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Procyanidins are oligomers of flavanol subunits present in large amounts in fruits and vegetables. Their con-
sumption is associated with health benefits against colonic inflammation and colorectal cancer (CRC). Large
procyanidins (with more than three subunits) are not absorbed by intestinal epithelial cells but could exert
biological actions through their interactions with the cell membrane. This study investigated the capacity of
hexameric procyanidins (Hex) to prevent oncogenic events initiated by deoxycholic acid (DCA), a secondary
bile acid linked to the promotion of CRC. Hex interacted with Caco-2 cell membranes preferentially at the
water-lipid interface. Hex (2.5-20 uM) inhibited DCA-triggered increase in cellular calcium, NADPH oxi-
dase activation, and oxidant production. DCA promoted the activation of protein kinase B (Akt), of the
mitogen-activated protein kinases ERK1/2 and p38, and of the downstream transcription factor AP-1. This acti-
vation was not triggered by calcium or oxidant increases. Hex caused a dose-dependent inhibition of DCA-
mediated activation of all these signals. DCA also triggered alterations in the cell monolayer morphology and ap-
optotic cell death, events that were delayed by Hex. The capacity of large procyanidins to interact with the cell
membrane and prevent those cell membrane-associated events can in part explain the beneficial effects of pro-
cyanidins on CRC.

© 2011 Elsevier Inc. All rights reserved.

A high consumption of fruit and vegetables in general, and of poly-
phenols in particular, is inversely related to colorectal cancer (CRC)?
risk [1-5]. Among polyphenols, this relationship has been found for
the procyanidins, which are oligomers composed of flavanol units [3].

Procyanidins are among the most abundant polyphenols in human
diets given that they are present in high concentrations in various
edible plants (e.g., grapes, cocoa, tea, and apples). Procyanidin chemical
characteristics and composition are highly dependent on the type of
plant; for example, in cocoa, procyanidins are oligomers mostly com-
posed of units of the flavanol (—)-epicatechin, linked by 43— 8
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bonds, which make linearly bound molecules (Fig. 1). The biological
activities of these molecules will be dependent not only on their
chemical composition, but also on their tridimensional structures
[6,7].

Significant in vivo and in vitro evidence supports the concept that
high concentrations of deoxycholic acid (DCA) in the colon are associat-
ed with the promotion of CRC [8]. Diets enriched in procyanidins could
prevent DCA-induced colonic inflammation and CRC [6,7,9-11]. In an
attempt to characterize the mechanisms that could explain these pro-
tective effects, we previously showed that a hexameric procyanidin
fraction (Hex) isolated from cocoa protects Caco-2 cell monolayers
from DCA-mediated oxidant production, intestinal epithelial cell mono-
layer disruption, and cytotoxicity [9]. Hex also acts by inhibiting tran-
scription factor NF-<B activation triggered by tumor necrosis factor o
[10]. Based on this evidence, we proposed that procyanidins could
exert significant biological effects in part through their capacity to inter-
act with the outer surface of the cell membrane [12,13]. These mecha-
nisms would be physiologically relevant in the gastrointestinal tract,
where procyanidins can be present at micromolar concentrations [14].
Furthermore, procyanidins larger than three flavanol units (herein
named large procyanidins) are not absorbed by cells [15], limiting


http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.436
mailto:poteiza@ucdavis.edu
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.436
http://www.sciencedirect.com/science/journal/08915849

152 M. Da Silva et al. / Free Radical Biology & Medicine 52 (2012) 151-159

Fig. 1. Chemical structure of a hexameric procyanidin comprising subunits of
(—)-epicatechin, linked by 4> — 8 bonds.

their effects to membranes. Through these membrane interactions, pro-
cyanidins could regulate oxidant-sensitive signals and/or other signals
(e.g., protein kinase B (Akt) and the mitogen-activated protein kinases
(MAPKs) extracellular signal-regulated kinases (ERK) 1/2 and p38) ini-
tiated at the membrane level [16]. In line with these membrane-related
actions, it has been proposed that the toxic effects of DCA are associated
with its capacity to alter membrane lipid rafts, affecting the local con-
centration of cholesterol, subsequently altering lipid raft-associated sig-
nals [17]. Thus, the interactions of procyanidins with cell membranes
could prevent or reverse DCA-induced membrane lipid raft alterations
and the associated activation of cell signals.

