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bstract

The potential cytotoxic and anti-proliferative activities of ellagic acid (a naturally occurring bioactive compound in berries, grapes, and
uts) was evaluated using human umbilical vein endothelial cells (HUVEC), normal human lung fibroblast cells HEL 299, Caco-2 colon,
CF-7 breast, Hs 578T breast, and DU 145 human prostatic cancer cells. Ellagic acid at concentration in the range 10–100 �mol/L did

ot affect the viability of normal fibroblast cells during a 24-hour incubation. An increase in adenosine triphosphate (ATP) bioluminescence
f approximately 18–21% was observed in normal cells incubated with ellagic acid. In contrast, ellagic acid at 1–100 �mol/L dose-
ependently inhibited HUVEC tube formation and proliferation on a reconstituted extracellular matrix and showed strong anti-proliferative
ctivity against the colon, breast, and prostatic cancer cell lines investigated. The most sensitive cells were the Caco-2, and the most resistant
ere the breast cancer cells. Ellagic acid induced cancer cell death by apoptosis as shown by the microscopic examination of cell gross
orphology. Ellagic acid induced reduced cancer cell viability as shown by decreased ATP levels of the cancer cells. After 24 hours

ncubation of 100 �mol/L of ellagic acid with Caco-2, MCF-7, Hs 578T, and DU 145 cancer cells, ellagic acid suppressed fetal bovine serum
FBS) stimulation of cell migration. The apoptosis induction was accompanied by a decreased in the levels of pro-matrix metalloprotein-
se-2 (pro-MMP-2 or gelatinase A), pro-matrix metalloproteinase-9 (pro-MMP-9 or gelatinase B), and vascular endothelial growth factor
VEGF165) in conditioned media. The results suggest that ellagic acid expressed a selective cytotoxicity and anti-proliferative activity, and
nduced apoptosis in Caco-2, MCF-7, Hs 578T, and DU 145 cancer cells without any toxic effect on the viability of normal human lung
broblast cells. It was also observed that the mechanism of apoptosis induction in ellagic acid–treated cancer cells was associated with
ecreased ATP production, which is crucial for the viability of cancer cells. © 2004 Elsevier Inc. All rights reserved.

eywords: Ellagic acid; Angiogenesis; Human lung fibroblast cells; Caco-2; MCF-7; Hs 578T; DU 145 cancer cells; HUVEC; Metalloproteinase-2

MMP-2); Metalloproteinase-9 (MMP-9)
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. Introduction

Angiogenesis or the formation of new blood vessels from
re-existing vascular ones has been identified and recog-
ized by various investigations as a therapeutic approach to
low or treat neoplastic and non-neoplastic degenerative
iseases; these include cancer, arthritis, diabetes retinopa-
hy, and many others [1–4]. Angiogenesis is a multistep
rocess that involves the contribution of several stimulators.
nzymatic catalysis is a process crucial to the onset and
rogression of angiogenesis. The potential advantages of
egulating early stages of angiogenesis are significant and
ay prevent the development of complications such as
etastasis associated with the progression of the angiogenic

rocess. Vascular endothelial growth factor (VEGF) has

* Corresponding author. Tel.: (225) 578-3883; Fax: (225) 578-5300.
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oi:10.1016/j.jnutbio.2004.06.004
een recognized as major stimulator of both physiological
nd pathological angiogenesis and plays multiple roles in a
ariety of pathological angiogenesis. VEGF stimulates
lood vessel growth and increases vascular permeability.
ther important growth factors that complement the action
f VEGF include the fibroblast growth factor (FGF), which
timulates endothelial cell proliferation, induces neovascu-
arization in vivo, and is important for tumor survival and
aintenance [1]. VEGF is considered as the major soluble
ediator of both normal and pathological angiogenesis, and

cts through its receptor tyrosine kinases. VEGF exists in
our isoforms; of these, the shorter forms VEGF121 and
EGF165 are the predominant soluble forms, whereas the
EGF189 and VEGF206 are bound to the extracellular ma-

rix [5]. The soluble forms of VEGF have been detected in
erum of cancer patients, and the over-expression of these
ubstances has been correlated with poor prognosis [6].

herefore, inhibition of VEGF expression is of particular
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nterest because the onset and/or progression of the metas-
asis of several human cancers are associated with over-
xpression of VEGF, among other growth factors.

