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Abstract

Polyphenol-rich dietary foodstuffs have attracted attention due to their cancer chemopreventive and chemotherapeutic properties.

Ellagitannins (ETs) belong to the so-called hydrolysable tannins found in strawberries, raspberries, walnuts, pomegranate, oak-aged red wine,

etc. Both ETs and their hydrolysis product, ellagic acid (EA), have been reported to induce apoptosis in tumour cells. Ellagitannins are not

absorbed in vivo but reach the colon and release EA that is metabolised by the human microflora. Our aim was to investigate the effect of a

dietary ET [pomegranate punicalagin (PUNI)] and EA on human colon cancer Caco-2 and colon normal CCD-112CoN cells. Both PUNI and

EA provoked the same effects on Caco-2 cells: down-regulation of cyclins A and B1 and upregulation of cyclin E, cell-cycle arrest in S phase,

induction of apoptosis via intrinsic pathway (FAS-independent, caspase 8-independent) through bcl-XL down-regulation with mitochondrial

release of cytochrome c into the cytosol, activation of initiator caspase 9 and effector caspase 3. Neither EA nor PUNI induced apoptosis in

normal colon CCD-112CoN cells (no chromatin condensation and no activation of caspases 3 and 9 were detected). In the case of Caco-2 cells,

no specific effect can be attributed to PUNI since it was hydrolysed in the medium to yield EA, which entered into the cells and was

metabolised to produce dimethyl-EA derivatives. Our study suggests that the anticarcinogenic effect of dietary ETs could be mainly due to their

hydrolysis product, EA, which induced apoptosis via mitochondrial pathway in colon cancer Caco-2 cells but not in normal colon cells.

D 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Polyphenols are plant secondary metabolites ubiquitous-

ly found in commonly consumed fruits, vegetables and

derived products such as wine and tea. There is increasing

evidence regarding the link between the intake of fruits and

vegetables and the lower incidence of certain types of

cancer, attributing this effect to dietary polyphenols [1–4].

Ellagic acid (EA; Fig. 1) is a polyphenol that has been

reported to show antiproliferative activity, to cause cell-

cycle arrest and to induce apoptosis in many human cancer

cell lines such as bladder T24, cervical carcinoma (CaSki),

leukaemia MOLT-4, breast MCF-7 and Hs 578T, and

prostate DU 145 cells [5–8].
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The occurrence of free EA in dietary foodstuffs is rather

uncommon. Ellagic acid is usually conjugated with a

glycoside moiety (glucose, arabinose, xilose, etc.) or, even

more commonly, forms part of polymeric molecules called

ellagitannins (ETs) (Fig. 1) [9]. Ellagitannins are included

within the so-called hydrolysable tannins that can be hydro-

lysed producing EA via spontaneous lactonisation of

hexahydroxydiphenic acid (Fig. 1). The occurrence of ETs

has been reported, among others, in walnuts, pomegranates

(fruit and juice), persimmon, oak-aged wines (leakage of ETs

from oak barrel to wine), strawberries, raspberries, black-

berries (and their derivatives such as juices, jams and jellies),

peach, plum, muscadine grape and wine, etc. [9]. The

induction of cell-cycle arrest and apoptosis in human

leukaemia HL-60 and human non-small cell lung cancer

A549 cells [10,11] as well as the antimetastatic and antipro-

liferative activities in HT1080 fibrosarcoma cells [12] has

been reported for a number of ETs.
chemistry 17 (2006) 611–625



Fig. 1. Hydrolysis of representative ETs from dietary foodstuffs to release EA.
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Most of the above assayed cell models (bladder, breast,

lung, etc.), describing the biological effects of both ETs and

EA (such as molecular regulation of apoptotic pathways),

must assume that these polyphenols are absorbed to reach

these target tissues in order to exert the potential anti-

carcinogenic effect. However, these studies did not take into

account the bioavailability of both ETs and EA.

A very important issue when assaying the biological

activity of dietary molecules is their bioavailability and

metabolism. In fact, molecules appearing in blood or excreted

in urine can be very different from those ingested [13]. This

is the case of ETs and EA. Recently, we have demonstrated

that complex dietary ETs from different sources (walnuts,
strawberry, pomegranate, oak-aged wine and raspberry) are

not absorbed in humans but hydrolysed to yield EA, which is

further metabolised by the human colonic microflora to yield

bioavailable 3,8-dihydroxy-6H-dibenzo[b,d]pyran-6-one

(durolithin AT) derivatives [14,15]. These metabolites appear

in blood, urine and faeces of human volunteers almost 1 day

after consumption of a single dose of ET-enriched meal, and

complete clearance is not achieved after 56 h of the intake

[15]. Therefore, a more plausible context to assess the

potential biological effects of EA should include the assay

of both ETs (as the main dietary EA source) and EA (as the in

vivo hydrolysis ET product) on colon cancer lines since these

molecules do reach the colon, and their complete metabolism
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can take various days [15]. However, detailed reports

regarding the effects of EA on colon cancer cell lines such

as SW 480 and Caco-2 cells [6,16] are scarce, and data about

the effects on human colon normal cells are missing.

Previous investigations have demonstrated that the

dietary administration of ET-containing foods such as

strawberries and raspberries to rats inhibited events associ-

ated with both the initiation and promotion/progression of

chemically induced oral, oesophageal and colon cancer

[17–19]. However, the molecular mechanism and the active

components responsible for this chemoprevention are not

fully clear. In this context, very recently, the inhibition of the

growth of premalignant and malignant human oral cell lines

by specific constituents of black raspberries (ferulic acid and

b-sitosterol) has been reported [20].