In terms of cancer development, it has been reported that DCA
causes the activation of several signaling pathways in CRC cells that
could be a target of regulation by procyanidins. In HTC116 cells, DCA in-
creases the ERK1/2 phosphorylation via activation of the epidermal
growth factor receptor (EGFR) [17,18]. This activation occurs indepen-
dent of the ligand binding to the receptor and was ascribed to the capac-
ity of DCA to affect the lipid environment of the receptor. [In HM3 colon
cancer cells, DCA activates the EGFR/protein kinase C (PKC)/Ras/Raf-1/
MEK1/ERK1/2 cascade and pathways involving the activation of
MAPK p38 and Akt [17]. Significantly, the activation of these signaling
pathways can induce cell proliferation and promote the expression of
genes involved in oncogenesis, particularly related to CRC [19,20]. In
this regard, in esophageal cancer cells, DCA induces ERK1/2-, p38-,
and transcription factor AP-1-mediated cyclooxygenase-2 expression
[21] and the expression of MUC2 in CRC cells [22]. From a mechanistic
prospective, the activation of ERK1/2, p38, and Akt by DCA could
be mediated by both DCA-mediated membrane effects [17] and
its capacity to increase cellular oxidant levels [9,23].

In this study we investigated, in Caco-2 cells differentiated to in-
testinal epithelial cells, the capacity of Hex, as an example of large
procyanidins, to (i) prevent the DCA-mediated activation of the onco-
genic signals ERK/p38/AP-1 and Akt and (ii) regulate the mechanisms
mediating such activation, i.e., membrane interactions, calcium mobi-
lization, and increased production of oxidants. The obtained results
are in agreement with the hypothesis that large procyanidins could
in part mediate the beneficial effects on CRC provided by diets rich
in fruits and vegetables.

Materials and methods

Materials

Hexameric procyanidins (Hex) were purified [24,25] and supplied
by Mars, Inc. (Hackettstown, NJ, USA). Caco-2 cells were from the

American Type Culture Collection (Rockville, MD, USA). Cell culture
media and reagents and Pluronic-127 were from Invitrogen Life Tech-
nologies (Carlsbad, CA, USA). Primary antibodies for p-ERK1/2 (sc-
7383), ERK1/2 (sc-93), p38 (sc-7149), PARP (sc-7150), and p-tubulin
(sc-9104) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Primary antibodies for p-Akt (9271S), Akt (9262), and p-p38 (9211)
were from Cell Signaling Technology (Danvers, MA, USA). Fura-2-AM,
5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate (DHDCF),
propidium iodide, 6-(9-anthroyloxy)stearic acid (6-AS), and 16-(9-
anthroyloxy)palmitic acid (16-AP) were from Invitrogen/Molecular
Probes (Eugene, OR, USA). DCA, apocynin, 1,2-bis(2-aminophenoxy)
ethane-N,N,N’,N'-tetraacetic acid tetrakis(acetoxymethyl) ester (BAPTA-
AM), Ro-32-0432, and NC-nitro-L-arginine methyl ester (L-NAME) were
from Sigma Chemical Co. (St. Louis, MO, USA). The oligonucleotide con-
taining the consensus sequences for AP-1 (5’-CGCTTGATGAGTCAGCCG-
GAA-3'), and the reagents for the electrophoretic mobility shift assay
(EMSA) were obtained from Promega (Madison, WI, USA). The Cell
Death Detection ELISA Plus kit was from Roche Applied Science
(Indianapolis, IN, USA).

Cell culture and incubations

Caco-2 cells were cultured at 37 °C under a 5% (v/v) CO, atmosphere
in minimum essential medium (MEM) supplemented with 10% (v/v)
fetal bovine serum and antibiotics (50 U/ml penicillin and 50 pg/ml
streptomycin). For the experiments, the cells were used 10 days after
confluence to allow their differentiation in intestinal epithelial cells.
The medium was replaced every 3 days. DCA and Hex concentrations
and general incubation conditions were as previously established [9].
Briefly, cells were washed, and the medium was replaced by fetal bo-
vine serum-free MEM. Cells were then preincubated for 30 min in the
presence of Hex at the concentrations described for each experiment,
after which 0.2 mM DCA was added to the cell culture. After the corre-
sponding incubation, cells were harvested at various time points and
processed according to each determination. Under the experimental
conditions used, Hex (up to 100 pM) did not affect cell viability (data
not shown).

