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Grape Seed Extract Affects Proliferation and Differentiation of
Human Intestinal Caco-2 Cells
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The effect of daily contact of a grape seed extract (GSE) on Caco-2 cell proliferation and differentiation
was investigated. GSE at 400 mg/L was added to Caco-2 cells for 2 h a day after successive incubation
in saliva, gastric, and pancreatic media. When applied at the beginning of the cell culture, GSE
triggered inhibition of cell growth associated with a possible cytotoxic reaction. On the other hand,
when the treatment was applied to confluent cells, treated cells displayed a higher protein content
than control cells and a more developed brush border, with taller and denser microvilli. These
observations were accompanied by stimulation of alkaline phosphatase activity, especially at day 5
postconfluency, with a 2.2-fold increase in comparison with the control. On the other hand,
aminopeptidase N activity was inhibited throughout the differentiation period in GSE-treated cells to
reach 28.8% of control cell activity on day 30. GSE did not affect either sucrase—isomaltase activity
or cytoplasmic lactate dehydrogenase (LDH) activity, which otherwise appeared to be a good cellular
marker. GSE treatment of Caco-2 cells thus inhibited their proliferation from seeding onward and
stimulated both proliferation and differentiation after confluency.

KEYWORDS: Caco-2 cells; phenolic compounds; differentiation; proliferation

INTRODUCTION and enterocyte-like tight cellular junction4q, 16). Caco-2

The flavonoids found in vegetables, fruits, and certain monolayers not only morphologically rt_asemble small in_testina_tl
beverages have recently attracted increasing attention becaus8PSOrptive cells but also express typical small intestinal mi-
of their potent antioxidant and antimutagenic propertig<}. crovillar hydrolases, including disaccharidases (18), pepti-
For example, grape seed extracts, which are rich in catechinsd@ses (1719) and alkaline phosphatasg0( 21). Caco-2 cell
and procyanidins (3), display cardioprotective effects and anti- differentiation is known to be affe_cted by certain compounds
tumor-promoting activities4| 5). However, although there have ~Such as hormones, drugs, and minerals. Such compounds can
been many studies on flavonoid absorption and bioavailability affect cell proliferation, enzyme activity, and/or morphological
in vivo (6—9) and in vitro (0—13), little is known about the ~ @spects (2022—26). Other studies have shown the antiprolif-
effect of such compounds on intestinal epithelium and particu- €rative potency of certain flavonols such as quercetin or
larly enterocytic differentiation. In vivo, intestinal cells arise genistein 27), cocoa procyanidins and flavand®s8j, and other
from an undifferentiated proliferating stem cell population in Phenolic compounds such as cinnamic a2#@)(n Caco-2 cells.
the intestinal crypt regiorlé). As these cells migrate from the ~ This growth inhibition may be caused by either an apoptotic
crypt to the villus tip, they differentiate into absorptive cells (27) or a nonapoptotic28) process. Such compounds also
and exhibit well-developed brush borders, with maximum modulate the Caco-2 cell phenotype, inducing changes in
expression of their associated hydrolases and mature tightenzyme expression. Cinnamic acid treatment stimulated sucrase
junctions. Originally derived from human colon adenocarci- and aminopeptidase activities while inhibiting alkaline phos-
noma, Caco-2 cells have been widely studied for their ability phatase in postconfluent Caco-2 ceft§)( Treatment of Caco-2
to differentiate into enterocyte-like cells, expressing some cells with flavonoids such as genistein increased antioxidant
features characteristic of mature small intestinal cellS).( enzyme activity like metallothionein30), while others (e.g.,
Caco-2 cells spontaneously differentiate over a period ef 20 catechins), displayed an inhibiting effect on sulfotransfera®e (
30 days of postconfluent culture, forming a polarized monolayer  |n all these studies, Caco-2 cells were subjected to permanent
with a well-defined brush border on the apical cell membrane contact with purified compounds. However, in vivo, intestinal
cells are exposed to flavonoids for only few hours a day and
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(GSE), on Caco-2 cell proliferation and differentiation. Thus,
to mimic physiological conditions, GSE was added to Caco-2

Laurent et al.

Cell Proliferation. Two chronic treatments with 400 mg/L GSE
were performed to investigate the effect of GSE on cell proliferation.

cells after being subjected to successive incubation in salivary, In €xperiment 1, treatment began 24 h after seeding and was applied
gastric, and pancreatic media. The treatment was performed orf© cells daily. In experiment 2, GSE was added to cells daily from

Caco-2 cells for 2 h a day for a 30-day period, and the effect
on proliferation and Caco-2 cell differentiation was investigated.

MATERIALS AND METHODS

Materials. Grape seed extract (GSE) was obtained from La

confluency until day 30 postconfluency. Cell growth was monitored
by assays of cellular proteins and electron microscopy.