Ellagic acid (4,4�,5,5�6,6�-hexahydroxydiphenic acid
,6,2�6�-dilactone) (Fig. 1) is a dimeric derivative of gallic
cid found in woody plants, berries, grapes, and nuts [7].
llagic acid is found in muscadine grapes at average con-
entrations of 5.6 mg per 100 g of fresh muscadine grape
ine and 10.2 mg per 100 g of fresh muscadine grape juice,

nd has been associated with the formation of insoluble
ediments during muscadine wine production [7,8]. Impor-
ant biological activities such as radical scavenging activi-
ies, chemopreventive, and antiviral activities have been
scribed to ellagic acid [9]. This study was undertaken to
valuate the potential inhibitory activity of ellagic acid
gainst cancer cell proliferation and possibly angiogenesis.

. Methods and materials

.1. Cell treatments

HUVEC cells were obtained from and grown as per
TCC procedures. Kaighn’s F12K media plus 0.1 mg/mL
eparin, 0.03 mg/mL endothelial cell growth supplement
nd 10% fetal bovine serum (FBS) was used. Cells were
assaged once per week at a 1:2 split and refed once per
eek. Cancer cells (Caco-2, MCF-7, Hs 578T, and DU
45), and normal human lung fibroblast cells (HEL 299)
ere purchased from the American Type Culture Collection

Manassas, VA) and cultured as per ATCC instructions.
ell viability estimated by trypan blue exclusion test was

Fig. 1. Structure of ellagic acid.
etween 90% and 95%. w
.2. In vitro angiogenesis assay

The CHEMICON In Vitro Angiogenesis Assay Kit (cat-
log no. ECM 625 from Chemicon International, Inc., Te-
ecula, CA) was used. Briefly, after preparing the gel
atrix and allowing it to solution, 1.8 � 105 HUVEC cells,

lone or mixed with various concentrations of ellagic acid
1–100 �mol/L dissolved in 0.5% DMSO) was seeded per
ell onto the surface of the polymerized EC matrix as per

he manufacturer’s suggestions. The plate was incubated at
7°C for 6 hours. Tube formation was inspected and pho-
ographed using a Leitz phase contrast inverted microscope.

.3. Cell cytotoxicity and proliferation assay

Normal and cancer cells at 1.8 � 105 cells/well were
llowed to attach overnight at 37°C and 5% CO2. The
ulture medium was then aspirated, and fresh culture me-
ium containing either the vehicle (0.5% DMSO) or ellagic
cid (1–100 �mol/L) was added to each well and incubated
or 6 hours. After 6 hours, the cells were trypsinized,
ounted using trypan blue exclusion, and subcultured at a
ensity of 3500 cells/cm2. Cell populations were monitored
or 72 hours, and cultured was terminated and regarded as
enescent when the cell population did not increase in 72
ours. The cytotoxicity of ellagic acid against normal and
ancer cells was also measured using the ViaLight HS
BioWhittaker Laboratory, Rockland, ME) luciferin and
uciferase-based assay using adenosine triphosphate (ATP)
ioluminescence as marker of cell viability. The test pro-
ides an estimation of mitochondrial activity. Cells that had
een treated with 0–100 �mol/L of ellagic acid for 6 hours
nd untreated cells (normal human lung fibroblast cells HEL
99, Caco-2, MCF-7, Hs 578T, and DU 145 cancer cells)
ere plated at a density of 1.8 � 105 cells in 100�L per well

n 96-well plates. Nucleotide (ATP) releasing reagent (100
L) was added to each well and the plate was incubated for
0 minutes at room temperature. Cell lysate (180 �L) was
ransferred to a luminescene compatible plate. The 96-well
lates were read using a Perkin-Elmer LS 50B luminometer
Perkin-Elmer, Norwalk, CT). ATP levels in cells were
ormalized to levels in untreated control cultures. To char-
cterize the mode of cell death, gross morphology using
icroscopic examination was assessed. Experiments were

erformed in triplicate.