Plasma membrane fluidity

Cell culture medium was replaced by 0.2 ml serum-free MEM, and
cells were preincubated at 37 °C either in the absence or in the pres-
ence of 10 pM Hex for 30 min. Next, cells were treated with 0.2 mM
DCA and further incubated at 37 °C for 30 min. The culture medium
was removed, and cells were treated with 0.2 ml of Hanks’ balanced
salt solution containing 0.3 uM fluorescent probe 6-AS or 16-AP.
After 15 min incubation at 37 °C, fluorescence polarization was regis-
tered at 435 nm (Nexcitation 384 nm) in a LS50 spectrofluorimeter
(PerkinElmer, Beaconsfield, UK).

Cell oxidant levels

Cell oxidant levels were evaluated using the probe DHDCF. Caco-2
cells (1x10°) were grown in 12-well plates. For experiments, cells
were preincubated for 30 min in the absence or the presence of
2.5-10uM Hex, or the corresponding inhibitor (0.1 mM apocynin,
0.5 mM L-NAME, 1 uM Ro-32-0432, or 50 pM BAPTA-AM), and further
incubated for 60 min with DCA. The medium was discarded, and the
cells were rinsed with phosphate-buffered saline (PBS) and incubated
in 500 pl MEM containing 10 uM DHDCF. After 30 min of incubation at
37 °C, the medium was removed; cells were rinsed with PBS and then
incubated in 300 ul PBS containing 0.1% (v/v) Igepal. Then, the cells
were sonicated and the fluorescence of the mixture was determined
(Nexcitation 475 NM; Nemission 525 NM). To measure DNA content, samples
were subsequently incubated with 50 pM propidium iodide for 20 min
at room temperature, and the fluorescence (Nexcitation 538 NM, Nemission
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590 nm) was measured. Results are expressed as the ratio of DCF
fluorescence/propidium iodide fluorescence.

Determination of intracellular calcium levels

Cells were loaded with 5 uM Fura-2-AM containing the nonionic
detergent Pluronic F-127 for 60 min. After loading, the medium was
removed; cells were washed twice with PBS and incubated for
30 min with or without 10 pM Hex and a further 30 min without or
with 0.2 mM DCA. The medium was subsequently removed; cells
were rinsed with PBS and cellular calcium was measured as previous-
ly described [26]. Results are expressed as the ratio of the fluores-
cence measured at Nexcitation 340 NM and Nexcitation 380 NM (Nemission
510 nm).

Western blot analysis

For the preparation of total cell extracts, after the corresponding
treatments, cells were rinsed with PBS, scraped, and centrifuged.
The pellet was rinsed with PBS and suspended in 200 pl of 50 mM
Hepes (pH 7.4), 125 mM KCl, which contained protease and phospha-
tase inhibitors, and 2% (v/v) Igepal. The final concentration of the pro-
tease inhibitors was 0.5 mM phenylmethanesulfonyl fluoride, 1 mg/L
leupeptin, 1 mg/L pepstatin, 1.5 mg/L aprotinin, and 2 mg/L bestatin.
Samples were exposed to one cycle of freezing and thawing, incubat-
ed at 4 °C for 30 min, and centrifuged at 15,000 g for 30 min. The su-
pernatant was decanted and protein concentration was measured
[27]. Aliquots of total cell fractions containing 25-50 g protein
were separated by reducing 10% (w/v) polyacrylamide gel electro-
phoresis and electroblotted to polyvinylidene difluoride membranes.
Colored molecular weight standards (GE Healthcare, Piscataway, NJ,
USA) were run simultaneously. Membranes were blotted for 2 h in
5% (w/v) nonfat milk and incubated overnight in the presence of
the corresponding antibodies (1:1000 dilution) in 5% (w/v) bovine
serum albumin in TBS buffer (50 mM Tris, 150 mM NaCl, pH 7.6) con-
taining 0.1% (v/v) Tween 20. After incubation for 90 min at room tem-
perature in the presence of the secondary antibody (horseradish
peroxidase-conjugated, 1:10,000 dilution), the conjugates were visu-
alized by chemiluminescence detection in a Phosphoimager 840
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).