Cell Differentiation. The biochemical and morphological aspects
of differentiation in both treated and control cells were examined to
investigate the effect of a chronic treatment with GSE on the Caco-2
cell differentiation process. The treatment started at confluency. GSE

Gardonnenque SCA (Cruviers Lascours, France) and contained ap-Was first subjected to successive incubations in saliva and gastric media

proximately 67.4% procyanidins, 13.5% of these being (+)-catechin,
(—)-epicatechin, and dimers B1, B2, B3, and B4 (according to the

according to the in vitro simulated digestion model previously
developed. Pancreatic incubation was conducted on Caco-2 cells for 2

supplier). The GSE concentration used in this study was the equivalenth @ day to mimic the intestinal digestion step. The culture medium

of the consumption of 250 mL of red wine<5b g/L total polyphenols)
per meal for an adult subject, corresponding to a polyphenol intake of
0.25—1.25 g. The volume of total digestive secretions in man can be

was removed from each well just before the experiment and replaced
in the upper compartment by 1.5 mL of predigested GSE solution
diluted with culture medium (3:5). Incubation took place #oh at 37

estimated to be 10 L/day, thus around 3 L/meal. Ingested polyphenols “C- Culture medium was also added (2 mL) in the lower compartment.

may thus be diluted in this secretion volume and reach intestinal cells
at a concentration range of 8800 mg/L. A final GSE concentration
of 400 mg/L was therefore chosen for the experiment.

Cell Culture. Caco-2 cells from human colorectal adenocarcinoma
were obtained from the American Type Culture Collection and used

The GSE solution was removed on completion of the 2-h period and
1 mL of culture medium was added to each well. Treated and control
cells were harvested on days 5, 10, 20, and 30 postconfluency for
biochemical analysis and electron microscopy.

Cytotoxicity Assay. To evaluate the possibility of a cell-damaging

in experiments between passages 36 and 48. Caco-2 cells wereeffect by GSE treatment, cell monolayer integrity was investigated by

maintained and expanded in 75 tffasks at 37°C in an atmosphere
of 5% CQ/95% air at constant humidity and in Dulbecco’s modified
Eagle’s medium (DMEM). The medium was supplemented with 15%
heat-inactivated fetal calf serum, 2%glutamine, 1% antibiotic

measurement of lactate dehydrogenase (LDH) release into culture
medium of the upper compartment from treated and control cells. LDH
assay was performed on day 5 after seeding in experiment 1 and from
confluency to day 30 postconfluency in experiment 2, by use of a

antimycotic solution, and 1% nonessential amino acids and was changedstandard ultraviolet spectrophotometric kit (Sigma, method 228-UV).

daily. When the cells were confluent, namely, when they formed a
monolayer, they were harvested by treatment with a solution containing
0.25% trypsin and 1 mM ethylenediaminetetraacetic acid (EDTA),

Enzymatic AssaysSome brush border membrane enzyme activities
typical of differentiation state, such as alkaline phosphatase, aminopep-
tidase N, and a disaccharidase (sucrase—isomaltase), were measured.

thoroughly washed, and resuspended in supplemented growth mediumCytoplasmic LDH activity was also measured. After removal of the

All products were purchased from Invitrogen SARL (Cergy Pontoise,

apical solution, the cell monolayer was washed twice with prewarmed

France). For the experiments, Caco-2 cells were seeded at a density of37 °C) PBS, scraped, harvested in 2 mL of water, and sonicated for

50 000 cells/cri(32) in permeable collagen-coated transwell cell culture
inserts (pore size 0,4m; Corning Costar Science Products, Brumath,
France) to mimic the physiological conditions of an intestinal barrier.
The filters were located in 6-well plates separating an apical from a
basolateral side. The cultures were run for 30 days postconfluency.

In Vitro Simulated Digestion. This was performed as previously
reported (33—35). Incubations in salivary, gastric, and intestinal
solutions were conducted on a rocking platform shaker (Rotomix,
Bioblock, lllkirch, France) in an incubator at 3T with a 5% CQ/

95% air atmosphere maintained at constant humidihmylase from
human saliva (1000—1500 units/mg of protein), porcine pepsin{800
1000 units/mg of protein), pancreatin (activityx4USP specifications),
and bile extract (glycine and taurine conjugates of hyodeoxycholic acids
and other bile salts) were purchased from Sigma (Saint Quentin
Fallavier, France).

An artificial saliva was created with the main constituents of human
saliva as previously reported3§—41). It consisted of phosphate-
buffered saline (PBS) (diluted 1:5), containing 1.336 mM GaClL74
mM MgSQO,, 12.8 mM KHPQ,, and 23.8 mM NaHC®@ Apart from

30 s. All assays were performed with a microplate reader (Dynex
Technologies, Grafton, OH).

Sucrase-isomaltase was assayed according to Messer and Dahlqvist
(44), alkaline phosphatase according to Bessey et 48), (and
aminopeptidase N according to Maroux et @6) with I-leucinep-
nitroanilide as substrate. Cellular LDH activity was measured according
to the method previously described. Enzyme activities were expressed
as milliunits or units per milligram of protein: one unit is defined as
the activity that hydrolyzes &mol of substrate per minute under the
experimental conditions. Caco-2 cell protein content was assayed by
the bicinchoninic acid (BCA) method (47) with bovine serum albumin
as a standard.

Electron Microscopy. Cells were fixed for 30 min at room
temperature with a solution of 2% glutaraldehyde in 100 mM sodium
cacodylate buffer, pH 7.4, containing 12 mM CaQAfter washing,
cells were postfixed for 2 h with 2 mL of the same buffer with 1%
OsQ, and 150 mM sucrose added; the cells were then dehydrated in a
graded series of ethanol (30%—100%).