.4. Quantitative cell migration assay

Cancer cell chemotaxis toward 10% FBS was tested in
he presence of 100 �mol/L of ellagic acid using the Chemi-
on Quantitative Cell Migration (QCM™, catalog number
CM 510) Assay. Briefly, aliquots of cancer cells (2.5 �
05 cells in 100 �l) were placed into the migration chamber.
erum free media (150 �L) either alone as control or in the
resence of 10% FBS as chemoattractant was added to the

ells of the lower chamber. The plate was covered and
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ncubated for 24 hours at 37°C in a 5% CO2 incubator. The
igration chamber was placed onto a new lower chamber

ontaining 150 �L of cell detachment buffer to dislodge the
ells from underside. Then 50 �L of lysis buffer/dye solu-
ion was added to each well of the lower chamber contain-
ng 150 �L of cell detachment buffer with the cells that

igrated through the membrane. After 15 minutes incuba-
ion at room temperature, 150 �L of the mixture was trans-
erred to a new 96-well plate suitable for fluorescence
easurement and the fluorescence was read using a Perkin-
lmer LS 50B (Perkin-Elmer, Norwalk, CT) using a 480/
20-nm filter set.

.5. MMP-2/MMP-9 gelatinase assay

Caco-2 colon, MCF-7 breast, Hs 578T breast, and DU
45 prostatic cancer cells were incubated in serum-free
edium for 6 hours with 0–100 �mol/L of ellagic acid. The

ctivity of gelatinase A and B (MMP-2 and MMP-9, re-
pectively) secreted into the cell culture media was deter-
ined using the CHEMICON Gelatinase Activity Assay Kit
CM700 (Chemicon, Temecula, CA). The assay uses a
iotinylated gelatin that is cleaved by active MMP-2 and
MP-9 enzymes. The remaining biotinylated gelatin frag-
ents were then added to a biotin-binding 96-well plate; the

ddition of streptavidin-enzyme conjugate allowed colori-
etric detection of the remaining biotin at 450 nm. A 70-�L

uantity of culture medium, for each control or ellagic acid
reated cells, was added to 20 �L of 250 mmol/L Tris
ontaining 50 mmol/L CaCl2 at pH 7.5, followed by the
ddition of 10 �L of p-aminophenylmercuric acetate
APMA) from a stock of 20 mmol/L APMA as suggested by
he manufacturer. Samples were incubated for 90 minutes
for MMP-2 activity) and 300 minutes (for MMP-9 activ-
ty). Activated samples in 20-�L quantities were used for
he determination of the activity of MMP-2 and MMP-9.
alues of OD450 nm obtained with the MMPs in the culture
edium using the CHEMICON MMP Gelatinase Activity
it were compared with OD450 nm of positive control
MP-2 and MMP-9 and reported as percentage of control.

.6. VEGF quantification by ELISA

The ChemKine Human Vascular Endothelial Growth
actor (VEGF) Enzyme Immunoassay was used to quanti-

atively measure VEGF165 production in normal human
ung fibroblast cells, Caco-2 colon, MCF-7 breast, Hs 578T
reast, and DU 145 prostatic cancer cells supernatant. Can-
er cells were incubated in serum-free medium or in serum-
ree medium containing 10–100 �mol/L of ellagic acid.
fter 24 hours of incubation at 37°C and 5% CO2, the
edia were collected and VEGF165 was measured by
LISA using the ChemKine protocol according to the man-

facturer’s instructions. c
.7. Statistical analysis

One-way analysis of variance (ANOVA) was used for
ignificant differences. Statistical significance was defined
t P � 0.05. Data are presented as mean � SD.