EMSA

Nuclear fractions were isolated as previously described [28,29]
with minor modifications [10]. For the EMSA, the oligonucleotide
containing the consensus sequence for AP-1 was end-labeled with
[y-32P]ATP using T4 polynucleotide kinase and purified using Chroma
Spin-10 columns. Samples were incubated with the labeled oligonu-
cleotide (20,000-30,000 cpm) for 20 min at room temperature in
1x binding buffer (5x binding buffer: 50 mM Tris-HCl buffer, pH
7.5, containing 20% (v/v) glycerol, 5mM MgCl,, 2.5 mM EDTA,
2.5 mM dithiothreitol, 250 mM Nacl, and 0.25 mg/ml poly(dI-dC)).
The products were separated by electrophoresis in a 6% (w/v) nonde-
naturing polyacrylamide gel using 0.5x TBE (Tris-borate 45 mM,
EDTA 1 mM) as the running buffer. The gels were dried and the radio-
activity was quantified in a Phosphoimager 840 (Amersham Pharma-
cia Biotech).

Evaluation of apoptosis

Apoptosis was evaluated using the Cell Death Detection ELISA Plus
(Roche Applied Science), which quantifies cytoplasmic histone DNA
fragments (mono- and oligonucleosomes). The assay was done
following the manufacturer's protocol. Values (A405 nm —A490 nm)
were referred to those obtained for control untreated cells.

Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA)
using StatView 5.0 (SAS Institute, Cary, NC, USA). Fisher's least signif-
icance difference test was used to examine differences between group
means. A p value of <0.05 was considered statistically significant.
Data are shown as means 4+ SEM.

Results
Hex interacts with Caco-2 cell plasma membranes

The interactions of Hex with membranes were initially investigat-
ed. We previously described that using liposomes as a model of syn-
thetic membranes, changes in lipid ordering induced by flavonoids
can be measured with the probes 6-AS and 16-AP [12]. The anthroy-
loxy group in 6-AS is localized approximately at 7 A from the surface
of the bilayer, whereas 16-AP senses changes in lipid ordering at 18 A
from the membrane surface. DCA (0.2 mM) did not alter 6-AS and 16-
AP fluorescence polarization, which indicates that under the present
experimental conditions, DCA does not affect Caco-2 membrane fluid-
ity (Fig. 2). Hex caused an increase in 6-AS fluorescence polarization
that was not modified by the subsequent treatment of cells with
DCA (Fig. 2). By contrast, 16-AP fluorescence polarization was not af-
fected by Hex or DCA. These results indicate that Hex interacts with
Caco-2 cell plasma membranes preferentially at the water-lipid inter-
face; the strength of these interactions is such that DCA cannot dis-
place Hex from its binding sites.

Hex prevents DCA-induced increase in oxidants in Caco-2 cells

Given the potential antioxidant action of Hex, cell oxidants were
evaluated with the probe DHDCF, which crosses the cell membrane
and fluoresces when it is oxidized inside the cells to DCF. DCA caused
a 42% (p<0.01) increase in DCF fluorescence that was prevented by
preincubation with 10 uM Hex. The increase in cell oxidants was de-
pendent on NADPH oxidase, protein kinase C, and intracellular calci-
um, as indicated by the inhibition of the fluorescence increase by
apocynin, Ro32-0432, and BAPTA-AM (Fig. 3A). The nitric oxide
synthase (NOS) inhibitor L-NAME caused a partial (40%) inhibition
of DCA-mediated increase in DCF fluorescence.