In this study, we assayed the pomegranate ET punicala-

gin (PUNI; as a dietary ET) and free EA on both human

colon cancer Caco-2 and colon normal CCD-112CoN cells.

Our aim was to describe the molecular regulation of the

apoptosis induced by PUNI and EA as well as to elucidate

whether the true apoptosis-inducer compound was PUNI,

EA or both molecules.
2. Materials and methods

2.1. Cell culture

The human colon cell line Caco-2 and the normal colon

cells CCD-112CoN were obtained from American Type

Culture Collection (Rockville, USA). Caco-2 cells were

cultured in minimal essential medium (MEM) containing

2 mmol/L glutamine, 100 U/ml penicillin, 100 Ag/ml

streptomycin, nonessential amino acids and 10% fetal

bovine serum. CCD-112CoN cells were cultured in the

same medium plus 100 mmol/L sodium piruvate and

NaHCO3 (2.2 g/L) at 378C and humidified atmosphere

(5% CO2). Doubling time (required time to double cell

population) was calculated for Caco-2 and CCD-112CoN

cells according to Xiao et al. [21], using the formula

TD= t�log2/(log Nt�log No).

2.2. Cell proliferation

The effect of the above treatments on cell proliferation

was assessed using the crystal violet assay [22]. Caco-2 cells

were suspended at a final concentration of 5�103 cells/well

in 96-well plates and after 48 h were treated with increasing

EA and PUNI concentrations, i.e., 1–30 Amol/L EA and

1–100 Amol/L PUNI for 72 h. Ellagic acid was purchased

from Sigma (St. Louis, MO, USA). Pure PUNI standard was

obtained from pomegranate peel according to a protocol

previously reported [23]. To check for a possible synergistic

effect between EA and PUNI, a mixture of both compounds

at two different concentrations was tested, i.e., 10 Amol/L

EA+10 Amol/L PUNI and 1 Amol/L EA+1 Amol/L PUNI.

Normal colon CCD-112CoN cells were seeded in 24-well

plates at 5�103 cells/well and treated with 30 Amol/L of
EA or 100 Amol/L PUNI for 12 days. Cell proliferation

was also estimated using the crystal violet assay. It is

noticeable that in the case of CCD-112CoN cell culture,

the media were replaced every 3 days (refreshing EA and

PUNI concentrations). Cell proliferation assays were repeat-

ed three times.

2.3. Stability of PUNI and EA in Caco-2 cell cultures.

Identification of EA-derived metabolites in cell media

Three sets of experiments were performed. Samples were

analysed at 1, 2, 8, 24 and 48 h. The experiments were

repeated four times.

(i) One hundred micromoles per liter of PUNI or

30 Amol/L EAwas added into MEM culture without

cells (chemical stability).

(ii) One hundred micromoles per liter of PUNI or

30 Amol/L EA was added into MEM culture

without cells. However, this medium was previ-

ously used to grow Caco-2 cells for 48 h (cells were

removed by centrifuging the culture). This assay

was carried out to assess whether the Caco-2

enzymes involved in PUNI or EA metabolism were

constitutively excreted to the medium without the

initial presence of PUNI or EA in the culture.

(iii) One hundred micromoles per liter of PUNI or

30 Amol/L EA was added into MEM culture

together with Caco-2 cells. Then, at the different

times specified above, the culture was centrifuged,

and the media were analysed.

Culture media corresponding to the above set of assay

conditions were filtered through a 0.45-Am membrane filter

Millex-HV13 (Millipore, Bedford, MA, USA). Aliquots of

100 Al were injected onto a reverse-phase C18 LiChroCART

column (25�0.4 cm, particle size 5 Am) using a Merck-

Hitachi HPLC system with a model L-7100 pump and a

Merck-Hitachi 7455 diode array detector. The mobile phase

was water/acetic acid (99:1, v/v, solvent A) and acetonitrile

(solvent B) at a flow rate of 1 ml/min. The gradient started

with 1% B in A during 5 min to reach 20% B in A at 20 min,

40% B in A at 30 min, 95% B in A at 31 min. Chromato-

grams were recorded at 360 nm.

The media were also treated with 40 U/ml h-glucuroni-
dase from bovine liver (G-0251, EC 3.2.1.31; 1000 U/g solid,

Sigma) and 0.3 U/ml sulfatase from Helix pomatia (S-9626,

EC 3.1.6.1; 10,000 U/g solid, Sigma) to assess the possible

conjugation of sulphate and/or glucuronide moieties upon

metabolism of EA and/or PUNI by Caco-2 cells.

2.4. Cellular uptake

Caco-2 cells were grown up to 80% confluence in 9-cm

diameter Petri dishes and were incubated during 8, 24 and

48 h with either 100 Amol/L of PUNI or 30 Amol/L of EA in

EMEM media without phenol red and with the supplements
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specified above in the cell culture section. After treatment, the

media were recovered and acidified with formic acid (1.5% in

media) and filtered through a Sep-Pak cartridge (a reverse-

phase C-18 cartridge; Millipore) which retains phenolic

compounds. The cartridges were previously activated with

10ml ofMeOH and 10ml of water. Every 10ml of media was

eluted with 2 ml of MeOH, and all methanolic fractions were

collected and concentrated at 408C under reduced pressure,

filtered through a 0.45-Ammembrane filter Millex-HV13 and

then analysed by LC-MS/MS. Cells were washed twice with

PBS and then lysed and scrapped with 2 ml of MeOH,

sonicated on ice during 5 min, centrifuged, and the

supernatant was concentrated under reduced pressure, and

an aliquot (100 Al) was analysed by LC-MS/MS.

