sigma-Aldrich.

Cell culture
Human pancreatic ductal adenocarcinoma cells, the poorly differentiated MIA PaCa-2
(CRL-1420) and moderately differentiated HPAF-II cell (CRL-1997) lines, were obtained from
the American Type Culture Collection (Manassas, VA). MIA PaCa-2 cells were grown in 1/1
DMEM/F-12 medium (Life Technologies, Grand Island, NY) supplemented with 15% FBS,
4 mM L-glutamine, and 1% antibiotic/antimycotic solution (25 μg/mL Amphotericin B, 10,000
U/ml of Penicillin G, 10,000 μg/mL of Streptomycin) from Omega Scientific (Tarzana, CA).
HPAF-II cells were grown in DMEM supplemented with 20% FBS.

Cells were maintained at 37 °C in a humidified atmosphere containing 5% CO2 and used
between passages 3 and 9. For the experiments, MIA PaCa-2 and HPAF-II cells were cultured
for 72 h.

Pancreatic stellate cells were isolated from two month-old C57BL/6 mice as previously
described (21). Briefly, pooled pancreata from 2–3 mice were digested with a mixture of
collagenase P and pronase and separated by density gradient centrifugation (12% Nycodenz).
The stellate cell type was confirmed by morphology (stellate-like or spindle-shaped cells) and
positive staining for <-SMA and desmin. Cells were grown in 1/1 DMEM/F-12 medium
supplemented with 15% FBS, 4 mM L-glutamine, and antibiotic/antimycotic solution. For the
assays, cultured-activated primary cells or passage 1–2 cells were incubated in 1% FBS
cultured medium.

Transfections
Transient transfections of MIA PaCa-2 cells were performed using the electroporation Amaxa
System NucleofectorTM (Amaxa Inc, Gaithersburg, MD) according to the manufacturer
protocol. To knockdown survivin, 400nM of survivin siRNA (Santa Cruz Biotechnology) was
applied. Control cells were transfected with the Silencer Negative Control siRNA #1 (Ambion,
Foster City, CA).

In vitro Proliferation Studies
Proliferation was assessed by measuring the level of 3Hthymidine incorporation into DNA and
with MTT assay using Thiazolyl Blue Tetrazolium Bromide as substrate (Sigma-Aldrich, St.
Louis, MO).

Measurement of apoptosis
Internucleosomal DNA fragmentation in cultured cells was measured by using Cell Death
Detection ELISAPlus kit (Roche Molecular Biochemicals, Manheim, Germany) according to
the manufacturer’s instructions (22–24).

Western blot analysis
Cells were re-suspended in RIPA phosphorylation buffer (50 mM NaCl, 50 mM Tris/HCl pH
7.2, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 10 mM Na2HPO4 + NaH2PO4, 100
mM NaF, 2 mM Na3VO4, 80 μM glycerophosphate, 20% glycerol, 1 mM PMSF, 5 μg/ml each
of pepstain, leupeptin, chymostatin, antipain, and aprotinin), sonicated and centrifuged for 15
min at 16,000 × g at 4 °C. Protein extracts were resolved by SDS-PAGE for immunoblot
analysis as previously described (22–24). The following primary antibodies were used: Bcl-
xL, phospho-STAT3, survivin and GAPDH. Primary antibodies were recognized using specific
horseradish peroxidase conjugated secondary antibodies (Biorad; Hercules, CA). Immuno-
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reactive bands were visualized by chemiluminescence (Pierce, Rockford, IL) in the
FluorChem-HD2 imager, and densitometrically quantified using FluorChem software (Alpha
Innotech; Santa Clara, CA).

NF-κB-Transcriptional activity measurement
NF-κB transcriptional activity was assessed with the Dual-Luciferase Reporter Assay System
(Promega Corporation, Madison WI). Briefly, MIA PaCa-2 cells were simultaneously co-
transfected with the pGL3-4κB-Luc and pRL-TK plasmids by using the Nucleofector™ II
System (Amaxa, Inc) according to the manufacturer’s protocol. pGL3-4κB-Luc contains the
reporter gene encoding firefly luciferase driven by a promoter region containing 4 copies of
NF-κB responsive element. pRL-TK is a Renilla luciferase driven by a basic thymidine kinase
promoter thereby playing the role of a reference plasmid.