. Results and discussion

.1. In vitro angiogenesis assay, cell proliferation, and
igration assays

The ability of ellagic acid to inhibit the growth of
UVEC was assessed. In the absence of ellagic acid, tube

ormation was observed in the gel matrix containing
UVEC cells (Fig. 2a). A 6-hour exposure to 1–100
mol/L inhibited the growth of HUVEC with an IC50 value
f �20 �mol/L. Figures 2b and 2c show the disappearance
f tube formation in the presence of 10 and 100 �mol/L of
llagic acid, respectively. As shown in Figs. 3a and 3b,
llagic acid did not affect the viability of normal human
broblast cells incubated with 100 �mol/L ellagic acid for
4 hours incubation, trypsinized, and subcultured for 72
ours. Ellagic acid at 1–100 �mol/L incubated with cancer
ells dose-dependently suppressed cell growth (Figs. 3c–
e). Similar morphological changes were observed when
CF-7, Hs 578T, and DU 145 cancer cells were incubated
ith increasing concentrations of ellagic acid (Figs. 3f–3k).
An increase of about 18–21% in ATP bioluminescence

as observed when normal cells were incubated with 1–100
mol/L of ellagic acid (Fig. 4). An increase in ATP was
lso considered as an indirect indicator of increased mito-
hondrial activity. In cancer cells exposed to 1–100 �mol/L
llagic acid, ATP levels decreased rapidly to �50% after 24
ours, but remained constant at 48 hours incubation (not
hown). A decrease in ATP was associated with a decrease
n cancer cell viability as shown by the morphological
hanges of cells exposed to increasing concentration of
llagic acid. Ellagic acid showed strong antiproliferative
ctivity against Caco-2, MCF-7, Hs 578T, and DU 145

ig. 2. In vitro angiogenesis assay. After preparing the gel matrix and
llowing it to solution, 1.8 �105 of human umbilical endothelial cells
HUVEC), alone or mixed with 1–100 �mol/L of ellagic acid, were seeded
er well onto the surface of the polymerized EC matrix as per the manu-
acturer’s suggestions. The presence or absence of tube formation was
bserved under a phase contrast inverted microscope. (a) Tube formation
y HUVEC in absence of ellagic acid; (b) HUVEC cells treated with 10
mol/L; (c) HUVEC cells exposed to 100 �mol/L ellagic acid and shows
omplete disruption of the tube network.
ancer cells. Caco-2 cells were the most sensitive cells (IC
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0 � 37 �mol/L) followed by DU 145 (IC50� 42 �mol/L),
s 578T (IC50� 59 �mol/L), and MCF-7 (IC50� 72 �mol/
). Microscopic examination of cell gross morphology in-
icated that cancer cells died by apoptosis. Apoptosis results
n the disappearance of cellular integrity, nuclear conden-

ig. 3. Cell viability assay. Normal human lung fibroblast HEL 299 cells
nd cancer cells were incubated in absence or presence of increasing
oncentrations of ellagic acid. Cell gross morphology was visualized by
sing an inverted phase microscope (a–k). (a, b:) normal cell control and
ormal cells treated with 100 �mol/L ellagic acid; (c–e): Caco-2 cells
ontrol, and cells treated with 50 and 100 �mol/L ellagic acid, respec-
ively; (f, g): MCF-7 control and cells incubated with 100 �mol/L ellagic
cid; (h, i): Hs 578T control and cells treated with 100 �mol/L ellagic acid;
j, k): DU 145 control and cells treated with 100 �mol/L ellagic acid.
ation, and DNA fragmentation. Apoptotic cancer cells t
ere condensed with fragmented nucleus and disintegrated
embrane. Ellagic acid–induced apoptotic cervical carci-

oma cell death has been reported by Narayanan et al. [10].
Bioluminescence detection of ATP using luciferase is

ased on the principle that ATP is present in all meta-
olically active cells. The concentration of ATP can be
inearly associated with the amount of light generated
hen ATP is converted to AMP in the presence of lucif-