0.6

Fluorescence polarization

Fig. 2. Hex interacts with Caco-2 cell membranes. Caco-2 cells were incubated for
30 min at 37 °C in the absence (C) or the presence of 10 pM Hex (Hex). Subsequently,
the cells were incubated in the absence or presence of 0.2 mM DCA for another 30 min.
Plasma membrane fluidity was evaluated from the changes in 6-AS (left) and 16-AP
(right) fluorescence polarization as indicated under Materials and methods. Results
are shown as means 4+ SEM of four independent experiments. *p<0.05, significantly
different from the value measured in control cells (one-way ANOVA).
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Fig. 3. Hex inhibits DCA-induced increase in cell oxidants and calcium levels. (A) Caco-2
cells were incubated for 30 min at 37 °C in the absence or the presence of 10 uM Hex,
0.1 mM apocynin (Apo), 0.5 mM L-NAME, 1 uM Ro-32-0432, or 50 uM BAPTA-AM. Subse-
quently, the cells were incubated in the absence (C) or presence of 0.2 mM DCA and incu-
bated for a further 30 min. Oxidant levels were determined as described under Materials
and methods. DCF fluorescence was normalized to the propidium iodide (PI) fluorescence.
(B) Caco-2 cells were incubated for 30 min at 37 °C in the absence or the presence of Hex
(2.5-20 pM) and further treated for 30 min with 0.2 mM DCA. Intracellular calcium was
evaluated from the increase in Fura-2-AM fluorescence ratio at 340 and 380 nm (Nemission
510 nm) as described under Materials and methods. Results are shown as means + SEM of
four independent experiments. Values having different letters are significantly different
(p<0.05, one-way ANOVA).

Hex prevents DCA-mediated cell calcium mobilization in Caco-2 cells

Given that calcium can be the upstream regulator of NADPH oxidase,
NOS, and PKC, the effects of Hex on intracellular calcium levels were
next investigated using the probe Fura-2-AM. After Caco-2 cells were
incubated for 30 min in the presence of 0.2 mM DCA, a significant
increase (44%, p<0.02) in Fura-2-AM fluorescence was observed
(Fig. 3B). Whereas preincubation with 2.5uM Hex had no effect,
5-20 uM Hex completely prevented the increase in Fura-2-AM fluores-
cence. As expected, pretreating the cells with the calcium chelator
BAPTA-AM abolished DCA-induced cellular calcium increase.

Hex prevents DCA-mediated activation of the kinases ERK1/2, p38, and
Akt and of transcription factor AP-1 in Caco-2 cells

Given the capacity of DCA to activate ERK1/2, p38, and Akt [17,21],
we next investigated the modulation of the phosphorylation of these
signals by Hex. DCA caused a time (0-6 h)-dependent increase in the
phosphorylation levels of ERK1/2, p38, and Akt in Caco-2 cells
(Figs. 4A and C). Although showing different kinetics of activation,
the three kinases showed significant increases in their phosphoryla-
tion after 3 h incubation with DCA (81, 61, and 30% higher than con-
trols for ERK1/2, p38, and Akt, respectively). Thus, this time point was

subsequently used to evaluate the effects of Hex and various inhibi-
tors on DCA-induced kinase phosphorylation. The activation of tran-
scription factor AP-1, a downstream target of ERK1/2 and p38, was
investigated. AP-1-DNA binding in nuclear fractions, evaluated by
EMSA, was threefold higher after 3 and 6h of incubation with
0.2 mM DCA (Figs. 4B and C).

We next investigated the potential association of DCA-induced ki-
nase phosphorylation with the previously observed increase in cell
oxidation. The NADPH oxidase inhibitor apocynin, the NOS inhibitor
L-NAME, the PKC inhibitor Ro-32-0432, and the calcium chelator
BAPTA-AM had no significant effects on DCA-induced ERK, p38, or
Akt phosphorylation. Only a partial inhibition of ERK1/2 phosphoryla-
tion by L-NAME was observed (Fig. 4D).

The inhibition of DCA-induced ERK, p38, and Akt phosphorylation
by preincubation with Hex was dose (2.5-20pM)-dependent
(Fig. 5A). Hex completely prevented the DCA-induced increase in
phosphorylation levels of ERK1/2 and Akt with DIsy of 3.8 and
3.2 uM, respectively. The DIso for p38 phosphorylation was under
2.5 uM, but no complete inhibition of p38 phosphorylation was ob-
served with up to 20 uM Hex. Hex prevented DCA-induced AP-1 acti-
vation at all concentrations tested, with a Dlsg <2.5 uM (Fig. 5B).