Diets and in vivo tumor growth inhibition studies
Six week-old male athymic nude mice (Nu/Nu; Charles River Laboratories, Wilmington, MA)
were used for the subcutaneous (s.c.) xenograft model of pancreatic cancer (25). One week
before tumor implantation, mice were randomly assigned to the following dietary groups (6
mice per group): control group, standard diet (AIN-76A, Dyets Inc); EA group, standard diet
supplemented with ellagic acid (150 mg/kg diet; equivalent to a daily dose of 25 mg/kg body
weight); EM group, standard diet supplemented with embelin (450 mg/kg diet equivalent to a
daily dose of 75 mg/kg body weight), and EA+EM group, standard diet supplemented with
ellagic acid and embelin (150 and 450 mg/kg diet, respectively). Based in allometric
calculations of body surface area, if the daily dose for mice is 25 mg/kg of body weight for
ellagic acid and 75 mg/kg of body weight for embelin, then the estimated daily dosage for
human intake is 5.3 mg/kg body weight and 16 mg/kg body weight, respectively.

Stability of the phytochemicals in the diets was evaluated by HPLC in day 0 (as control), 1, 2
and 3 by HPLC following vigorous extraction with ethyl acetate containing BHT as an
antioxidant (embelin) or with 70% aqueous methanol containing 1% of HCl (ellagic acid).
Percentage of recovery of embelin in freshly prepared diet was 100%, and 88% for ellagic acid.
After 3 days at room temperature, the percentage of recovery was reduced to 90% for embelin
and 85% for ellagic acid. Therefore, freshly prepared diet containing the phytochemicals was
provided to the mice every other day.

After one week on diets, each mouse was inoculated in the right flank region by subcutaneous
injection with the human pancreatic tumor cell line HPAF-II (ATCC # CRL-1997; 2 × 106
HPAF-II cells suspended in 0.2 ml of culture medium). After tumor implantation, mice
continued on diets for 5 weeks more. Mice were monitored daily for general health status, food
consumption and measurements of external tumor size. Body weight was evaluated two times
per week. The tumor volume was evaluated by caliper measurements of the perpendicular
diameters using the following formula: [½length*½width*½depth]*3.14*4/3. After 5 weeks
on diets, mice were sacrifice and tumors measured, weighted and excised for analysis (snap-
frozen for measurements of tissue levels of phytochemicals, and fixed in formalin for
histological analysis). In addition, blood samples, collected by heart puncture, and liver tissues
were harvested for the determination of levels of the phytochemicals and toxicity.

All experimental procedures were conducted according to animal protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of California, Los
Angeles, and in compliance with guidelines of the American Association of Laboratory Animal
Care.
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Measurement of embelin and ellagic acid content in diets, blood and tumors
HPLC analysis of the embelin was performed with a Inertsil ODS-4 column (150 × 4.6 mm,
3 μm, GL Sciences, Torrance, CA) on an Agilent 1100 HPLC system (Santa Clara, CA)
comprised of an auto-sampler and quaternary pump coupled to a photodiode array detector.
The mobile phase consisted of a binary gradient of 0.1% (v/v) ortho-phosphoric acid in water
(eluent A) and acetonitrile (eluent B), used with a flow rate of 0.6 mL/min in the following
conditions: 20% B (0–3 min); 20–55% B (3–10 min); 55–98% B (10–18 min); 98%B (18–25
min), and 98–20% B (25–32 min). For the analysis of the ellagic acid, the mobile phase
consisted of a binary gradient of 0.2% (v/v) ortho-phosphoric acid in water (eluent A) and
methanol (eluent B), used with a flow rate of 0.5 mL/min in the following conditions: 20% B
(0–5 min); 20–85% B (5–20 min); 85% B (20–21.5 min) and 85–20%B (21–28 min). The
column temperature was held at 30° C. The chromatograms were recorded at 286 nm for
embelin and 254 nm for ellagic acid. Data were analyzed with the Hewlett Packard
Chemstation® software. Concentration and stability of embelin and ellagic acid in animal diets
were determined by HPLC using external calibration. Animal plasma and tissue concentrations
were determined by internal calibration. Calibration standards were prepared from the stock
solutions by serial dilution. For all calibration curves, there was a linear relationship between
peak area and concentration in the range of 0.4 – 32 and 0.2–11.5 μg/mL for embelin and ellagic
acid, respectively.