Scanning Electron Microscopy (SEMfter the dehydration stage,

minerals, the main constituents used were food casein, known to be acells were dried with a C&critical point apparatus (Bal-Tec SCD 0.30),

proline-rich protein at 2 g/L, according to the total protein concentration
in human saliva36, 37,39,41,42), ando-amylase (10004500 units/
mL) (37,42, 43).

Samples were added to artificial saliva to reproduce the salivary
step. The pH was adjusted to 6.9 with 1 N HCI amémylase was
added. The samples were incubated for 10 min at 55 oscillations/min.
The pH was adjusted to pH 2 with 1N HCl and 0.05 mL of pepsin (25
mg/mL in 0.1 N HCI) was added per milliliter of sample to simulate
a gastric juice. Incubation was performed for 60 min at 55 oscillations/
min. Finally, to reproduce the intestinal medium, the pH was raised to
6 by the dropwise addition of 1 M NaHGQand 0.25 mL of
pancreatin—bile extract solution (0.05 g of pancreatin and 0.3 g of bile
extractin 25 mL of 0.1 M NaHC¢) was added per milliliter of sample.
The pH was adjusted to 7 with NaOH and the sample was diluted (2:
3) with a 120 mM NaCl/5 mM KCI solution. The intestinal digestion
step was subsequently performed in the presence of Caco-2 cells.

coated with a gold and palladium mixture (Bal-Tec SCD 0.50), and
examined with a scanning electron microscope (JEOL JFM 6300 F).

Transmission Electron Microscopy (TEMjfter dehydration, cells
were embedded in Spurr (Sigma, Saint Guentin Fallavier, France) and
polymerized at 6(0°C overnight. Ultrathin sections were cut with a
diamond knife on a Reichert OM-U3 microtome. The sections were
contrasted by uranyl acetate and lead citrate and examined with a
transmission electron microscope (JEOL 1200 EX2).

Statistical Analysis.For the enzymatic assays, three wells were run
and each assay was repeated three times. Data from each experiment
were averaged ( 9) and this average value was the data point used
in the statistical analysis. Data were given as m&a8EM and were
analyzed by one-way analysis of variance (ANOVA) with Fisher's
protected least significant difference (PLSD) method for comparing
groups by use of Stat View 4.5 (Abacus Concepts, Inc., Berkeley, CA).
A significance level ofP < 0.05 was used for all comparisons.
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Figure 1. Protein content of GSE-treated and control cells. (A) Protein

content was assayed on day 5 after seeding, when GSE treatment was
applied to Caco-2 cells 24 h after seeding (experiment 1). (B) Protein
content was assayed over a 30-day period, when GSE treatment was
daily applied to cells from confluency (5 days after seeding) (experiment
2). In both experiments, GSE was added to Caco-2 cells for 2 h a day,
after being subjected to in vitro digestion. Protein contents are expressed
in milligrams per well and are means + SEM (n = 9).

RESULTS
Effect of GSE Treatment on Caco-2 Cell Growth.When
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(experiment 1), cell growth was inhibited and cell monolayer
or confluency was never reached. At day 5 after seeding, the
protein content of treated cells was 68.2% lower than that of
control cells Figure 1A). Moreover, morphological observation

by SEM showed clear differences between treated and untreated
cells (Figure 2); while control cells exhibited some short,
sparsely distributed microvilli, treated cells displayed severely
damaged apical membrane. When treatment with GSE began
after confluency (experiment 2), growth evolution was similar
to that of control (Figure 1B). Two growth phases were
observed, with an exponential growth phase from the beginning
of culture until day 5 postconfluency, followed by a stationary
phase until day 30 postconfluency. However, the amount of
protein per well during the 5 days following confluency
increased faster in treated cells than in control cells and remained
40% higher during the stationary phase.

Cytotoxicity Assay. LDH release in the apical culture
medium was measured for evaluation of the possible cytotoxicity
of a chronic treatment with GSE at 400 mg/L. In experiment 1,
LDH activity in apical medium on day 5 postseeding was 73.1%
higher in treated cells than in control cellgigure 3A). In
contrast, LDH release in experiment 2 during the differentiation
period was 1.51.6-fold lower in treated cells than in control
cells, except on day 30, where values were not significantly
different (Figure 3B).

Effect of GSE on Caco-2 Cell Morphological Differentia-
tion. Caco-2 cells in culture undergo morphologic changes from
confluency, characterized by the development of a typical brush
border that, during 30 days of differentiation, gradually develops
increasingly regular, tall, uniformly distributed microvilli. Some
differences appeared in the presence of GSE (experiment 2),
especially at the beginning of the differentiation process. As
shown inFigure 4B, treated cells displayed numerous microwilli
more abundant and also better organizaed early as day 5 of
postconfluency. Some cells exhibited a fully developed brush
border of regular microvilli typical of differentiated cells. These
differences remained in the days that followed, since on day
10 of postconfluency, the brush border was still denser and better
organized than in the contrdfigure 5A), with taller microvilli
(Figure 5B). On day 30, the differentiation process was fully
completed in both treated and control cells.

