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Abstract

Reactive oxygen and nitrogen species, including superoxide (O, ) and nitric oxide (NO), are known to be mediators of
oxidative stress and play pivotal roles in the onset of numerous life style-related diseases. While a number of studies have
shown that naturally occurring anti-oxidants may be applicable for prevention and therapy for those diseases, most i vitro
anti-oxidation tests reported have not provided significant insight into the absorption efficiency or metabolism of dietary anti-
oxidants in the gastrointestinal tract. In the present study, we established a novel assay system by focusing on the
bioconversion of food constituents using differentiated Caco-2 cells as a model of human intestinal epithelial cells. Various
fresh food preparations [ginger, garlic, shimeji (Hypsizigus marmoreus), onion, carrot] were added to the apical side of
differentiated Caco-2 monolayers. After incubation, the medium was recovered and tested for its inhibitory effects on 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced O, generation in differentiated HL-60 cells, and on combined
lipopolysaccharide (LPS)- and interferon (IFN)-y -induced NO generation in RAW 264.7 macrophages. The garlic
preparation (25% v/v) basolateral medium abolished O, generation without any cytotoxicity toward HL-60 cells, though it
was cytotoxic to Caco-2 cells. In the NO generation tests, all of the food preparations showed notable inhibitory activity, while
the garlic preparation (5% v/v) basolateral medium inhibited NO generation with substantial cytotoxicity toward RAW 264.7
cells. Interestingly, the carrot preparation (1% v/v) basolateral medium inhibited NO generation in both a concentration- and
time-dependent manner without any cytotoxicity toward RAW 264.7 or Caco-2 cells, and its activities were higher than those
of the carrot preparation alone (1% v/v). Our results indicate that the present assay system is appropriate and reliable for
determination of the anti-oxidative efficacy of dietary phytochemicals i vivo.
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Introduction phytochemicals towards O, generation in 12-O-

Reactive oxygen and nitrogen species (RONS) are tetradecanoylphorbol-13-acetate (TPA)-activated

considered to play important roles in the onset of a
variety of diseases [1-3]. Superoxide anion (O, ) and
nitric oxide (NO) are precursors of several types of
RONS [4], and it is widely recognized that suppres-
sion of excessive O, and NO generation is effective
and promising for both prevention and therapy for
oxidative stress-related diseases. We previously
reported the inhibitory properties of several food

dimethylsulfoxide (DMSO)-differentiated human
promyelocytic HL-60 cells and NO generation
in lipopolysaccharide (LPS)/interferon (IFN)-
v -activated RAW 264.7 macrophages [5-9], and
some compounds shown to be active in n vitro
experiments have also shown remarkable cancer
chemopreventive activities in rodent models, as well
as anticipated anti-oxidative properties [8—12].
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In order to more accurately determine the i vivo
anti-oxidative activities of food items and their
components, their bioavailability and metabolism in
the gastrointestinal tract must be taken into account,
because most plant secondary metabolites are scarcely
absorbed, metabolized, or chemically decomposed.
However, only a limited number of iz vitro methods
for precisely investigating small intestinal absorption
and gut wall extraction have been reported. Further,
most studies regarding the absorption of food
phytochemicals in humans and experimental animals
have required long periods of time for the experiments
and a large number of samples. Although some models
have been used to determine the intestinal uptake of
food components, as well as to investigate absorption
and intestinal and presystemic metabolism [13,14],
they are complex, time-consuming, and expensive,
and occasionally require sophisticated equipment.

The Caco-2 cell line, derived from human colon
adenocarcinomas, exhibits enterocyte-like character-
istics, such as the expression of brush-border enzymes
[15,16], nutrient transporters [17,18], and an inter-
cellular tight junction [16,19], and has been used
widely as an in virro model for studies of the small
intestine, as well as for studying drug metabolism and
transport [20,21]. In addition, many researchers have
recently utilized these cells to investigate the absorption
and metabolism of dietary carotenoids (B-carotene,
lutein, lycopene and fucoxanthin) [22-24], poly-
phenols (quercetin, apigenin, genistein, daidzein,
epicatechin and resveratrol) [18,25-29], and chloro-
phyll [23], as well as others [30,31].