Histological Analysis
Histological analysis of tumor and liver sections was performed at the Pathology core of the
UCLA Center for Excellence in Pancreatic Diseases. Formalin-fixed tissue sections from at
least 4 animals per group were embedded in paraffin. Tumor cellularity was assessed in
hematoxylin and eosin (H&E) stained tissue sections as the percentage of tumor area that was
occupied by epithelial cancer cells. Necrosis within the tumor area was determined by
measuring the extent of areas with loss of cellularity. Cellularity and necrosis were evaluated
by morphometric analysis using MetaMorph imaging system (Universal Imaging Corporation,
PA) in digitized pictures obtained from multiple random, non-overlapping sections under a
high power field (x 400-magnification, 10–12 random fields per section). Images were captured
with all exposures manually set at equal times with a Nikon Eclipse E600 microscope equipped
with a digital camera using the SPOT imaging software (Diagnostic Instruments, MI).

Embelin extraction from mouse plasma and tissue
To the mouse plasma samples (100 μL) was added 10 μL Internal standard 3, 3′, 4′-
trihydroxyflavone (100 μM). The sample was then extracted vigorously with 200 μl of acetone
twice. Combined supernatant was dried with a SpeedVac, re-dissolved in acetone/H2O (80:20),
vortexed, and then sonicated. A 50 μL aliquot of the mixture was injected into the HPLC. For
analysis of mouse tissue, frozen tissue (0.1–0.2 g) was weighed and homogenized in isotonic
buffer containing using a tissue grinder, and internal standard was added. The mixture was
then extracted with acetone similarly as plasma samples.

Ellagic acid extraction from mouse plasma and tissue
Extraction of ellagic acid from mouse plasma and tissue samples was performed similarly as
described previously (26). We found enzymatic hydrolysis released more ellagic acid
compared with direct extraction or with acid hydrolysis from plasma samples but not from
tissue samples. Frozen tissue (0.2–0.3 g) was weighed and homogenized 1 ml of 70% aqueous
methanol containing 1% HCl solution. Another 1 ml was used to rinse the homogenizer. The
resulting mixture was centrifuged and the pellet re-extracted twice. Supernatants were
combined and dried. The residue was reconstituted in 100 μL of MeOH/H2O 80:20 and injected
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into the HPLC. Ellagic acid and its metabolites urolithins were not detected in nude mouse
plasma or tissues.

Other analyses
To determine in vivo toxicity of ellagic acid and embelin in mice carrying xenograft pancreatic
tumors, liver and kidney function were assessed by blood chemistry analysis (Division of
Laboratory Animal Medicine, University of California, Los Angeles).

Statistical analysis
Data from at least 3 independent experiments or 6 mice per group (for studies using xenograft
tumors) are presented by bar charts and expressed as means ± SEM (standard error of the mean).
One-sided two-sample t-tests (Fig. 3C, 6A, 6B, 7B and 7C) and one-sided one-sample t-tests
(others) were used to compare ellagic acid, embelin and the combination of the two
phytochemicals with controls. The synergistic effects of the combination of ellagic acid and
embelin were analyzed by using linear regression models. We considered there is a synergistic
effect when the effect of the combined treatment is significantly greater than the sum of the
individual treatments (embelin or ellagic acid). The rate of tumor volume growth was analyzed
using a mixed effects linear regression model with random intercept and random slope (27).

Bonferroni’s adjustment was made to control the overall Type I error rate at 0.05. Thus, p-
values smaller than 0.05/k are considered as statistically significant, where k is the total number
of statistical tests performed for the experiment. All statistical analyses were performed using
SAS software (Version 9.2; SAS Institute Inc., Cary, NC).

Results
Ellagic acid and embelin dose-dependently stimulate apoptosis in pancreatic cancer cells

To determine the effect of ellagic acid and embelin on apoptosis in pancreatic cancer cells we
cultured undifferentiated MIA PaCa-2 and moderately differentiated HPAF-II cells in the
presence of different concentrations of ellagic acid or embelin for 72h and measured the level
of DNA fragmentation. Ellagic acid dose-dependently increased the level of DNA
fragmentation in both cell lines. Ellagic acid significantly stimulated apoptosis in MIA PaCa-2
cells at the concentration of 10μM compared to 30μM in HPAF-II cells (Fig. 1A, C). Embelin
induced a dose dependent increase in apoptosis (Fig. 1B, D) and was more potent than ellagic
acid in inducing DNA fragmentation in both cell lines. Embelin significantly stimulated DNA
fragmentation at concentrations as low as 0.5 μM in MIA PaCa-2 and 3μM in HPAF-II cells
(Fig. 1B, D).