Effect of GSE on Caco-2 Cell Hydrolase Activities.The
activities of membrane-bound sucrassomaltase, aminopep-
tidase N, alkaline phosphatase, and cellular LDH are shown in
Figure 6. The results were very different according to the
enzyme. The most striking effect was observed for aminopep-
tidase N. As shown irFigure 6A, the specific activity of

Caco-2 cells were subjected to GSE treatment from seedingaminopeptidase N increased regularly in control cells whereas
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Figure 2. Scanning electron microscopy of Caco-2 cells in culture on day 5 postseeding. (A) Control cells; (B) GSE-treated cells, in which GSE was daily
applied 24 h after seeding for 2 h a day, after being subjected to in vitro digestion. Bars, 200 nm.
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Figure 3. LDH release in apical medium in GSE-treated and control cells.
(A) LDH was assayed on day 5 after seeding, when GSE treatment was
applied to Caco-2 cells 24 h after seeding (experiment 1). (B) LDH was
assayed over a 30-day period, when GSE treatment was applied daily to
cells from confluency (5 days after seeding) (experiment 2). In both
experiments, GSE was added to Caco-2 cells for 2 h a day after being
subjected to in vitro digestion. LDH activities are expressed in units per
liter and are means + SEM (n = 9). Asterisks indicate a significant
difference compared to control cells.
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cells was 52.2% higher than in control cells on dayFg(re

6B). However, this activity decreased from 49.4 to 27.1 units/
mg from day 10 to day 30 postconfluency, whereas in control
cells it continued to increase until day 20 and then remained
stable. Control cells displayed decreasing sucrésmmaltase
activity from confluency to day 5, followed by a slight increase
until the end of the differentiation period (Figure 6C). A similar
activity pattern was observed in GSE-treated cells throughout
the 30-day period. However, in this case cells seemed to exhibit
higher activity levels than control cells although no significant
differences were recorded. Finally, as showfigure 6D, GSE
treatment had no effect on cellular LDH activity.

DISCUSSION

Since flavonoids are consumed daily and are known to
possess beneficial health effects, numerous studies have been
performed on their bioavailability and absorption mechanisms.
However, because of their direct exposure to the intestinal tract,
such compounds may have certain effects on intestinal epithe-
lium. This study showed that chronic treatment of Caco-2 cells
with GSE (400 mg/L) modulated cell proliferation and dif-
ferentiation and led to morphological and functional changes
in the cell phenotype.

GSE thus had contrasting effects on cell growth according
to whether the treatment began just after seeding or once
confluency had been reached. In the first case, Caco-2 cell
proliferation was inhibited since confluency was never reached,
even after 10 days of culture, whereas control cells were
confluent on day 5 postseeding. This inhibition was associated
with a cytotoxicity reaction on cell membrane as showed by
the 73.1% higher release of LDH into the apical medium than
in control cells after 5 days of culture. This cytotoxic effect
was confirmed by the damaged cell apical membranes observed
in the presence of GSE. Carnésecchi et 28) (showed that a
procyanidin-enriched cocoa extract (50 mg/L) caused 75%
growth inhibition of Caco-2 cells, associated with an increased
number of lysed cells, and ruled out the possibility of apoptotic
cell death. Thus, although the experimental conditions were
different, we also showed that GSE applied at the beginning of
culture could have an antiproliferative effect by possible
alteration of apical membrane. However, the mechanisms
resulting in Caco-2 cell growth inhibition by flavonoids are not

activity increased very slightly in the presence of GSE; on day completely clear at the moment and may differ according to
30 it reached only 28.8% of the activity observed in control the phenolic compound. Some, such as cinnamic &9 ¢r

cells. In contrast, GSE treatment led to a faster increase of quercetin (27), may act directly on DNA, while others, such as
alkaline phosphatase activity in the first days following con- procyanidins or resveratrol (found in grapes and wine), may
fluency in comparison with control cells, since activity in treated induce inhibition of progress of the cell cycle, blocking cells at

a, i ’ ’ '-._' G ¥ ; R S = o . "
Figure 4. Scanning electron microscopy of Caco-2 cells in culture after 5 days of postconfluency. (A) Control cells; (B) GSE-treated cells, in which GSE
was applied daily from confluency for 2 h a day over a 30-day period and after being subjected to in vitro digestion. Bars, 1 um.
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e o
Figure 5. Transmission electron microscopy of Caco-2 cells in culture after 10 days of postconfluency. (A) Control cells; (B) GSE-treated cells, in which
GSE was applied daily from confluency for 2 h a day over a 30-day period and after being subjected to in vitro digestion. Bars, 200 nm.
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Figure 6. Activity of Caco-2 cell hydrolases in both control and GSE-treated cells during differentiation. GSE was applied from confluency for 2 h a day
over a 30-day period and after being subjected to in vitro digestion. Specific panels are defined as follows: (A) aminopeptidase N, (B) alkaline phosphatase,
(C) sucrase—isomaltase, and (D) LDH. Activities are expressed in milliunits or units per milligram of protein and are means + SEM (n = 9). Asterisks
indicate a significant difference compared to control cells.