Cell extracts were also treated with sulphatase and

glucuronidase as described above. Experiments to assess

cellular uptake were performed in triplicate.

2.5. LC-MS/MS analyses

The HPLC system equipped with both a photodiode array

detector and a mass detector in series consisted of a HPLC

binary pump, autosampler and degasser controlled by

software from Agilent Technologies (Waldbronn, Germany).

The mass detector was an ion-trap mass spectrometer

(Agilent) equipped with an electrospray ionisation system

(capillary voltage, 4 kV; dry temperature, 3508C). Mass scan

(MS) and MS/MS daughter spectra were measured from m/z

150 up to 1100 m/z. Collision-induced fragmentation experi-

ments were performed in an ion trap using helium as collision

gas, and the collision energy was set at 50%. Mass spec-

trometry data were acquired in the negative ionisation mode.

Chromatographic separations of samples were carried out

on a reverse-phase C18 LiChroCART column (25�0.4 cm,

particle size 5 Am, Merck, Darmstadt) using water/acetic

acid (99:1, v/v) (A) and acetonitrile (B) as the mobile phases

at a flow rate of 1 ml/min. The gradient started with 5% B

in A to reach 40% B in A at 30 min and 95% B in A at

31 min. UV chromatograms of extracts were recorded at

280, 320 and 360 nm.

2.6. Flow cytometry analysis of cell cycle

After the treatments, cells (1�106) were fixed in ice-cold

ethanol/PBS (70:30) for 30 min at 48C, further resuspended
in PBS with 100 Ag/ml RNase and 40 Ag/ml propidium

iodide, and incubated at 378C for 30 min. DNA content

(20,000 cells) was analysed using a FACScan instrument

equipped with FACStation running Cell Quest software

(Becton Dickinson). The analyses of cell-cycle distribution

were performed at least in triplicate for each treatment. The

coefficient of variation, according to the FACStation Cell

Quest software, was always less than 10%.

2.7. Determination of apoptosis by annexin-V assay

Phosphatidylserine externalisation and membrane integ-

rity were quantified using the annexin V-FITC detection kit

from Sigma. The protocol was that specified by the
manufacturer with some modifications. Floating and adher-

ent cells (5�104 cells) were washed twice with PBS and

resuspended in 100 Al of binding buffer with 2.5 Al of

annexin V-FITC and 5 Al of propidium iodine. After

allowing to stain at room temperature, 400 Al of binding

buffer was added, and samples were measured using a

FACScan instrument equipped with FACStation running

Cell Quest software (Becton Dickinson). The annexin-V

assay was repeated three times.

2.8. Western blot

After 24, 48 and 72 h of treatment, the cells were washed

twice with PBS and lysed in cold lysis buffer as described

by Pozo-Guisado et al. [24]. Lysates were centrifuged at

15,000�g for 20 min at 48C, and protein concentration was

measured by Bradford’s method [25]. To determine cyclins

A, E, and cytochrome c, 20 Ag protein/lane was used and

40 Ag/lane for cyclin B1, bcl-XL, procaspase 3, 8 and 9 (this
latter only in CCD-112CoN normal cells). h-Actin antibody

(Sigma) was routinely assayed for monitoring total protein

load. Proteins were separated by 10–12% SDS-PAGE and

transferred to polyvinylidine diflouride membranes (Amer-

sham Biosciences, UK) by electroblotting. Membranes were

incubated for 2 h with the primary antibodies (Sigma) and

1 h with the secondary antibody conjugated to horseradish

peroxidase (Sigma). Unless otherwise stated, proteins were

detected using an ECL plus detection system (Amersham)

according to the manufacturer’s instructions. For quantifi-

cation, the density of the bands was detected with scanning

densitometry, using the Syngene Genetools Analysis Soft-

ware (Syngene, USA). The Western blot assays (cyclins A,

B1 and E, cytochrome c, bcl-XL, procaspases 3, 8 and 9)

were repeated at least in triplicate.

2.9. Determination of procaspase 9 activation in

Caco-2 cells

Procaspase 9 could not be detected using Western blot in

Caco-2 cells. Therefore, in this case, analysis of caspase 9

activity was performed using the Apoptosis Detection Kit

Caspase 9 Assay from Serotec (Oxford, UK) according to

the manufacturer’s instruction. The methodology is based

on fluorochrome inhibitors of caspases (FLICA). The green

fluorescent signal is a direct measure of the amount of active

caspase 9 present in the cell at the time the reagent was

added. Cells that contain the bound labelled reagent can be

analysed by 96-well plate-based fluorometry, fluorescence

microscopy or flow cytometry.

Caco-2 cells were treated with 30 Amol/L EA, 100 Amol/L

PUNI or 1 Amol/L of staurosporine (as positive control) for

24, 48 and 72 h. Cells were pelleted by centrifugation,

adjusted to 0.5–1�106 cells/100 Al and incubated for 1 h at

378C and 5% CO2, protecting samples from light and adding

10 Al of the FLICA reagent and shaking gently every 15 min.

Afterwards, cells were washed twice and measured by flow

cytometry using a FACScan instrument equipped with

FACStation running Cell Quest software (Becton Dickinson).
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The determination of procaspase 9 activation in Caco-2 cells

was repeated three times.

2.10. Preparation of mitochondrial and cytosolic extracts

Cells were washed with ice-cold PBS and resuspended in

ice-cold HMKEE buffer as described by Oh and Lee [26].

Mitochondrial and cytosolic extracts were obtained at least

from three independent experiments.