Ellagic acid and embelin dose-dependently inhibit proliferation in pancreatic cancer cells
To determine the effect of ellagic acid and embelin on proliferation in pancreatic cancer cells
we cultured MIA PaCa-2 and HPAF-II cells in the presence of ellagic acid or embelin for 72h
and measured the level of 3H-thymidine incorporation into DNA. Both phytochemicals dose
dependently inhibited proliferation in the two cell lines under study (Fig. 2). The
phytochemicals induced a significant decrease in proliferation at the concentration of 0.5 μM
in MIA PaCa-2 cells (Fig. 2A, B). The effect on HPAF-II was reached at 1.0 μM for embelin
(Fig. 2D) and 3.0 μM for ellagic acid (Fig. 2C).

Data in figures 1 and 2 indicated that ellagic acid and embelin dose-dependently stimulated
apoptosis and inhibited proliferation in pancreatic cancer cells. The effects were at observed
at low micromolar concentrations, especially in MIA PaCa-2 cells. We then checked whether
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the combination of the two phytochemicals would have synergistic effects on apoptosis and
proliferation.

Combination of ellagic acid and embelin induce a synergistic effect on apoptosis and
proliferation in pancreatic cancer cells

To determine the effect of treatment with a combination of ellagic acid and embelin on
apoptosis and proliferation of pancreatic cancer cells we cultured MIA PaCa-2 and HPAF-II
cells in the presence of different concentrations of ellagic acid and embelin and measured the
effect on apoptosis and proliferation. Combinations of ellagic acid at 3μM and embelin at
0.5μM induced synergistic effects on apoptosis as measured by DNA fragmentation level in
MIA PaCa-2 cells (Fig. 3A) and on proliferation as measured by MTT assay (Fig. 3B).
Counting of cell numbers confirmed these data by showing that combination of ellagic acid
and embelin decreases MIA PaCa-2 cell number to a level significantly lower from the level
induced by each compound alone (Fig. 3C). Similarly to MIA PaCa-2 cells, combination of
ellagic acid (3 μM) and embelin (0.5μM) induced a synergistic effect on proliferation of HPAF-
II cells (Fig. 3D).

Ellagic acid and embelin down-regulate NF-κB and STAT3 pro-survival pathways
We have previously published that ellagic acid at high concentrations (more than 10μM)
induced apoptosis in pancreatic cancer cells through a mechanism that involves regulation of
transcription factor NF-κB (28). Therefore; we measured the effect of ellagic acid and embelin
on NF-κB activity in MIA PaCa-2 cells. We found that low concentrations of ellagic acid (3
μM) and embelin (0.5 μM) alone do not affect NF-κB transcription activity. However, the
combination of the two compounds significantly decreased NF-κB transcription activity (Fig.
4A) indicating a synergistic effect of the two compounds leading to a decrease in NF-κB
activity. Furthermore, we found that ellagic acid and embelin alone did not affect the protein
level of antiapoptotic Bcl-xL and that the combination of the two compounds did cause a
decrease in the protein level of Bcl-xL (Fig. 4B). Published data indicate that embelin prevents
the antiapoptotic effect of XIAP by blocking the interaction of XIAP with caspases (29). Our
data indicate that embelin down-regulated protein expression of survivin (Fig. 4C).

The regulation of survivin protein level is most likely through down-regulation of the
phosphorylation level of STAT3 (Fig. 4C). To confirm that the regulation of survivin level by
embelin is mediated by STAT3 phosphorylation we cultured cells in the presence of the Jak/
STAT inhibitor AG490 and found that the Jak inhibitor decreased the level of survivin and that
combination of AG490 and embelin did not further decrease the protein level of survivin (Fig.
4F). Embelin slightly further reduced proliferation in cells transfected with survivin siRNA
compared to control siRNA (Fig. 4D). The anti-proliferation effect of combined embelin and
survivin siRNA was smaller than the additive effect of each one alone suggesting that embelin
regulates proliferation in pancreatic cancer cells, at least in part, through the survivin pathway.

Ellagic acid and embelin induce apoptosis and decrease proliferation in cultured mouse
pancreatic stellate cells

To determine the effect of ellagic acid and embelin on PaSCs, cultured-activated primary
mouse stellate cells were treated for up to 72 h with ellagic acid and embelin alone or in
combination. Embelin induced a dose- (Figure 5A) and time-dependent (not shown) increase
in stellate cell apoptosis as determined by DNA fragmentation assay. As shown in Figure 5A,
embelin at 10 and 20 μM concentrations significantly augmented apoptosis by 3 and 6-fold,
respectively, compared to control. Ellagic acid, at concentrations ranging from 0.1 to 20 μM
had no effect on stellate cell apoptosis. However, the combination of ellagic acid and embelin
at concentrations that by themselves had minor effects on apoptosis (5 μM embelin and 3 μM
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ellagic acid), synergistically increased DNA fragmentation by two-fold compared to individual
treatment with the phytochemicals (Figure 5B).