Hex partially prevents DCA-mediated activation of apoptotic events in
Caco-2 cells

Morphologically, Caco-2 cell monolayers start showing evidence
of alterations after 3 h of incubation with DCA (Fig. 6A). Preincuba-
tion in the presence of Hex (10 uM) prevented DCA-induced morpho-
logical alterations. After 6h, cells treated with DCA showed
morphological evidence of epithelial disruption and apoptotic cell
death that was not significantly prevented by the Hex. Nevertheless,
in cells preincubated with Hex the epithelium was more preserved
(Fig. 6A).

Apoptotic cell death was next evaluated by measuring the pres-
ence of mono- and oligonucleosomes, which are formed during the
apoptotic DNA cleavage. After 6 h incubation with DCA, a significant
increase (30%) in mono- and oligonucleosomes was observed; this in-
crease was prevented by 10 uM Hex (Fig. 6B). The cleavage of the
caspase-3 protein substrate PARP was next evaluated as a parameter
of caspase-3 activation, which is an early event in the apoptotic cas-
cade. PARP cleavage was observed after 2-6h incubation with
0.2 mM DCA. Treatment with Hex (10 uM) delayed caspase-3 activa-
tion, given that PARP cleavage was observed only after 6 h incubation
(Fig. 6C).

Discussion

This study shows that procyanidins can protect Caco-2 cells differen-
tiated into epithelial intestinal cells from DCA-induced activation of the
oncogenic signals ERK, p38, Akt, and AP-1. This protection occurs in par-
allel with other membrane-related effects, as antioxidant actions and
prevention of calcium mobilization. The fact that kinase phosphoryla-
tion, NADPH oxidase, and calcium mobilization are events initiated at
membrane lipid rafts implicates potential molecular interactions of
hexameric procyanidins with lipid raft components.

The use of Caco-2 cells differentiated into epithelial intestinal cells
challenged by DCA, a proposed initiator of CRC and other intestinal
diseases, is a viable model in which the potential beneficial effects
of a food constituent can be evaluated under close to physiological
conditions. The fact that large procyanidins are not absorbed and
only partially metabolized in the stomach and small intestine [30]
would allow them to reach the colon at relatively high concentrations
[31]. This provides a rationale for exposing cells to Hex concentra-
tions in the micromolar range. It should be considered that a molecule
the size of a (—)-epicatechin hexamer is likely to remain outside the
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Fig. 4. Hex inhibits DCA-induced p38, ERK1/2, and Akt phosphorylation and AP-1 activation: kinetics and underlying mechanisms. (A) Caco-2 cells were incubated for 30 min at 37 °Cin
the absence or the presence of 10 uM Hex and subsequently in the presence of 0.2 mM DCA for 0-6 h. Western blot images show phosphorylated p38 (p-p38), phosphorylated
ERK1/2 (p-ERK), phosphorylated Akt (p-Akt), and B-tubulin in total cell extracts. (B) Kinetics of DCA-induced AP-1-DNA binding evaluated by EMSA. (C) After quantification of
Western blot and EMSA bands; results are shown as means 4+ SEM of three independent experiments. (D) Caco-2 cells were incubated for 3 h at 37 °C in the absence or the presence
0.1 mM apocynin, 0.5 mM L-NAME, 1 uM Ro-32-0432, or 50 pM BAPTA-AM. Results are shown as means 4 SEM of three independent experiments (p<0.05 one-way ANOVA).

cells and consequently promote effects by interacting with the outer
face of the cell membrane.