2.11. Measure of surface Fas expression and

Fas/Fas-L interaction

Surface expression on CD95/Fas was evaluated in Caco-2

cells (control and treated cells) by flow cytometry. Cells were

incubated on ice with antihuman Fas (CD95/Apo1) clone

DX2 (Sigma) or with an isotypic control (Dako Diagnostika,

Hamburg, Germany), and after 1 h, the cells were washed

and incubated for 1 h with FITC-labeled antimouse (Sigma).

Cells were analysed (20,000 events were acquired) with a

FACScan flow cytometer (Becton Dickinson).

To determine Fas/Fas-L interactions, the cells were pre-

incubated with 1 Ag/ml of anti-Fas clone ZB4 (Upstate, Lake

Placid, USA) or with a nonspecific IgG1 (Dako Diagnostika)

for 1 h. Afterwards, the cells were treated with PUNI (100

AM), EA (30 AM) or Fas ligand 1 Ag/ml (Alexis, Gruenberg,

Germany) for 48 h, and then apoptosis was determined by the

annexin-V assay and procaspase 3 activation. The experi-

ments for measuring surface Fas expression and Fas/Fas-L

interaction were repeated in triplicate.

2.12. Morphological evaluation of apoptosis

Cells treated with 1–30 AM EA and 1–100 AM PUNI for

24, 48 and 72 h were fixed with MeOH/acetic acid (3:1) and

stained with 50 mg/ml Hoechst 33258 dye at 378C for

20 min. Afterwards, the cells were examined under a Nikon

Diaphot-TMD inverted microscope (Nikon, Tokyo, Japan).

Morphological evaluation of apoptosis was carried out twice

for Caco-2 cells and three times for normal colon CCD-

112CoN cells.

2.13. Statistics

Two-tailed unpaired Student’s t-test was used for

statistical analysis of the data. A P value b .01 was

considered significant. In the case of annexin-V analyses,

statistical significance was determined by analysis of

variance using the Tukey–Kramer multiple comparisons

test. Graphs of the experimental data were carried out by

using the Sigma Plot 6.0 program for Windows.
3. Results and discussion

Polyphenol-rich dietary foodstuffs have attracted atten-

tion due to their potential cancer chemopreventive and

chemotherapeutic properties. The anticarcinogenic effect of

the commercially available polyphenol EA has been

extensively studied in a number of cancer cells [5–8].

However, free EA is not usually found as such in dietary
foodstuffs but forms part of the polymeric hydrolysable ETs,

which are present in the Western diet through the intake of

strawberries, walnuts, raspberries, pomegranates, oak-aged

red wine, etc. [9]. In spite of being a more realistic diet-

related model than EA, the studies regarding the effect of

dietary ETs on cancer cells are much more limited than

those related to EA, which could be partially due to the lack

of commercially available pure ETs.

We have recently published that dietary ETs were not

detected in plasma and urine of human volunteers [14,15]

and that they were only detected in the faeces of some

volunteers [15]. We have also shown that ETs are hydro-

lysed in the gastrointestinal tract to release EA, which is

further metabolised by colonic microflora to bioavailable

hydroxy-dibenzo-pyran-6-one derivatives (durolithinT deriv-
atives) [15,27]. In addition, the metabolism of EA to

urolithins is greatly influenced by the individual colonic

microflora, yielding a high interindividual variability in the

production of these metabolites from EA, which parallels

that reported for equol from isoflavones [15,27]. Since EA

bioavailability is extremely low in humans and very far

from the dmicromolarT active concentrations, conclusions

arisen from the assay of EA on cancer cells from potential

target organs such as breast, brain, etc., can be severely

questioned from a dietary point of view.

Taking into account all of the above, there are two key

points in the present study that considerably improve the

knowledge about the effect of EA and ellagitannins on

cancer cells. One deals with the description of the detailed

apoptotic pathway that occurred in Caco-2 cells upon

treatment with EA and PUNI (the pomegranate PUNI as

dietary ellagitannin), whereas no apoptosis was observed in

normal colon cells. Caco-2 cells were chosen as a widely

accepted model for colon cancer. In the present study, Caco-

2 cells were not cultured up to confluence since differen-

tiation can lead to the loss of important tumorigenic-related

features [28]. The second key point deals with the

metabolism of PUNI and EA revealing that PUNI was

hydrolysed to yield EA, which seemed to be the real

apoptosis inducer, and thus PUNI (and probably most of

ellagitannins) should be considered as an dapoptotic
precursorT through the release of its hydrolysis product,

EA, to the medium. Although a recent study described the

antiproliferative and apoptotic effects of PUNI in a number

of cancer lines [29], the molecular regulation of the

apoptotic effect, together with the metabolism of PUNI by

cancer cells, was not reported, however.

3.1. Cell proliferation and cell cycle in Caco-2 cells

The effect on proliferation and cell cycle of both ETs and

EA on different cancer cell lines has been previously reported

[6,16,30]. In our study, proliferation of Caco-2 cells exposed

to different concentrations of both EA and PUNI was

inhibited in a dose- and time-dependent manner (Fig. 2A).