In the present study, we aimed to establish a novel
assay system that reflected i wivo anti-oxidative
activity by focusing on the bioconversion of food
constituents using differentiated Caco-2 cells.
Selected food preparations were added to Caco-2
monolayers on the apical side, and then the inhibitory
effects of conditioned media taken from the basolat-
eral side toward O, and NO generation by
differentiated HL-60 cells and RAW 264.7 cells,
respectively, were measured (Figure 1). In addition,
transepithelial electrical resistance (TEER) values of
the Caco-2 monolayers were determined to examine
the effects of the food preparations on the tight
junction. Our results showed that a carrot preparation
was promising, as the basolateral medium from Caco-
2 cells exposed to it highly suppressed NO generation
at relatively low concentrations.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM),
Roswell Park Memorial Institute (RPMI) 1640
medium, fetal bovine serum (FBS), and IFN-vy were
purchased from Gibco BRL (Grand Island, NY).

Food preparation

Membrane
culture insert

P s S—

LPS/TFN-y -| Differentiated Caco-2 cells| ;

=l

RAW 264.7 cells

Basolateral

DMSO-differentiated
HL-60 cells

Figure 1. Illustrative outline of the present novel anti-oxidative
assay system using differentiated Caco-2 cell monolayers. Caco-2
cells were seeded on cell culture inserts in 6-well plates at a density of
2 x 10°cells/insert and fully differentiated. Each fresh food
preparation was added to the apical side of the monolayer at
various final concentrations and incubated at 37°C for the
designated times. After incubation, the TEER values of the Caco-
2 monolayers were measured. Each conditioned medium and food
preparation were separately tested for their inhibitory effects on
TPA-induced O, generation in differentiated HL-60 cells and on
combined LPS/IFN-y -induced NO generation in RAW 264.7
macrophages. The viability of Caco-2, RAW 264.7, and HL-60 cells
was determined by MTT and Trypan Blue dye exclusion tests,
respectively.

LPS (E. coli serotype 0127, B8) was obtained from
Difco Labs (Detroit, MI). Cytochrome C was from
Sigma Chemical (St Louis, MO). All other chemicals
were purchased from Wako Pure Chemicals
(Osaka, Japan), unless otherwise specified.

Cell cultures

Caco-2 cells, HL.-60 human promyelocytic leukemia
cells, and RAW 264.7 mouse macrophages were
obtained from the American Type Culture Collection
(Rockville, MA). The Caco-2 and RAW 264.7 cells
were maintained in DMEM, and the HIL-60 cells in
RPMI 1640. Each medium contained 300 ng/ml of
L-glutamine supplemented with 10% FBS, 100 U/ml
of penicillin, and 100 ng/ml of streptomycin. The cells
were incubated under a humidified atmosphere of
95% 0O, and 5% CO, at 37°C, and maintained at
80-90% confluence.

For each experiment, Caco-2 cells were seeded on
cell culture inserts (PET track-etched membrane,
23mm in diameter, pore size 0.4 pm, Becton
Dickinson Labware, Franklin Lakes, NJ) in 6-well
plates at a density of 2 X 10°cells/insert. The
basolateral and apical compartments contained 2.0
and 3.0 ml of culture medium, respectively. Medium
was replaced freshly two or three times a week. The
cell culture inserts were used for the experiments
14-21 days after seeding, when TEER exceeded
300 Qcm?.
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Measurement of TEER

The TEER value of the Caco-2 monolayers was
measured according to the method of Hidalgo et al.
using a Millicell-ERS instrument (Millipore Co.,
Bedford, MA) [16]. The measurements were per-
formed prior to and at the end of each experiment to
assess the integrity of the Caco-2 monolayers.
Monolayer resistance, obtained by subtracting intrin-
sic resistance (membrane alone) from total resistance
(membrane plus monolayer), was corrected for the
surface area and expressed as Qcm?. The effect of each
assay sample on TEER was expressed as the relative
value, obtained by correcting the control value (PBS-
treated values as 100%).

Sample preparation

Fresh food items [ginger, garlic, shimeji (Hypsizigus
marmoreus, a mushroom), onions, and carrots] were
purchased from a local supermarket in Kyoto, Japan.
Ten grams of each were cut into small pieces,
suspended in 10ml of PBS, and subjected to a
homogenizer (Ultra Turrax T25 basic, IKA Labor-
technik, Staufen, Germany) for 30s at room
temperature. Then, the homogenates were centri-
fuged at 5000 X gfor 5 min and filtrated through filter
paper (P3801 No. 2 Advantec Tokyo Japan). Each
resulting food preparation was aliquoted and frozen
immediately at —80°C until use.