Hexameric procyanidins interact with Caco-2 cell membranes in
what seems to be the foundation of Hex biochemical actions. This
was already demonstrated in experiments in which Hex increases
the transepithelial electrical resistance of polarized Caco-2 mono-
layers [9]. The Hex-membrane interaction seems to be rather super-
ficial as suggested by the fact that Hex caused membrane
rigidification as sensed with a probe located 7 A from the surface
(6-AS) but not with the probe located at 18 A (16-AP). This suggests
that the interaction should occur in zones of the membrane with de-
creased lipid mobility, e.g., the lipid rafts that are membrane zones
with high lipid and protein complexity. This is backed by previous

results showing that in simpler membranes, i.e., phosphatidylcholine
liposomes, Hex increases both 6-AS and 16-AP fluorescence polariza-
tion [12]. In accordance, the phenolic compound resveratrol was
demonstrated to be absorbed into the cells by mechanisms mediated
by membrane lipid rafts [32].

When the antioxidant capacity of Hex was investigated, it was ob-
served that Hex prevented DCA-mediated oxidant increase. It was
previously reported that DCA increases cell oxidant production in
both differentiated Caco-2 [9] and HCT-116 (a CRC cell line) cells
[33]. In the latter the origin of oxidants was ascribed to a mitochon-
drial superoxide anion production that occurs after 4 h of incubation
in the presence of DCA at concentrations of 0.4 mM and higher [33].
The fact that under our experimental conditions the origin of oxidants
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Fig. 5. Hex inhibits DCA-induced p38, ERK1/2, and Akt phosphorylation and AP-1 activation: dose-dependent manner. Caco-2 cells were incubated for 30 min at 37 °C in the absence
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1, representative image and quantitation. For (A) and (B) bands were quantified and results were referred to control (C) untreated cell values (set at 1). For Western blots
(A) results were expressed as the ratio of phosphorylated/nonphosphorylated protein levels. Results are shown as means 4 SEM of three or four independent experiments.
Values having different superscripts are significantly different (p<0.05, one-way ANOVA).

is the membrane-associated enzyme NADPH oxidase provides an ex-
planation for the rapid (30 min) increase in cell oxidant levels at
lower DCA concentration (0.2 mM).

Concerning the association between DCA-mediated oxidation pro-
duction and intestinal health, it is important to point out that of the
five NADPH oxidase activities that have been described in various
cell types and tissues [34,35], NADPH oxidase 1 is highly expressed
in Caco-2 cells and in the colonic mucosa, and it has been proposed
that its overactivation could have a major role in colonic inflamma-
tion and oncogenesis [36]. In addition, NADPH oxidase 1 was de-
scribed as being localized at the plasma membrane [37] and as
colocalizing with caveolin [38]. Thus, DCA-induced alterations in
lipid rafts could mediate the activation of NADPH oxidase 1, whereas
Hex-membrane interactions could prevent it. Significantly, another

of the observed DCA-mediated effects was calcium mobilization.
DCA was previously shown to promote extracellular calcium influx
in human gastric cells [39], and trimeric procyanidins regulated calci-
um mobilization and calcium-dependent oxidant production in Jurkat
T cells [40]. Changes in cellular calcium levels can lead to the activa-
tion of PKC [41], NADPH oxidase, and NOS [42], and all these events
support a membrane-dependent cell oxidant generation that is pre-
ventable by Hex. It should be stressed that, given the relevance of cal-
cium as a second messenger, the inhibition by Hex of DCA-induced
cellular calcium increase could also be important in preventing the
activation of calcium-triggered signaling cascades. In summary, the
capacity of high-molecular-weight procyanidins to interact with syn-
thetic and cell membranes [12,13,43,44] and prevent DCA-induced
lipid raft alterations can be the mechanism underlying their capacity
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Fig. 6. Hex delays DCA-induced Caco-2 cell apoptosis. Caco-2 cells were incubated for 30 min at 37 °C in the absence or the presence of 10 M Hex. Subsequently, the cells were treated
with 0.2 mM DCA and incubated for a further 0-12 h. (A) Phase-contrast microscopy for cells incubated in the absence of additions (control), in the presence of DCA for 3 (DCA 3 h) and
6 h (DCA6 h), orin the presence of DCA and Hex for 3 (Hex 3 h) and 6 h (Hex 6 h). (B) Apoptotic cell death was evaluated by measuring mono- and oligonucleosomes in cells incubated for
6 hin control medium (C) or in the presence of 0.2 mM DCA without (DCA) or with (Hex + DCA) 30 min preincubation with 10 uM Hex. *p<0.05. (C) Western blots of full-length (FL) and
cleaved (C) PARP, in cells incubated for 0-6 h in the presence of DCA or in the presence of 0.2 mM DCA after 30 min preincubation with 10 uM Hex (Hex + DCA).