S/G2 or G2/M transition phase®§, 48—50). According to GSE treatment increased the protein content per well during
Schneider et al.50), inhibition of ornithine decarboxylase the 5 days following confluency. This phenomenon was
expression might be a possible cause of this cell cycle associated with morphological differences in the presence of
modulation. GSE. The cell differentiation process was enhanced by daily
On the other hand, we showed that cell growth was not GSE treatment, promoting expression of microvilli, but the
inhibited when GSE was applied once confluency had been causal mechanism is not yet known. Thus, chronic treatment
reached. In both treated and control cells, the stationary phasewith GSE at 400 mg/L did not lead to morphological abnor-
of the growth curve was reached around day 5 after confluency, malities of confluent cells by cytotoxicity, as shown by the
namely, 10 days after seeding, which agrees with previous constant LDH release into apical medium throughout dif-
studies (15,20, 24). Moreover, compared with control cells, ferentiation. Moreover, the same experiments were carried
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without previous digestion of GSE in order to rule out the effect ity. Indeed, the specific activity reached at confluency remained
of the simulated digestion itself in morphological evolution of unchanged throughout differentiation despite an increase in
cells during differentiation and the results were similar to those protein content. This lack of evolution may result from two

presented here (data not shown). We have therefore demon-distinct mechanisms: either an inhibition of enzyme expression
strated for the first time a stimulating effect of daily exposure or a direct interaction between GSE and enzyme phenolic
to a grape seed extract on growth and morphological differentia- compounds. Although no data are available about flavonoid
tion of confluent Caco-2 cells. affinities for aminopeptidase N, such interactions between

Since flavonoids have been shown to penetrate intestinal cellsflavonoids and other intestinal brush border enzymes have
(13,51—53), it can be put forward that these effects are likely already been demonstratesb]. Tebib et al. §7) suggested an
to occur in vivo as well. Intestinal cells that migrate from crypt  inhibitive effect of a tannin diet on dipeptidyl peptidase IV
to villus tip might therefore undergo more rapid differentiation activity by direct interaction between the enzyme and the
into absorptive cells when exposed daily to grape seed fla- Phenolic compounds. GSE flavonoids applied daily to Caco-2
vonoids. However, it remains difficult to establish a direct Cells thus caused a break in the increase of aminopeptidase N
correlation between the in vivo and in vitro models, as conditions activity 5 days after seeding. Further investigation will be
are different and Caco-2 cells display certain phenotypic nNecessary to determine the cellular mechanism involved.
differences with intestinal cells (54). No effect of phenolic compounds from GSE was observed

In addition, we have shown that daily treatment with GSE O sucraseisomaltase and LDH activities since the latter were
also modified the confluent Caco-2 cell phenotype by stimulat- unchanged throughout diff_erentiatio_n in comparison with control
ing alkaline phosphatase activity and inhibiting aminopeptidase CellS. In contrast with previous studies (5&), we noted a very
N activity during the differentiation process. Sucrammmaltase  Slight increase in sucrasesomaltase activity in control cells
and cellular LDH activities were unchanged elsewhere. With from confluency to day 30 postconfluence and low activity
regard to LDH, the comparison between cell proliferation curve €Vels, whereas sucrase—isomaltase is usually considered to be
and LDH activity in control cells revealed that LDH may be @ good marker of cell differentiatios§). However, it has been
considered as a good cellular marker of Caco-2 cell evolution Shown that sucrasésomaltase expression in Caco-2 cells could
since activity displayed the same development as protein contentdiSplay substantial variation depending on the cldt@) or the
with a stationary phase reached on day 5 after confluency. ~ Cell passage used (59). S _

Alkaline phosphatase, usually used as a marker for cell Finally, our results are the first indication that daily exposure
differentiation in the Caco-2 modells, 17, 21), displayed ~ Of Caco-2 cells to flavonoids from GSE (400 mg/L) affects the
steadily increasing activity from confluency. Our study showed Proliferation and differentiation of intestinal Caco-2 cells,
that a chronic GSE treatment enhanced the specific activity of Nducing morphological and functional changes. When applied

the enzyme (units per milligram of protein), suggesting that this to confluent_cells, GSE activated the form_ation qf cel! _brush
stimulation resulted not only from the increase in the number POrder. leading to longer and better organized microvilli, and
of cells but also from a distinct effect of GSE on enzyme this was corroborated by a stimulation of alkaline phosphatase,

expression. Previous work showed that the effects of phenolic @ €€l differentiation marker. Moreover, whereas sucrase

compounds on alkaline phosphatase activity might be dependenfSonrlaltase and intr_acel_lular LDH were not affected t_)y_ GSE,
on the compound. Thus resveratrol did not induce any change"Ve showed for the first time that aminopeptidase N activity was

in alkaline phosphatase activity when applied alone to Caco-2 ?nhibite(.j dur?ng Caco-2 cell differentiation, either by direct
cells, but in combination with butyrate it triggered 3.3-fold Ntéraction with GSE compounds or by modulation of enzyme

increased activity (49). Piceatannol was also reported to have&Xpression. Further studies are required for the identification
no effect on alkaline phosphatase activity when applied to of the compoqus from GSE that may be able to act on these
Caco-2 cells48), whereas cinnamic acid had a negative effec hydrolase activities and understanding of the cell mechanisms

on this enzyme, inhibiting activity in postconfluent cel29}. involve_d, taking_into account the hypothesis _of transcriptional,
However, these authors used different experimental conditions.tradUCt!onal’ or |_ntracellular transport regulations, as suggested
from ours, since their concentration of cinnamic acid was 7-fold " Prévious studies.