Stellate cell proliferation was significantly reduced after 72h -incubation with either embelin
or ellagic acid at starting concentrations of 3 μM, although embelin was more potent than
ellagic acid (Figure 5C). Differently from the effects observed on apoptosis, the combination
of embelin (5 μM) and ellagic acid (3 μM) had no synergistic effects on stellate cell proliferation
(Fig. 5D). Treatment of cultured-activated mouse PaSC with ellagic acid or embelin for 24 or
48h did not change protein expression levels of fibronectin or alpha-smooth muscle expression
as measured by Western blotting and expressed relative to total proteins (Fig. 8). These data
suggest that the phytochemicals do not alter pathways involved in synthesis/degradation of
these proteins. Therefore, treatment with ellagic acid or embelin may reduce production of
ECM proteins in tumors by decreasing the number of active PaSC but not to by directly
decreasing protein production.

Ellagic acid and embelin diets reduce tumor growth in mouse xenograft model of pancreatic
cancer

To assess the in vivo effects of ellagic acid and embelin on pancreatic tumor growth we used
the HPAF-II xenograft model as described in the Material and Methods section. Nude mice
were fed standard diets enriched with embelin alone (450 mg/kg diet), ellagic acid alone (150
mg/kg diet) or a combination of ellagic acid and embelin. Based in daily food consumption,
we estimated that the mice received an average of 2 mg/mouse/day embelin (EM dietary
groups) and 0.7 mg/mouse/day ellagic acid (EA dietary groups). After one week on diets,
human pancreatic HPAF-II cells were inoculated by subcutaneous injection in the right flank
region of each mouse, and mice continued on diets for 5 weeks more. Five weeks post-
inoculation, mice were sacrificed due to the large tumor size in mice in the control group.
Average daily food consumption was slightly greater in mice fed diets supplemented with
ellagic acid and/or embelin compared to mice fed control diet (Fig. 6A), however we did not
find differences in body weight gain between mice in any dietary group (Fig. 6B). As illustrated
in Fig. 6B, after 6 weeks on diets mice gained approximately 20% of their initial body weight
irrespectively of the dietary group or the tumor size. Blood analyses at sacrifice indicated
normal liver and kidney function in all animals in the dietary groups (Table 1), suggesting that
the phytochemicals were well-tolerated and did not induce apparent toxicity.

Dietary ellagic acid and embelin alone or in combination significantly reduced tumor growth
in nude mice. As illustrated in Fig. 7A, compared to control mice, tumor growth in mice fed
diets supplemented with ellagic acid alone or in combination with embelin was significantly
reduced during the last 3-weeks on diets. At sacrifice, the average volume of the resected tumors
was lower in the ellagic acid groups compared to the control group and embelin group, although
the differences between groups did not reach statistical significance (P<0.05; Fig. 7B). Tumor
weight was also lower in the ellagic acid groups, and, compared to controls, reached
significantly differences in mice fed a combination of ellagic acid and embelin (P<0.032; Fig.
7C). Of note, although tumors in the control group were solid, some tumors in mice fed with
the ellagic acid and embelin were soft and filled with fluid. Consistent with this, histological
analysis of H&E stained tumor tissue sections revealed a significant reduction in tumor
cellularity and increased necrosis in mice fed diets supplemented with ellagic acid or a
combination of embelin and ellagic acid (Fig. 7C). Of note, we did not seen considerable change
in the level of apoptosis in tumors most likely because of the death of cells through necrosis.
In conclusion, administration of ellagic acid and embelin at the indicated doses was well-
tolerated by the mice and showed an inhibitory effect on pancreatic tumor growth.

To determine tissue distribution of ellagic acid and embelin, we performed HPLC analysis of
blood, liver and tumor tissue samples from mice fed for 6 weeks control diet or diets
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supplemented with the phytochemicals. After 6 weeks on diets, embelin was detected in plasma
(0.21±0.05 μg/ml; mean±SEM; 5 mice per group) but not in liver or tumor tissues. Ellagic acid
was undetectable in plasma or other tissues. In previous pilot studies, we found that plasma
levels of embelin peaked at one hour after gavage administration of embelin at 70 mg/kg body
weight to mice (3.55 ± 0.13 μg/ml; mean ± SEM, n=3) to greatly decline at 3 h after
administration (0.26 ± 0.06 μg/ml). Similarly, we found that ellagic acid could be detected in
rat plasma at low levels (40 ng/ml), but only within 1 hour of gavage administration of ellagic
acid at doses much higher (400 mg/kg) than the ones used in the current study (25 mg/kg).
These data suggest that rapid metabolism of ellagic acid and embelin after oral administration
explains the low circulating levels of these phytochemicals found in mice on dietary ellagic
acid and embelin as well as the inability to measure them in tissues.