The decrease was evident at 24 h, especially in the presence of

PUNI 100 AM. It is remarkable that no synergistic but rather



Fig. 2. Effect of EA and PUNI on (A) cell proliferation and (B) cyclins A, B1 and E expression in Caco-2 cells. Conditions as described in Materials and

Methods. (A) Mean value (n =3) is shown. Coefficient of variation (CV) [(standard deviation/mean)�100] was always less than 10%. (B) Cyclins were

detected using an ECL plus detection system when EAwas assayed and using conventional ECL detection when PUNI was assayed. Gel (n =3) densitometry

analysis is shown on the right of the corresponding Western blot. (*) Differences with respect to the control with P b.01.
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an additive effect was observed when a mixture of EA and

PUNI (10 Amol/L EA plus 10 Amol/L PUNI and another

assay with 1 Amol/L EA plus 1 Amol/L PUNI) was assayed

(Fig. 2A). Cell-cycle progression is regulated by the activity

of cyclins, a family of proteins that activate the so-called

cyclin-dependent kinases (Cdks). Cyclin A is required for

S-phase and passage through G2, cyclin E activates Cdk2

protein near the start of S-phase and cyclin B1 is a critical

regulator of mitosis. In general, uncontrolled expression of

cyclins and/or Cdks leads to either tumorigenesis or cell-

cycle arrest [31]. Overall, both EA and PUNI down-regulated

cyclins A and B1, and upregulated cyclin E in a dose- and

time-dependent manner (Fig. 2B) which provoked Caco-2

cell-cycle arrest in S phase (results not shown).

3.2. Apoptosis in Caco-2 cells

The role for apoptosis has been proposed in a variety of

human diseases [32]. Suppression of apoptosis contributes
to carcinogenesis by several mechanisms, such as facili-

tating the accumulation of gene mutations, permitting

growth factor-independent cell survival, promoting resis-

tance to immune-based cytotoxicity and allowing bypass-

ing of cell-cycle checkpoints, which would normally

induce apoptosis. Although the existence of multiple

programs of cell death is strongly supported by the vast

amount of information disclosed in recent years, two major

(and most representative) apoptotic pathways have been

described [33]. One is dependent on the release of

proapoptotic proteins from mitochondria to cytosol [34],

while the other major pathway involves apoptosis induc-

tion via membrane receptors including CD95/CD95L (Fas/

Fas-L) and other members of the TNF superfamily of cell

death receptors [35]. Caspases are the main executioners of

apoptosis [36]. There are the so-called initiator caspases

(caspases 8 and 9) that respond to a number of stimuli to

trigger the activation of the so-called effector caspases



Fig. 3. (A) Effect of different EA and PUNI concentrations on the percentage of early apoptotic, late apoptotic/necrotic and necrotic Caco-2 cells after 24 h.

Data are the mean of three separate experiments. (*) Differences with respect to the control with P b.01. (B) Morphological evaluation of apoptosis in Caco-2

cells with the Hoechst 33258 dye upon treatment with EA and PUNI. The arrows designate typical apoptotic nuclei with condensed chromatin.
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(caspases 3 and 7) which launch the events necessary to

mediate the apoptotic phenotype.

In our study, Caco-2 cells underwent apoptosis upon

treatment with PUNI and EA. The population of single

annexin V-positive cells (early apoptotic), annexin V plus

propidium iodide-positive cells (late apoptotic/necrotic) and

single propidium iodide-positive cells (necrotic) increased

with increasing drug concentration (Fig. 3A). Quantitative

analyses indicated a significant increase (P b.01) of

apoptosis after 24 h (Fig. 3A) and reaching the highest

early apoptotic cell population at 24 and 48 h in the

presence of EA and PUNI, respectively (results not shown).

Despite reaching approximately the same early apoptotic

population upon treatment with both EA and PUNI,

however, a much higher number of positive iodide cells

(late apoptotic/necrotic) were observed with PUNI at 24

h and especially at 72 h (results not shown).

In contrast to normal cells, the nuclei of apoptotic cells

have highly condensed chromatin that can be uniformly

stained by the DNA-binding fluorochrome dye Hoechst

33258. Apoptotic nuclei can take the form of crescents

around the periphery of the nucleus, or the entire nucleus
can appear to be one or a group of featureless, bright

spherical beads. Both EA and PUNI provoked the above

chromatin condensation on Caco-2 cells confirming the

apoptosis phenomenon (Fig. 3B).

3.3. The (intrinsic) mitochondrial apoptotic pathway.

Treatment with EA or PUNI leads to cytochrome c release

and procaspase 9 and 3 activation in Caco-2 cells

The release of cytochrome c from the mitochondria into

the cytosol is characteristic in the (intrinsic) mitochondrial

apoptotic pathway. To this purpose, cytochrome c levels

were determined in both cytosolic and mitochondrial Caco-

2 extracts after treatment with different EA and PUNI

concentrations. There was a dose- and time-dependent

release of cytochrome c from the mitochondria into the

cytosol after incubation of Caco-2 cells with both EA and

PUNI (Fig. 4A). It is noticeable that maximum cytochrome

c release was observed at 24 h with 10 and 30 Amol/L EA,

whereas this maximum was delayed and appeared at 48 h

with EA 1 Amol/L and PUNI from 1 to 100 Amol/L

(Fig. 4A). In addition, the expression of bcl-XL, belonging

to the dpro-survivalT (antiapoptotic) proteins of the bcl-2
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family, was also explored. This is especially interesting

since the down-regulation of the bcl-XL protein expression

has been proposed as a new and promising treatment

strategy for human (colon) cancer [37,38]. This anti-

apoptotic protein preserves mitochondria integrity prevent-

ing cytochrome c release into the cytosol [39]. In our study,

the treatments with EA (and also with PUNI as EA

precursor) attenuated the protein levels of bcl-XL in treated

Caco-2 cells (Fig. 4B). As cytochrome c release usually

induces the activation of procaspase 9, we further deter-

mined procaspase 9 activation. As shown in Fig. 5A,

treatment of Caco-2 cells with 30 Amol/L EA and 100 AM
Fig. 4. (A) Western blot analysis of cytochrome c release from mitochondria (M) i

(n =3) densitometry analyses (bar plots) were carried out only in the cytosolic fract

analysis of bcl-XL protein upon treatment with 30 Amol/L EA and 100 Amol/L P

below. (*) Significant differences with respect to the control ( P b.01).
PUNI increased the proteolytic activity of caspase 9, which

was first detected with this assay method after 48 h (with

PUNI) and became evident after 72 h also with EA and

staurosporine 1 AM (the latter as positive control).