Food preparation-treated media from Caco-2 monolayer

Fully differentiated Caco-2 cells, prepared as
described above, were used for the experiments. The
medium from each side was removed and the inserts
were washed with Hank’s balanced salt solution
(HBSS) twice. Phenol-red free DMEM medium was
then added to the apical (2 ml) and basolateral (3 ml)
sides. Then, one of the food preparations or PBS at
various volumes (0—25%, v/v) was added to the apical
side of the Caco-2 monolayers and incubated at 37°C
for the designated time periods. After incubation, the
medium from both sides was independently collected
and the anti-oxidative activity of the each resultant
medium preparation was evaluated as described
below. The viability of the Caco-2 cells was assessed
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay [32].

TPA-induced O, generation in differentiated HL-60 cells

An inhibitory test of TPA-induced O, generation was
performed as previously reported with some modifi-
cations [8]. HL-60 cells were pre-incubated with
1.25% dimethylsulfoxide (DMSO) in RPMI 1640
medium for 6 days and differentiated into granulo-
cytes. Differentiated HL-60 cells (1 X 10°) were
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incubated in 1 ml of each food preparation, or apical
or basolateral medium at 37°C for 15 min. Following
the pre-incubation, the cell suspension was centri-
fuged and washed with HBSS twice, then suspended
in 1 ml of HBSS. Ninety seconds after stimulation
with 100 nM of TPA, cytochrome C (1 mg/ml) was
added to the reaction mixture and incubated for
15 min at 37°C. Visible absorption by the supernatant
at 550nm, due to reduced cytochrome C, was
measured for O, generation. The viability of HL-60
cells was determined using a Trypan Blue dye
exclusion test. Cells treated with only the vehicle and
those with TPA alone were used as negative and
positive controls, respectively.

LPS/IEN-y -induced NO generation in RAW 264.7 Cells

Inhibitory tests of LPS/IFN-vy -induced NO gener-
ation were performed as previously reported with
some modifications [7]. RAW 264.7 mouse macro-
phages (2 X 10’ cells/ml) in 1 ml of DMEM medium
on a 24-well plate were pre-incubated at 37°C for 18 h.
After the cells were washed with PBS twice, 1 ml of
each food preparation, or medium from the apical or
basolateral side incubated with each food preparation,
was added to the cells. Following incubation for
30 min, LPS (100 ng/ml), IFN-vy (100 units/ml), and
L-arginine (2 mM) were added to the medium. After
24N, the levels of nitrite (NO, ) and cytotoxicity were
measured using Griess [33] and MTT assays,
respectively. Cells treated with only the vehicle and
with LPS/IFN-y alone were used as negative and
positive controls, respectively.

Staustical analysis and inhibitory rate (IR)

Each experiment was done independently at least 3
times and the data are expressed as the mean *
standard deviation (SD). The statistical significance of
differences between groups in each assay was assessed
by a Student’s r-test (two-sided) that assumed unequal
variance. The IR in each assay was calculated using
the following equation: IR(%) = {1 — [(testsample
data) — (negative control data)][(positive control data)
— (negative control data)] !} X 100.

Results

Suppressive effects of food preparations, and conditioned
apical and basolateral media on O, generation

The ginger, garlic, shimeji, onion, and carrot prep-
arations were selected as test samples, based on the
results of a previous screening test [34], after being
made from a homogenate at a concentration of 1 g/ml
of fresh PBS followed by filtration. Each preparation
at a concentration of 25% (v/v) showed 90% or greater
inhibition toward TPA-induced O, generation in
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differentiated HL-60 cells (Figure 2A). Further, the
garlic [cell wviability (CV)=0%] and shimeji
(CV < 20%) preparations showed substantial cyto-
toxicity toward HL-60 cells. Next, each preparation
was added to the apical side of the Caco-2 monolayers
at a concentration of 25% (v/v), and the apical and
basolateral media were separately collected after 24 h
of incubation. The apical medium samples treated
with garlic, shimeji and carrot preparations showed
significant inhibitory effects [IR > 80%] (Figure 2B),
while the ginger- and onion-conditioned apical media
(IR < 20 and <40%, respectively) were less active.