higher than the GSE dose and their treatment was applied over

a 48-h period. Otherwise, it has been proved that flavonoids ACKNOWLEDGMENT
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the effects of flavonoids on enzyme activities might be mediated

through transcriptional changes by modulation of mRNA (1) Rice-Evans, C.; Packer, [Elavonoids in health and disease

formation @0). Others have suggested that phenolic compounds Dekker: New York, 1998.
such as cinnamic acid induced their effect on enzyme activity ~(2) Stoner, G. D.; Mukhtar, H. Polyphenols as cancer chemopre-
partly by modulating the intracellular cAMP signaling pathway ventive agentsJ. Cell Biochem1995,22, 169—180.

(29). Further studies are needed to determine which compounds (3) Fuleki, T.; Ricardo da Silva, J. Catechin and procyanidin

: . . . . composition of seeds from grape cultivars grown in Ontalio.
:zv(ssgdcould exert this effect and to identify the mechanism Agric. Food Chem1997,45, 1156—1160.

) ) ) (4) Cook, N. C.; Sammam, S. Flavonoid€hemistry, metabolism,
On the other hand, while GSE phenolics enhanced alkaline cardioprotective effects, and dietary sourcksNutr. Biochem.

phosphatase expression, they inhibited aminopeptidase N activ- 1996,7, 66—76.



Effects of Grape Seed Extract on Intestinal Cells

(5) Zhao, J.; Wang, J.; Chen, Y.; Agarwal, R. Anti-tumor-promoting
activity of a polyphenolic fraction isolated from grape seeds in
the mouse skin two-stage initiatieqpromotion protocol and
identification of procyanidin B5-3'-gallate as the most effective
antioxidant constituentCarcinogenesid 999,20, 1737—1745.

(6) Piskula, M.; Terao, J. Accumulation ofJ-epicatechin metabo-
lites in rat plasma after oral administration and distribution of
conjugation enzymes in rat tissuels.Nutr. 1998,128, 1172—
1178.

(7) Bell, J. R. C.; Donovan, J. L.; Wong, R.; Waterhouse, A. L.;
German, J. B.; Walzem, R. L.; Kasim-Karakas, S.-5)-¢atechin
in human plasma after ingestion of a single serving of recon-
stituted red wineAm. J. Clin. Nutr.2000,71, 103—108.

(8) Baba, S.; Osakabe, N.; Natsume, M.; Muto, Y.; Takizawa, T.;
Terao, J. In vivo comparison of the bioavailability of-)¢
catechin, {-)-epicatechin and their mixture in orally administered
rats.J. Nutr.2001,13, 2885—2891.

(9) Baba, S.; Osakabe, N.; Natsume, M.; Muto, Y.; Takizawa, T.;
Terao, J. Absorption and urinary excretion of (—)-epicatechin
after administration of different levels of cocoa powder oj){
epicatechin in ratsl. Agric. Food Chen2001, 49, 6050-6056.

(10) Vaidyanathan, J. B.; Walle, T. Transport and metabolism of the
tea flavonoid )-epicatechin by the human intestinal cell line
Caco-2.Pharm. Res2001,18, 1420—1425.

(11) Liu, Y.; Hu, M. Absorption and metabolism of flavonoids in
the Caco-2 cell culture model and a perfused rat intestinal model.
Drug Metab. Dispos2002,30, 370—377.

(12) Deprez, S.; Mila, I.; Huneau, J. F.; Tome, D.; Scalbert, A.
Transport of proanthocyanidin dimer, trimer, and polymer across
monolayers of human intestinal epithelial caco-2 célstioxid.
Redox Signal2001,3, 957—967.

(13) Murota, K.; Shimizu, S.; Miyamoto, S.; lzumi, T.; Obata, A.;
Kikuchi, M.; Terao, J. Unique uptake and transport of isoflavone
aglycones by human intestinal Caco-2 cells: comparison of
isoflavonoids and flavonoidsl. Nutr. 2002,132, 1956—1961.

(14) Potten, C. S.; Loeffler, M. Stem cells: attributes, cycles, spirals,
pitfalls and uncertainties lessons for and from the crypt.
Developmentl990,110, 1001-1020.

(15) Pinto, M.; Robine-Leon, S.; Appay, M.-D.; Kedinger, M.;
Triadou, N.; Dussaulx, E.; Lacroix, B.; Simon-Assmann, P.;
Haffen, K.; Fogh J.; Zweibaum A. Enterocyte-like differentiation
and polarization of the human colon carcinoma cell line Caco-2
in culture.Biol. Cell 1983,47, 323—330.

(16) Hidalgo, I. J.; Raub, T. J.; Borchard, R. T. Characterization of
the human colon carcinoma cell line (Caco-2) as a model system
for intestinal epithelial permeabilityzastroenterology. 989,96,
736—749.

(17) Hauri, H. P.; Sterchi, E. E.; Bienz, D.; Fransen, J. A.; Marxer,
A. Expression and intracellular transport of microvillus mem-
brane hydrolases in human intestinal epithelial céll€ell Biol
1985,101, 838—851.