Procaspase 3 activation as possible effector in the

apoptosis of Caco-2 cells induced by EA and PUNI was

also explored. No remarkable changes were observed in the

expression of procaspase 3 in Caco-2 cells with EA or PUNI

after 24 h (Fig. 5B). A significant decrease in procaspase

3 expression (indicating the cleavage of procaspase 3 and

the corresponding activation to caspase 3) was observed

after 48 h of treatment with EA 10 and 30 Amol/L and PUNI
nto the cytosol (Cyt) in Caco-2 cells upon treatment with EA and PUNI. Gel

ion. (*) Differences with respect to the control with P b.01. (B) Western blot

UNI at different assay times. Gel (n =3) densitometry analyses are shown



Fig. 5. (A) Flow cytometric analysis of procaspase 9 activation in Caco-2 cells with the carboxyfluorescein-labeled fluoromethyl ketone peptide inhibitor of

caspase 9 (FAM-LEHD-FMK). Staurosporine was assayed as positive control. (*) Significant differences with respect to the control ( P b.01). (B) Western blot

analysis of procaspase 3 activation in Caco-2 cells. Gel (n =3) densitometry analyses are shown on the right. (*) Significant differences with respect to the

control ( P b.01).
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10 and 100 Amol/L (Fig. 5B). After 72 h, procaspase 3

activation was significant with all concentrations except with

EA 1 Amol/L (Fig. 5B).

3.4. The (extrinsic) death receptor pathway. Apoptosis

induced by EA or PUNI is not FAS-mediated, and no

caspase 8 activation occurred

Death receptors, belonging to the TNF receptor gene

superfamily, have cytoplasmatic sequences (so-called death
domain) that permit death receptors to engage the cell’s

apoptotic machinery [35]. CD95 (Fas) expression was not

detected in Caco-2 cells (results not shown) in accordance

with previous reports [40]. However, a previous study

described the induction of apoptosis in Caco-2 cells by

wheat gliadins following Fas-dependent pathway [41].

Therefore, specific anti-Fas antibody (to block the potential

interaction of PUNI or EAwith the receptor) and Fas ligand

(to promote apoptosis via Fas) were assayed in order to fully



Fig. 7. (A–E) HPLC profiles at 360 nm of culture media and (F) cell extract.

(A) Control culture medium after 48 h. The arrow designates a compound of

the medium. (B) Cell medium in the presence of 100 Amol/L PUNI (isomers

1, 2 and 3) but without Caco-2 cells after 24 h. Compound 4 is EA. (C) Cell

medium in the presence of 100 Amol/L PUNI with Caco-2 cells after 48 h

showing the EA-derived metabolites: 5, dimethyl ellagic acid; 6, dimethyl

ellagic acid-glucuronide; 7, isomer of dimethyl ellagic acid-sulphate; �,

unidentified EA-derived metabolites (according to its EA-like UV spec-

trum). (D) Cell medium in the presence of 30 Amol/L EA but without Caco-2

cells after 48 h. (E) Cell medium in the presence of 30 Amol/L EAwith Caco-

2 cells after 48 h showing the same EA-derived metabolites described above

when cells were incubated with PUNI and one more isomer of dimethyl

ellagic acid-sulphate (8). (F) HPLC profile of lysed cells after treatment with

100 Amol/L EA for 48 h. No free EA (compound 4) was detected.

Fig. 6. Evaluation of EA and PUNI-induced apoptosis in Caco-2 cells via

extrinsic pathway. (A) Western blot analysis of procaspase 3 activation via

Fas receptor (representative experiment after 48 h of treatment). Gel (n =3)

densitometry analyses are shown below. (*) Differences with respect to the

control with P b.01. (B) Western blot analysis of procaspase 8 activation as

common intermediate in the dead receptor (extrinsic) apoptosis pathway.

Gel (n =3) densitometry analyses are shown below. (*) Significant

differences with respect to the control ( P b.01).
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discard the possible involvement of Fas receptor in the

apoptosis induced by EA or PUNI in Caco-2 cells. Our

results demonstrate that no apoptosis was provoked by the

Fas ligand (evaluated by the annexin-V assay and procas-

pase 3 activation), which indicated that Fas receptor (if

present in Caco-2 cells) was not involved in the apoptosis

induced by EA and PUNI in Caco-2 cells (Fig. 6A). In

addition, the incubation of Caco-2 cells with the anti-Fas

ZB4 antibody (to avoid possible interaction with the Fas

receptor) in the presence of EA and PUNI did not avoid

apoptosis (Fig. 6A), which further confirmed that apoptosis

induced by EA and PUNI was not Fas-mediated.