rase. The ATP concentration of a cell can be directly
elated to the cell metabolic activity, as cell injury or
eath is associated with reduced ATP activity. The bi-
luminescent detection of ATP is a highly sensitive,
imple, and reproducible assay [11–13]. Bruggisser et al.
14] reported that the MTT ([3-(4,5-dimethylthiazol-2-
l)-2,5-diphenyltetrazolium bromide]) assay regularly
sed to measure cell viability and proliferation showed
ncreased MTT formozan formation when cell number
determined by crystal violet staining) was decreased in
he presence kaempferol. These observations suggest that
he ATP assay may be a better approach for use with
henolic compounds such as ellagic acid and others. The
TP assay takes �30 minutes to perform.
Cancer cells chemotaxis toward 10% FBS as chemoat-

ractant was tested in the presence of 100 �mol/L of ellagic
Fig. 5). Fluorescent measurements taken at 24 hours after
ncubation indicated that ellagic acid suppressed cell migra-
ion in the order Caco-2 � DU 145 � Hs 578T � MCF-7,
ith Caco-2 cells being the less migrated and MCF-7 the
ost migrated. However, in general, ellagic acid suppressed

ig. 4. Cell proliferation assay. Normal and cancer cells were incubated
ith increasing concentrations (0–100 �mol/L) of ellagic acid. The cells
ere treated with lysis buffer and the concentration of ATP in the cells was
easured using the ViaLight Assay kit. ATP bioluminescence was calcu-

ated as percentage of increase or decrease in ATP levels in comparison
ith ATP luminescence of control (no ellagic acid treatment). ATP values

re mean � SD of three determinations.
he migration of all cancer cells investigated.
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.2. MMP-2/MMP-9 gelatinase assay

We tested the effect of ellagic acid on the activity of
MP-2 and MMP-9 in Caco-2 colon, MCF-7 breast, Hs

78T breast, and DU 145 prostatic cancer cells. It is estab-
ished that most MMPs are secreted as zymogens and are
ctivated extracellularly. Culture media were activated with
PMA followed by the use of the CHEMICON MMP
elatinase Activity Assay Kit to determine the activity of
MP-2 and MMP-9 secreted by ellagic acid treated cells.

igure 6 shows that within 24 hours, the levels of active
MP-2 and MMP-9 secreted into the culture medium de-

reased as the ellagic acid concentration increased. Ellagic
cid at 1 and 10 �mol/L was not very effective against
MP activities. At 50 �mol/L of ellagic acid, MMP-2 and
MP-9 activities of all cells were less than 50% of the

ontrol. Higher concentrations of ellagic acid (100
mol/L) suppressed the metalloproteinase activities of
ost cells to less than 40% of the control. Mertens-
alcott et al. [8] reported that the physiological concen-

ration of ellagic in the blood plasma, after food inges-
ion, may be around 5–10 �mol/L, although this
stimation was based on other phenolics such as querce-
in. At 10 �mol/L, ellagic acid was effective against the

OLT-4 human leukemic cell line within 48 hours [8].
t the molecular level, angiogenesis inhibition includes,

mong many stimulators, the inhibition of MMP-2 and
MP-9 activities.

.3. VEGF ELISA assay

Ellagic acid treatment of Caco-2 colon, MCF-7 breast,
s 578T breast, and DU 145 prostatic cancer cells for 24
ours decreased the secreted VEGF165 in conditioned me-
ium in a concentration-dependent manner (Fig. 7). Low
evels of VEGF165 were measured at 100 �mol/L of ellagic
cid and Caco-2 cells were the most affected, followed by

ig. 5. Quantitative chemotaxis cell migration assay. Cancer cells chemo-
axis toward 10% FBS was tested in the presence or absence of 100 �mol/L
f ellagic acid and 2.5 � 104 cells per well. Fluorescence measurements
ere taken at 24 hours post incubation using 480/520 nm filter set.
U 145, Hs 578T, and MCF-7. Angiogenesis is increased in m
arious human cancers, and correlates with tumor progres-
ion and metastasis. VEGF has been shown to be a key
egulator of angiogenesis necessary for the development of
ew tumor vessels. Naturally occurring inhibitors of the
EGF receptor tyrosine kinases, such as genistein and cur-