Discussion
Our studies provide insights into the beneficial effects of two phytochemicals on key cellular
participants in pancreatic adenocarcinoma, the cancer cells themselves and the PaSCs that are
responsible for the desmoplasia of the cancer. Of importance, pancreatic cancer is characterized
by a prominent dense desmoplastic (fibroblastic) reaction that surrounds the cancer cell glands
of this tumor. Clinically-derived data suggest that there is a direct relationship between the
extent of the fibroblastic reaction and poorer disease outcome (30–32).

Research studies over the past few years have shown the importance of the myofibroblastic
PaSCs in formation of pancreatic cancer desmoplasia as well as the importance of the stellate
cells in promoting the growth of pancreatic adenocarcinoma (3, 4, 33–37). PaSCs are normally
located in the peri-acinar space of the exocrine pancreatic tissue in a “quiescent” state having
long cytoplasmic projections that encircle the base of the pancreatic acinus. Quiescent PaSCs
have a low rate of proliferation and production of extracellular matrix proteins, growth factors
and cytokines. However, when recruited by a developing adenocarcinoma, they transform from
their normal quiescent state into an “activated” state (also known as a “myofibroblastic” state)
(3).

Activated PaSCs proliferate, migrate, and produce large amounts of extracellular matrix
proteins, and cytokines, chemokines and growth factors which are all involved in the growth
and proliferation of a pancreatic adenocarcinoma (37). Further, cancer cells promote the
activation and proliferation of the stellate cells (35, 36). Although the complete network of
mechanisms by which cancer cells and PaSCs in the microenvironment of the pancreatic
adenocarcinoma promote each other growth is unknown, the present study was performed to
determine if phytochemicals which affect pancreatic cancer cells may also have effects on
PaSCs in order to consider a more comprehensive approach to finding agents with benefits for
this cancer. For comparability to the activated state of the PaSC in human adenocarcinoma, in
this study we maintained primary mouse PaSCs in culture conditions that promote their
proliferative, pro-fibrotic activated phenotype (38).

One set of key findings of our study was that ellagic acid and embelin each dose-dependently
inhibited proliferation and increased apoptosis in human pancreatic cancer cells, MIA PaCa-2
and HPAF-II cells, and the pancreatic stellate cells. Also, in each of these cell types,
combinations of ellagic acid and embelin at low micromolar concentrations had synergistic
effects on proliferation and apoptosis. Thus, ellagic acid and embelin are phytochemicals now
shown to have beneficial effects on both key cell types in this cancer.

Another key finding of our study was that, at least for the cancer cells, the two phytochemicals
blocked two different intracellular signaling systems. This data suggest that the synergistic
effects of ellagic acid and embelin on proliferation and apoptosis were likely due to the blocking

Edderkaoui et al. Page 9

Nutr Cancer. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of different signaling systems known to promote cancer. For example, ellagic acid acted
primarily by inhibiting the NF-κB pathway while embelin acted primarily by inhibiting
activation of STAT-3 which led to decreased expression of XIAP and survivin, members of
the inhibitors of apoptosis family. Considering this background, the findings presented here
lead to three important conclusions: (1) Ellagic acid and embelin affect both key survival cell
pathways, proliferation and apoptosis; (2) Both compounds have synergistic effect on
inhibiting proliferation and promoting apoptosis in vitro in cancer cells; (3) both compounds
have different targets. These results suggest that there is a rational approach to choosing
combinations of phytochemicals for treatment strategies of this and possibly other cancers.

The final key finding from our study is that ellagic acid and a combination of embelin and
ellagic acid significantly decreased tumor growth and tumor cellularity in a subcutaneous
xenograft mouse model of pancreatic cancer using the HPAF-II cells. The time-dependent
decrease in tumor volume was significantly decreased by each compound alone. We did not
see a synergistic response in the in vivo studies that would reproduce the in vitro synergistic
response of the cancer cells, likely because different tuning in tissue concentrations of the
phytochemicals in our in vivo model. Nevertheless, the importance of the studies is that dietary
administration of each of the agents had a significant effect on the tumors without having
adverse effects on the animals. One limitation of the model is the lack of immune cells and
activated stellate cells in the tumor microenvironment of subcutaneous tumors in nude mice.
We plan to surmount this limitation by using genetic models of pancreatic cancer.