to prevent a DCA-mediated increase in cellular calcium and oxidants.
It is important to indicate that as previously suggested the prevention
of oxidation by Hex is not related to a direct antioxidant action, i.e.,
free radical scavenging or metal chelation, but to an indirect antioxi-
dant effect as could be the inhibition of oxidant production by
changes in lipid structure and/or specific actions on proteins, i.e.,
NADPH oxidase or NOS regulation [14,16,45-47]. However, at the in-
testinal lumen, large procyanidins could exert a direct antioxidant ef-
fect toward oxidants present in food or generated as a consequence of
the digestive process.

DCA was reported to induce the activation of oncogenic signaling
pathways involving ERK, p38, and Akt in various cell types
[22,48-50]. In the intestine, the activation of ERK, p38, and Akt is in-
volved in DCA-induced increased expression of MUC2, a mucin nor-
mally produced by intestinal goblet cells but abnormally expressed
in CRC [22]. In Barret esophagus and esophageal adenocarcinoma
cells, DCA caused an increased expression of cyclooxygenase-2, sec-
ondary to the activation of ERK, Akt, and AP-1, which was reverted
by antioxidants [48]. Under the current experimental conditions, the
inhibition of NADPH oxidase and NOS, and of calcium mobilization,
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did not have a significant effect on DCA-induced ERK, p38, and Akt ac-
tivation. Nevertheless, Hex prevented the increased phosphorylation
of ERK, p38, and Akt induced by DCA and the associated activation
of AP-1. Supporting a lipid raft-dependent effect of Hex, it was dem-
onstrated that the DCA-induced phosphorylation of ERK is mediated
by the upstream activation of the EGFR, which has been shown to
occur independent of the ligand binding [17]. EGFR is located in
lipid rafts, and the local effect of DCA displacing cholesterol from
lipid rafts to other areas of the membrane is proposed to generate
changes in the receptor's membrane environment leading to ligand-
independent activation [17].

DCA induces apoptotic cell death in intestinal cells. Extensive dam-
age to the mucosa as a consequence of epithelial cell death could
cause an increased cell proliferation as a mechanism of repair. If uncon-
trolled, this could in the long term lead to the development of CRC. We
observed that DCA rapidly caused the activation of caspase-3 in Caco-2
cells, whereas Hex treatment significantly delayed its activation.
Caspase-3 is a cysteine protease that plays a key role in the apoptotic
cascade by cleaving specific substrates, which triggers the organized
dismantling of various cellular structures and compartments. One of
these events is DNA fragmentation, a final stage in the apoptotic cas-
cade, which was also delayed by Hex. Thus, Hex was protective against
DCA-induced oxidative stress and activation of oncogenic signals, and
delayed apoptotic cell death, and could protect from uncontrolled pro-
liferation if cells were chronically exposed to high DCA concentrations.

The obtained results support the hypothesis that large procyani-
dins can prevent DCA-induced events that are closely involved in
the development of CRC. At the intestinal lumen, Hex can provide a
direct (free radical-scavenging) antioxidant effect, which would de-
velop into a decrease in oncogenic mechanisms secondary to oxida-
tive stress. By interacting with the membrane of intestinal cells,
large procyanidins can (i) prevent DCA-induced activation of onco-
genic signals (ERK, p38, Akt, and AP-1) and (ii) prevent DCA-
induced calcium mobilization, NADPH oxidase activation, and oxidant
production. All these events being initiated or developed at lipid rafts,
the specific interaction of Hex and possibly other large procyanidins
with lipid rafts is strongly suggested.

Extrapolating the effects of Hex preventing DCA-mediated trigger-
ing of oncogenic signals to a more general condition, it is possible to
suggest that procyanidin-rich diets or pharmacological interventions
with procyanidins could benefit gastrointestinal health. The mecha-
nisms supporting these benefits involve the capacity of procyanidins
to interact with cell membranes and modulate oxidant production
and calcium mobilization and signals that define cell fate and function.
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