umin, have shown anti-tumoral and anti-angiogenic activ-
ty in several in vitro and in vivo models [15,16]. Ellagic
cid suppressed cell proliferation and migration. Low val-
es of ATP correlated with reduced cell growth and en-
anced apoptosis; as a result, the expression of MMP-2,
MP-9, and VEGF in the supernatant was reduced. In

ecent years, there has been debate as to whether serum
evels of vascular endothelial growth factor (VEGF) may
rovide useful prognostic information in patients with var-
ous types of cancers [16]. Platelets have been suspected to
e the storage units for VEGF because most VEGF in the
erum is released from platelets during clotting. Poon et al.
17] used ELISA and real-time quantitative reverse tran-
cription–polymerase chain reaction to measure serum and
umor cytosolic VEGF165 level, and tumor VEGF(165)

ig. 6. Inhibitory effect of ellagic acid on the concentration of MMP-2/
MP-9 secreted into the medium of Caco-2 colon, MCF-7 breast, Hs 578T

reast, and DU 145 prostatic cancer cells. Cells were incubated at 37oC for
4 hours in the presence of a 0–100 �M of ellagic acid. MMP-2/MMP-9
n the conditioned media was determined using the collagenase assay kit
rom Chemicon (Temecula, CA). (a) Inhibitory activity of ellagic acid
gainst MMP-2;(b) inhibitory activity of ellagic acid against MMP-9.
RNA, respectively, in 60 patients with hepatocellular car-
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inoma. They found a significant positive correlation be-
ween serum VEGF165 and platelet counts, a significant
orrelation between serum VEGF165 and tumor cytosolic
EGF 165 level, and a correlation with VEGF(165) mRNA

xpression in the tumors. Studies by Poon et al. [16] and
thers [18–21] have provided strong evidence that supports
he use of serum VEGF165 level as an indirect estimate of
umor VEGF expression. Work is in progress in our labo-
atory to determine the in vivo effectiveness of ellagic acid
gainst serum VEGF165 level. Although cell cycle was not
etermined in this study, cell proliferation was significantly
educed as shown by the result of ATP levels. The reduced
TP levels may be an irreversible process; and the cells,
nable to repair the damages, ultimately undergo processes
hat lead to reduced VEGF expression and possibly suppres-
ion of angiogenesis.

Ellagic acid, a dilactone of hexahydroxydiphenic acid,
ccurs naturally in berries and nuts such as the raspberry,
trawberry, walnut, and pecan in the form of hydrolyzable
annins referred to as ellagitannins [7,22]. Ellagic acid is
nsoluble at pH �7 but remains soluble at physiological pH.
t pH �7, ellagic acid chelates divalent cations such as
n2�, Ca2�, Fe2�, Cd2�, Cu2�, and others; and this prop-
rty enhances ellagic acid ability to inactivate metallopro-
einases such as MMP-1, MMP-2, MMP-9, and others.
helation of Zn2� and Cu2� has been associated with anti-
ngiogenic activity [23–26]. The cytotoxicity and anti-pro-
iferative activity of ellagic acid against cancer cells was
etected at a concentration range that did not affect normal
ell viability. The induction of apoptosis in cancer cells is of
ubstantial interest, because the prevalence of ellagic acid in
he daily diet and the insensitivity of normal cells to ellagic
cid suggest further investigation into the use of ellagic acid
s a potential disease-preventive compound. The findings of
his work suggest that ellagic acid can inhibit cancer cell
rowth, and effect that is likely to be mediated by regulating
atrix metalloproteinases, vascular endothelial growth fac-

ig. 7. VEGF165 concentration (as percentage of control) in conditioned
edium obtained after treatment of cancer cells with 0–100 �mol/L ellagic

cid.
or expression, and by inducing apoptosis.
cknowledgment
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