In sum, our in vivo studies indicate that ellagic acid and embelin have effects on tumor growth
at doses that do not affect normal tissues and cause no apparent toxicity.
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Figure 1. Ellagic acid and embelin dose-dependently stimulate apoptosis in pancreatic cancer cells
MIA PaCa-2 (A, B) and HPAF-II (C, D) pancreatic cancer cells were cultured for 72h in the
presence of indicated doses of embelin or ellagic acid. Apoptosis was assessed by measuring
internucleosomal DNA fragmentation by ELISA. P-values are for one-sided one sample t-tests
comparing with 1 (controls). With Bonferroni’s adjustment, p<0.01 are considered as
significant for A and B, p<0.0125 are considered as significant for C and D.
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Figure 2. Ellagic acid and embelin dose-dependently inhibit proliferation in pancreatic cancer cells
MIA PaCa-2 (A, B) and HPAF-II (C, D) pancreatic cancer cells were cultured for 72h in the
presence of indicated doses of embelin or ellagic acid. Proliferation was assessed by measuring
3H-thymidine incorporation into DNA. P-values are for one-sided one-sample t-tests
comparing with controls (100 for A and B, 1 for C and D). With Bonferroni’s adjustment,
p<0.01 are considered as significant for A and B, p<0.0125 are considered as significant for
C and D.
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Figure 3. The effects of embelin and ellagic acid on apoptosis and proliferation are synergistic
MIA PaCa-2 (A–C) and HPAF-II (D) pancreatic cancer cells were cultured for 72h in the
presence of indicated doses of embelin or ellagic acid or combination of both compounds. (A)
Apoptosis was assessed by measuring internucleosomal DNA fragmentation by ELISA.
Proliferation was assessed by MTT assay (B, D) or cell counting (B). For A, B and D, the
measures are relative to control. P-values are for one-sided one-sample (for A, B and D) and
two-sample (for C) t-tests comparing with controls (1 for A, B and D). P* is the p-value for
testing the synergistic effect. A synergistic effect is defined as that the mean difference between
controls and the combination group is greater than the sum of the mean differences between
controls and embelin group and between controls and ellagic acid group. With Bonferroni’s
adjustment, p<0.0125 are considered as significant.
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Figure 4. Embelin and ellagic acid inhibit NF-kB and STAT3 pathways
(A–C) MIA PaCa-2 cells were cultured for 72h in the presence of indicated doses of embelin
or ellagic acid or Jak inhibitor AG490 (50 μM). (A) NFκB binding activity was measured by
dual luciferase reporter assay (Promega). (D) Proliferation was assessed by measuring 3H-
thymidine incorporation into DNA. (D, E) Cells were transfected with survivin or control
siRNA using the electroporation Amaxa System Nucleofector. P-values in A and D are for
one-sided one-sample t-tests comparing with 1 (controls). P* is the p-value for testing the
synergistic effect (defined similar to Fig. 3). With Bonferroni’s adjustment, p<0.0125 are
considered as significant.
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Figure 5. Ellagic acid and embelin induce apoptosis and decrease proliferation in cultured mouse
pancreatic stellate cells
Culture-activated mouse pancreatic stellate cells were incubated for 72 h in 1% FBS-containing
medium in the presence or absence of embelin and/or ellagic acid. (A and B) Apoptosis was
assessed by measuring DNA fragmentation (Roche ELISA). (C and D) Cell proliferation was
estimated by MTT assay. Graphs showed mean ± SEM of 3–4 independent studies. P-values
are for one-sided one-sample t-tests comparing with controls (1 for A and B, 100 for C and D).
For A and C, the effects of ellagic acid and embelin were tested separately. For B and D, the
synergistic effects (defined similar to Fig. 3) were tested. With Bonferroni’s adjustment, p<0.01
is considered as significant in A, p<0.0071 are considered significant in C, and p<0.0125 are
considered significant in B and D. P-values greater than 0.05 are indicated in the figures. At
the indicated doses, Ellagic acid and embelin had a synergistic effect on apoptosis (5B;
p=0.033) but not on cell proliferation (5D; p=0.999).
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Figure 6. Dietary ellagic acid or embelin had minor effects on body weight gain or food consumption
in a xenograft mouse model of pancreatic cancer
Nude male mice were randomly distributed in 4 diet groups: standard diet (control group);
standard diet supplemented with ellagic acid (150 mg/kg diet; EA group), embelin (450 mg/