(18) Chantret, |.; Rodolosse, A.; Barbat, A.; Dussaulx, E.; Brot-
Laroche, E.; Zweibaum, A.; Rousset, M. Differential expression
of sucrase-isomaltase in clones isolated from early and late
passages of the cell line Caco-2: evidence for glucose-dependent
negative regulation]. Cell Sci.1994,107, 213—225.

(19) Howell, S.; Kenny, A. J.; Turner, A. J. A survey of membrane
peptidases in two human colonic cell lines, Caco-2 and HT-29.
Biochem. J1992,284, 595—601.

(20) Rousset, M.; Laburthe, M.; Pinto, M.; Chevalier, G.; Rouyer-
Fessard, C.; Dussaulx, E.; Trugnan, G.; Boige, N.; Brun, J.-L.;
Zweibaum, A. Enterocytic differentiation and glucose utilization
in the human colon tumor cell line caco-2: modulation by
forskolin. J. Cell Physiol.1985,123, 377—385.

(21) Matsumoto, H.; Erickson, R. H.; Gum, J. R.; Yoshioka, M.; Gum,
E.; Kim, Y. S. Biosynthesis of alkaline phosphatase during
differentiation of the human colon cancer cell li@astroen-
terology 1990,98, 1199—1207.

J. Agric. Food Chem., Vol. 52, No. 11, 2004 3307

(22) Ricchi, P.; Pignata, S.; Di Popolo, A.; Memoli, A.; Apicella,
A.; Zarilli, R.; Acquaviva, A. M. Effect of aspirin on cell
proliferation and differentiation of colon adenocacinoma Caco-2
cells. Int. J. Cancer1997,73, 880—884.

(23) Siavoshian, S.; Blottiere, H.; Le Foll, E.; Kaeffer, B.; Cherbut,
C.; Galmiche, J.-P. Comparison of the effect of different short
chain fatty acids on the growth and differentiation of human
colonic carcinoma cell lines in vitraCell Biol. Int 1997, 21,
281—287.

(24) Jumarie, C.; Herring-Gillam, F. E.; Beaulieu, J.-F.; Malo, C.
Triiodothyronine stimulates the expression of sucrase-isomaltase
in Caco-2 cells cultured in serum-free mediugxp. Cell. Res.
1996,222, 319—325.

(25) Ferruzza, S.; Scarino, M. L.; Rotilio, G.; Ciriolo, M. R.;
Santaroni, P.; Muda, A. O.; Sambuy, Y. Copper treatment alters
the permeability of tight junctions in cultured human intestinal
caco-2 cellsAm. J. Physiol.-Gastr1999,277, G1138—G1148.

(26) Sato, N.; Kawakami, H.; Idota, T. Nucleotide and nucleoside
supplementation may morphologically promote the differentiation
of human Caco-2 cells. J. Nutr. Sci. Vitamind000,46, 175—
179.

(27) Kuo, S. M. Antiproliferative potency of structurally distinct
flavonoids on human colon cancer ce{ancer Lett1996 110,
41-48.

(28) Carnésecchi, S.; Schneider, Y.; Lazarus, S. A.; Coehlo, D.; Gosse
F.; Raul, F. Flavanols and procyanidins of cocoa and chocolate
inhibit growth and polyamine biosynthesis of human colonic
cancer cellsCancer Lett.2002,175, 147—155.

(29) Eckmekcioglu, C.; Feyertag, J.; Marktl, W. Cinnamic acid
inhibits proliferation and modulates brush border membrane
enzyme activities in Caco-2 cell€ancer Lett1998 128 137—

144.

(30) Kameoka, S.; Leavitt, P.; Chang, C.; Kuo, S.-M. Expression of
antioxidant proteins in human intestinal caco-2 cells treated with
dietary flavonoidsCancer Lett.1999,146, 161—167.

(31) Tamura, H.-O.; Matsui M. Inhibitory effects of green tea and
grape juice on the phenol sulfotransferase activity of mouse
intestines and human colon carcinoma cell line, CacBial.
Pharm. Bull.2000,23, 695—699.

(32) Glahn, R. P.; Wien, E. M.; Van Campen, D. R.; Miller, D. D.
Caco-2 cell iron uptake from meat and casein digests parallels
in vivo studies: use of a novel in vitro method for rapid
estimation of iron bioavailabilityJ. Nutr. 1996,126, 332—339.

(33) Puyfoulhoux, G.; Rouanet, J.-M.; Besang¢ P.; Baroux, B.;
Baccou, J.-C.; Caporiccio, B. Iron availability from iron-fortified
spirulina by an in vitro digestion/Caco-2 cell culture modgl.
Agric. Food. Chem2001,49, 1625—1629.

(34) Glahn, R. P.; Cheng, Z.; Welch, R. M. Comparison of iron
bioavailability from 15 rice genotypes: studies using an in vitro
digestion/caco-2 cell culture moddl Agric. Food Chen2002
50, 3586—3591.

(35) Planes, P.; Rouanet, J.-M.; Laurent, C.; Baccou, J.-C.; Besanc
P.; Caporiccio, B. Magnesium bioavailability from magnesium-
fortified spirulina in cultured human intestinal Caco-2 cefisod
Chem.2002,77, 213-218.