The dinitiator caspaseT 8 is a common intermediate in

death receptors for triggering apoptosis via dextrinsic
pathwayT [42]. In our model, neither PUNI nor its

hydrolysis product, EA, activated the initiator caspase 8,

suggesting that apoptosis via membrane dead receptors (Fas

and TRAIL receptor signals) was very unlikely to occur. As



Fig. 8. Time-course evolution of the stability and metabolism of both PUNI

(A) and EA (B) in the Caco-2 cell medium. Numbers in the legend refer to

the peaks in Fig. 7. The mean value (n =4) is shown. Coefficient of

variation was always less than 10%.
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shown in Fig. 6B, no effect was observed in the expression

of caspase 8, which again indicated that the death receptors

are not likely to play a role in the EA- and PUNI-induced

death of Caco-2 cells.

3.5. PUNI hydrolysis releases EA which is metabolised by

Caco-2 cells

In the present study, both EA and PUNI induce apoptosis

in Caco-2 cells seemingly by following the same pathway,

i.e., intrinsic (mitochondrial) pathway (cytochrome c

release, and activation of caspases 9 and 3). However, a

more in-depth study of the process revealed that PUNI was

hydrolysed in the cell medium yielding EA, which suggests

that EA is the actual inducer of apoptosis since no apoptosis

was detected upon PUNI treatment until accumulation of

EA occurred. To the best of our knowledge, this is the first

time that this conversion from ET to EA is described in cell

cultures. Although further confirmation is needed for each

specific ellagitannin, the apoptotic-mediated anticarcino-

genic activity reported for a number of ETs could be really

due to the EA released to the medium, and thus ETs could

be considered as dapoptotic precursorsT [43].
Most polyphenols are very reactive polyhydroxylated

compounds, and cells try to metabolise these molecules by
blocking the hydroxyl reactive moieties [44]. In addition,

polyphenols are rather unstable in cell cultures partially due

to the neutral (physiological) pH [44,45]. Despite these

well-known facts, however, the studies that investigate the

effect of dietary natural polyphenols on cancer cells very

rarely perform assays to check polyphenols stability, cellular

uptake and metabolism [44–46]. In addition, from a dietary

point of view, the assay of drealisticT in vitro concentrations

depending on the in vitro model is not usually approached

[44,45]. To this purpose, we examined the LC-MS-MS

profile of both cell media and Caco-2 extracts in the absence

(control) and in the presence of EA 30 Amol/L or PUNI

100 Amol/L. It is of note that no oxidation products

(quinone derivatives) were detected either in the medium

or inside the cells (results not shown).

Control cell media contained one compound with a peak

at 360 nm (designated with an arrow in Fig. 7A). The same

cell media in the presence of PUNI (Fig. 7B) but in the

absence of Caco-2 cells showed the three characteristic main

PUNI isomers (compounds 1, 2, 3 with ion mass at m/z�

1083). Compound 4 was identified as free EA (ion mass at

m/z� 301). Therefore, a significant amount of EA was

observed in the cell media due to spontaneous hydrolysis of

PUNI (Fig. 7B).

In the presence of Caco-2 cells, PUNI isomers were

hardly detected in the media after 48 h (only peaks 2 and 3;

Fig. 7C). In addition to free EA (4; Fig. 7C), other EA

derivatives detected (Fig. 7C) according to their UV spectra

and ion mass were identified as dimethyl-EA (5, m/z� 329),

dimethyl-EA-glucuronide (6, m/z� 505) and dimethyl-EA-

sulphate (7, m/z� 409) (Fig. 7C). The conjugation of EA-

derived metabolites with glucuronic acid and sulphate was

verified by incubating the samples with both glucuronidase

and sulphatase (results not shown).

HPLC profiles of cell media (without Caco-2 cells) in

the presence of EA showed the same peak corresponding

to compound 4 (Fig. 7D) coincident with that described

above in the case of PUNI (Fig. 7B,C). No other EA-

related peak was observed in the cell media without cells

(results not shown). In the presence of Caco-2 cells, the

same EA derivatives described above (when cells were

incubated with PUNI) were detected (Fig. 7E), including

one more dimethyl-EA-sulphate isomer (8, m/z� 409).

Therefore, PUNI underwent spontaneous hydrolysis in the

cell media to release EA (in the presence and in the

absence of Caco-2 cells). However, only in the presence of

Caco-2 cells was EA further metabolised to produce the

above EA-derived metabolites.

These EA-derived metabolites were not detected when

PUNI or EAwas added to the media in the absence of Caco-

2 cells but using the media in which Caco-2 cells were

previously grown for 48 h (results not shown). This

indicated that Caco-2 cells did not excrete enzymes

constitutively to the medium involved in the metabolism

of PUNI or EA. Under this assay condition, the same results

shown in Fig. 7B and D were obtained.



Fig. 9. Tentative metabolism pathway of PUNI and EA by Caco-2 cells. Thicker arrows designate the preferential pathway. Numbers that follow the name of

compounds refer to the peaks in Fig. 7.
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To assess the uptake of both EA and PUNI by Caco-2

cells, the corresponding cell lysates (from control and

treated cells) were analysed (Fig. 7F). It is remarkable that

no free EA was detected in any sample, and only EA-

derived metabolites were detected, i.e., dimethyl-ellagic (5),

dimethyl-EA-glucuronide (6) and one of the dimethyl-EA-

sulphate isomers (7). These metabolites were easily detected

upon treatment of Caco-2 cells with EA after 48 h. In the

case of the cell extracts from PUNI treatments, no intact

PUNI was detected inside the cells, and the above

metabolites were hardly detected, and only compound 6

was easily identified (results not shown). These results

indicated that EA-derived metabolites were produced inside

the cells and were further excreted into the medium.