kg diet; EM group) or with ellagic acid plus embelin (EA+EM group). After one week on diets,
2×106 HPAF-II cells were injected s.c. into the right flank of the mice. Mice continued on diets
for 5 weeks more and then sacrificed. (A) Graph shows average daily food consumption during
the 6-week feeding period. Bars represent mean ± SEM of 6 mice per group. (B) Graph shows
percentage of body weight gain at the end of the feeding period compared to initial body weight
values (mean ± SEM; 4–6 mice per group).). P-values are for one-sided two-sample t-tests
comparing with controls. The synergistic effects (defined similar to Fig. 3) were tested. With
Bonferroni’s adjustment, p<0.0125 is considered statistically significant. As indicated by the
p-values, statistical analysis revealed a significant increase in food consumption in mice on
ellagic acid or embelin diets (6A). Not significant changes were found in body weight gain in
any of the dietary groups.
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Figure 7. Ellagic acid alone or in combination with embelin significantly reduces pancreatic tumor
volume in a mouse xenograft model
Inhibition of HAPF-II s.c. tumor growth was measured in mice fed diets supplemented with
ellagic acid (EA), embelin (EM), or a combination of ellagic acid and embelin (EA+EM). Mice
fed standard diet without phytochemical supplementation were used as controls. Diets started
one week before implantation of tumor cells and continued for 5 weeks more. Mice were
sacrificed at the end of the 6-week period due to large tumors in most control mice. Values in
graphs (panels A, B, C, and E) represent mean ± SEM; n= 4–6. For A, p-values are for one-
sided tests comparing the slopes of the treatment groups to the slope of the controls. For B, C
and E, p values are for one-sided two-sample t-tests comparing with controls. The synergistic
effects (defined similar to Fig. 3) were tested. With Bonferroni’s adjustment, p<0.0125 is
considered statistically significant. (A) Graph illustrates tumor growth during the last two
weeks. Values show external tumor volume measured two times per week (mean ± SEM; n=
6). Compared to controls, tumor growth was significantly reduced in mice fed diets
supplemented with ellagic acid (p=0.002), embelin (p=0.012) or a combination of ellagic acid
and embelin (p=0.002). No synergistic effects were found between ellagic acid and embelin
(p=0.959). (B) Graph shows internal tumor volume at sacrifice (6 weeks on diets). Tumor
volume at sacrifice was reduced in mice on ellagic and/or embelin diets but the differences
compared to controls did not reach statistical significance (P<.05). No synergistic effects were
found between ellagic acid and embelin (p=0.955). (C) Tumor weight at sacrifice was reduced
in mice on ellagic and/or embelin diets but the differences compared to controls only reach
statistical significance (P<.05) in mice fed a combination of ellagic acid and embelin (P=0.03).
No synergistic effects were found between ellagic acid and embelin (p=0.546). (D)
Representative H&E staining in tumor tissue sections from mice fed for 6 weeks control diet
or diet supplemented with ellagic acid and embelin. Pictures were taken from the center of the
tumor. Compared to controls, tumors in mice fed EA+EM displayed extensive areas with low
cellularity (black arrow). Bars, 50 μm. (D) Tumor cellularity was measured in H&E stained
tumor tissue sections by morphometric analysis of the total area occupied by tumor cells.
Graphs show mean ± SEM of values obtained in at least 10 randomly selected histological
sections per mouse; data obtained from 3 mice per group were analyzed. As indicated in the
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figure, cellularity within the tumor significantly decreased in mice fed diets supplemented with
ellagic acid (p=0.022) alone or in combination with embelin (p<0.001). No synergistic effects
were found between ellagic acid and embelin (p=0.319).
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Figure 8. Ellagic acid and embelin had minor effects on fibronectin production in cultured mouse
pancreatic stellate cells
Culture-activated mouse pancreatic stellate cells were incubated for 48 h in 1% FBS-containing
medium in the presence or absence of embelin and/or ellagic acid at the indicated
concentrations. Protein levels of fibronectin and α-smooth muscle actin (a marker of the
activated phenotype of the stellate cell) were determined by Western blotting analysis. Levels
of ERK1/2 were used as loading control. Immunoblot is representative of 3 independent
experiments.
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