(36) Benedek-spdt, E. The composition of unstimulated human parotid
saliva.Arch. Oral Biol. 1973,18, 39-47.

(37) Shannon, I. L.; Suddick, R. P.; Dowd, F. J. Saliva: composition
and secretion. IMMonographs in Oral Science; Karger: Basel,
Switzerland, 1974; pp 1-96.

(38) Young, J. A.; Schneyer, C. A. Composition of saliva in
mammalia.Aust. J. Exp. Biol. Med. Scl981,59, 1-53.

(39) Somer, E.; Ben-Aryeh, H.; Laufer, D. Salivary composition,
gender and physiological stredst. J. Psychosomatic993,

40, 1721.

(40) Leung, V. W.-H.; Darvell, B. W. Artificial salivas for in vitro
studies of dental materiald. Dent.1997,25, 475—484.

(41) Rehak, N. N.; Cecco, S. A.; Csako, G. Biochemical composition
and electrolyte balance of “unstimulated” whole human saliva.
Clin. Chem. Lab. Med2000, 38, 335—343.



3308 J. Agric. Food Chem., Vol. 52, No. 11, 2004

(42) Edgar, W. M. Saliva: its secretion, composition and functions.
Br. Dent. J.1992,172, 305—312.

(43) Kalipatnapu, P.; Kelly, R. H.; Rao, K. N.; Van Thiel, D. Salivary
composition: effects of age and secta Med. Port.1983,4,
327-330.

(44) Messer, M.; Dahlgvist, A. A one-step ultramicro method for the
assay of intestinal disaccharidasésal. Biochem.1966, 14,
376—392.

(45) Bessey, O. A.; Lowry, O. H.; Brock, M. J. Rapid colorimetric
method for the determination of alkaline phosphatase in five
cubic millimeters of serumJ. Biol. Chem 1946 164, 321—
329.

(46) Maroux, S.; Louvard, D.; Baratti, J. The aminopeptidase from
hog intestinal brush bordeBiochim. Biophys. Actd973,321,
282—295.

(47) Smith, S. K.; Krohn, R. |.; Mallia, A. K.; Provenzano, M. D.;
Fujimoto, E. K.; Goeke, N. M.; Olson, B. J.; Klenk, D. K.
Measurement of protein using bicinchoninic addal. Biochem
1985,150, 76-85.

(48) Wolter, F.; Clausnitzer, A.; Akoglu, B.; Stein, J. Piceatannol,

Laurent et al.

catechin areo-methylated and glucuronidated in the small
intestine.Biochem. Biophys. Res. Comm@®00, 277, 507—
512.

(53) Donovan, J. L.; Crespy, V.; Manach, C.; Morand, C.; Besson,
C.; Scalbert, A.; Rmesy, C. Catechin is metabolized by both
the small intestine and liver of rat3. Nutr.2001,131, 1753—
1757.

(54) Engle, M. J.; Goetz, G. S.; Alpers, D. H. Caco-2 cells express a
combination of colonocyte and enterocyte phenotyge€ell.
Physiol.1998,174, 362—369.

(55) Wenzel, U.; Kuntz, S.; Brendel, M. D.; Daniel, H. Dietary flavone
is a potent apoptosis inducer in human colon carcinoma cells.
Cancer Res2000,60, 3823—3831.

(56) Welsch, C. A.; Lachance, P. A.; Wasserman, B. P. Effects of
native and oxidized phenolic compounds on sucrase activity in
rat brush border membrane vesicl@sNutr.1989,119, 1737—
1740.

(57) Tebib, K.; Rouanet, J.-M.; Besant, P. Effect of grape seed
tannins on the activity of some rat intestinal enzyme activities.
Enzyme Proteir1994—95,48, 51-60.

an analog of resveratrol, inhibits progression through the S phase (58) Boulenc, X. Intestinal cell models. Their use in evaluating the

of the cell cycle in colorectal cancer cell lineks. Nutr. 2002,
132, 298—-302.

metabolism and absorption of xenobioti€s.T. P. Pharma. Sci
1997,7, 259—2609.

(49) Wolter F.; Stein J. Resveratrol enhances the differentiation (59) Briske-Anderson, M.; Finley, J. W.; Newman, S. M. The

induced by butyrate in Caco-2 colon cancer cellNutr.2002,
132, 2082—2086.

(50) Schneider, Y.; Vincent, F.; Duranton, B.; Badolo, L.; Gossé, F.;
Bergmann, C.; Seiler, N.; Raul, F. Anti-proliferative effect of

resveratrol, a natural component of grapes and wine, on human

colon cancer cellsCancer Lett.2000,158, 85-91.

(51) Kuo, S.-M. Transepithelial transport and accumulation of flavone

in human intestinal Caco-2 cellsife Sci 1998 63, 2323-2331.

(52) Kuhnle, G.; Spencer, J. P. E.; Schroeter, H.; Shenoy, B.; Debnam,

influence of culture time and passage number on the morpho-
logical and physiological development of caco-2 cétisc. Soc.
Exp. Biol. Med.1997,214, 248—257.

Received for review October 22, 2003. Revised manuscript received
March 1, 2004. Accepted March 4, 2004.

E. S,; Srai, S. K. S.; Rice-Evans, C.; Hahn, U. Epicatechin and JF035231E