The methylation of EA by Caco-2 cells to produce

dimethyl-EA and the further glucuronidation or sulphation
of this dimethyl-derivative suggest the involvement of the

Phase II enzymes catechol-O-methyltransferase (COMT),

glucuronyl transferase and sulphate transferase. The role of

these (detoxifying) enzymes in the metabolism of poly-

phenols has been described in different tissues, subcellular

fractions and cell lines including Caco-2 cells [47,48].

Therefore, in the present study, Caco-2 cells tried to

convert EA preferentially to dimethyl-EA-glucuronide

derivatives to diminish the potential toxicity of the

polyphenolic hydroxyl groups which have been reported

to selectively exert great anticancer activity [49,50]. In this

context, it should be noted that no free EA was observed

inside the cells, indicating that free EA entered into the

cells where EA was metabolised and further excreted to the

medium (no EA metabolites were found in the medium

without cells).



Fig. 10. Effect of EA and PUNI on colon normal CCD-112CoN cells. EA 30 Amol/L and PUNI 100 Amol/L were refreshed in the medium every 2 days. (A)

Effect on cell proliferation. (B) Morphological evaluation of apoptosis in CCD-112CoN cells with the Hoechst 33258 dye after 8 days. (C) Western blot

analysis of procaspase 3 and 9 in CCD-112CoN cells after 8 days. Gel (n =3) densitometry analyses are shown below. (*) Significant differences with respect to

the control ( P b.01).
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The analysis of cell media (with Caco-2 cells) to study the

time-course evolution of PUNI and EA as well as the EA-

derived metabolites described above showed that PUNI

quickly disappeared (open square, Fig. 8A) with concomi-

tant increase of free EA (filled circle, Fig. 8A), which

reached the maximum after 8 h and then decreased with

accumulation of compounds 5, 6 and 7 (Fig. 8A). This is

important since no apoptosis was observed until EA

accumulation occurred (results not shown). The analysis of

cell media with EA-treated Caco-2 cells showed that free EA

decreased quickly during the first 2 h and then more slowly

(Fig. 8B) with concomitant accumulation of compound 5
and then subsequently appeared with the rest of EA-derived

metabolites (Fig. 8B). The analysis of these results led us to

propose a tentative pathway followed by Caco-2 cells to

metabolise EA (Fig. 9). According to our results, PUNI

(isomers 1, 2 and 3; Figs. 7–9) is hydrolysed in the medium,

independent of Caco-2 cells, to yield EA (compound 4; Figs.

7–9) which was first methylated by COMT to yield dimethyl

EA (compound 5; Figs. 7–9). From this dimethyl derivative,

the preferential pathway was the glucuronidation to yield

dimethyl EA glucuronide (compound 6; Figs. 7–9), although

some sulphatation also occurred to yield dimethyl EA

sulphate (isomers 7 and 8, Figs. 7–9).
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3.6. Neither PUNI nor EA induces apoptosis in normal

colon CCD-112CoN cells

Despite the huge number of reports regarding the effect

of natural polyphenols on cancer cells, the assay on normal

cells has been rather poorly studied [20,51]. This could be

due to the much slower growth and difficult culture

conditions with respect to their cancerous counterparts. It

should be stressed that the effects on normal cells must be

investigated in longer assays because of the much slower

metabolism and growth of normal cells. In fact, some

previous reports investigate the effect on both cancer and

normal cells during the same time of exposure to different

compounds, which could lead to questionable results. The

normal colon CCD-112CoN cells showed a doubling time

of 8 days in contrast to the 40 h of Caco-2 cells. In our

study, both EA and PUNI (30 and 100 Amol/L, respectively)

decreased the proliferation of normal colon CCD-112CoN

cells from the fourth day of treatment (Fig. 10A). However,

it should be stressed that assay conditions were more drastic

than in the case of Caco-2 cells since the inhibition of cell

proliferation in normal colon cells was observed only at the

highest concentrations (100 Amol/L PUNI and 30 Amol/L

EA) and after various changes of cell media (involving the

drefreshmentT of PUNI and EA concentrations). However,

and most important, no apoptosis was observed, suggesting

the specific effect of EA (as apoptosis inducer) on Caco-2

cells through some key intermediate (not present in normal

cells), which deserves further investigations. The absence of

apoptosis was assessed by morphological evaluation (ab-

sence of chromatin condensation) at the eight day (when

cell proliferation was significantly affected) (Fig. 10B). In

addition, no activation of caspase 3 or 9 was observed

(Fig. 10C), which further confirmed the absence of the

apoptotic phenomenon in these cells upon treatment with

either EA or PUNI.

In summary, our results suggest that ellagitannin PUNI

could be considered as an dapoptotic precursorT through the

release of its hydrolysis product, EA, to the medium. Ellagic

acid entered into the cells and was further metabolised to

produce different dimethyl-EA derivatives. Ellagic acid

provoked different effects on Caco-2 cells including

down-regulation of cyclins A and B1 and upregulation of

cyclin E with cell-cycle arrest in S phase and triggered

apoptosis via intrinsic pathway through bcl-XL down-

regulation with mitochondrial release of cytochrome c into

the cytosol and activation of initiator caspase 9 and effector

caspase 3. No apoptosis was observed in colon normal

CCD-112CoN cells.

To the best of our knowledge, the above approach, which

combines the description of the molecular regulation of the

apoptotic pathway, the metabolism of the assayed com-

pounds by cancer cells and the potential effect on normal

cells, has not been reported so far. With all the caution called

for in drawing conclusions from in vitro cell line experi-

ments regarding the responses of cancer cells in vivo, the
data presented in this study suggest that the anticarcinogenic

effect of dietary ETs could be mainly due to their hydrolysis

product EA, which could effectively induce apoptosis in

colon cancer cells.
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