Food preparation
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Figure 2. Suppressive effects of food preparations (A), and apical
(B) and basolateral (C) medium samples on TPA-induced O,
generation in differentiated HL-60 cells. Open bars; inhibitory rates,
closed bars; HL-60 cell viability. HL-60 cells were pre-incubated
with 1.25% DMSO in RPMI 1640 medium for 6 days and allowed
to differentiate into granulocytes. Differentiated HI-60 cells
(1 X 10° were incubated with 1ml of each food preparation
(25% v/v), or apical or basolateral medium samples for 15 min at
37°C. Following that pre-incubation, the suspension was
centrifuged and washed with HBSS twice, then the cells were
suspended in 1 ml of HBSS. Ninety seconds after stimulation with
TPA (100 nM), cytochrome C (1 mg/ml) was added to the reaction
mixture and incubated for 15 min at 37°C. Visible absorption by the
supernatant was measured at 550 nm to determine O, generation.
HI-60 cell viability was determined by a Trypan Blue dye exclusion
test. Values are shown as the means = SD (n= 3). *P < 0.05,
**P < 0.01, ***P < 0.001 versus equivalent volume of PBS-treated
control using Student’s z-test.

In addition, no notable cytotoxicity was observed
(CV > 80%) for any medium sample from the apical
side of Caco-2 cells treated with the preparations for
24 h (Figure 2B). It was notable that only the garlic-
conditioned basolateral media abolished O, gener-
ation without any marked cytotoxicity toward HL.-60
cells IR =100, CV > 85%) (Figure 2C). Both the
onion and carrot-conditioned basolateral medium
showed moderate inhibition (IR ~ 40%), and that
treated with ginger or shimeji had weaker activity
(IR ~ 20%).

Suppressive effects of food preparations, and conditioned
apical and basolateral media on NO generation

Each preparation (25% v/v)-conditioned basolateral
medium suppressed LPS/IFN-y -induced NO gener-
ation in RAW 264.7 cells by 90% or more (data not
shown), therefore, they were retested at a concen-
tration of 5% (v/v). Although all of the preparations
(5% v/v) highly suppressed NO generation
(IR > 70%), the ginger, garlic, and shimeji prep-
arations were cytotoxic (CV < 30%) (Figure 3A).
Further, it is interesting that apical medium collected
from Caco-2 cells treated separately with those 3
preparations were not cytotoxic (CV > 95%)
(Figure 3B). In addition, all five food preparations
maintained their potent NO suppressive effects
(IR > 70%) when exposed to the Caco-2 monolayers
for 24h (Figure 3B). As shown in Figure 3C, the
ginger- (IR < 40%), shimeji- IR < 20%) and onion-
(IR < 20%) conditioned basolateral media showed
weak suppression, while the garlic-conditioned med-
ium was cytotoxic (IR = 71.2%, CV < 50%) toward
RAW 264.7 cells. It should be also be noted that the
carrot-conditioned basolateral medium exhibited
pronounced suppression without any cytotoxicity
(IR =90%, CV = 100%).

Effects of food preparations on Caco-2 cell viability
and TEER

The cytotoxicity and TEER values of the Caco-2 cell
monolayers were determined to investigate the effects
of the tested food preparations on CV and per-
meability through the tight junction, respectively, of
Caco-2 cells. As shown in Figure 4A, the values for CV
were 90% or more when the cells were exposed to the
ginger, shimeji, or carrot preparations (25% v/v) for
24 h, whereas their relative TEER values decreased
significantly by 40-50% as compared with the
control. On the other hand, a garlic preparation at
the same concentration was highly cytotoxic toward
Caco-2 cells (10% > CV) and also decreased the
relative TEER value by 50%. It is notable that an
onion preparation did not significantly affect the
values for CV and TEER. When the sample
concentrations were reduced to a concentrations of

RIGHTS LI N

B

N,

.



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11

For personal use only.

Food preparation

A 120 120
£ 100t 1100 3
- * % *kok p)
g o CEs B
Z 60r 160 3
E =
£ 40f % % 140 2
O dookedk T.)
=z 207 120 Q
0
PBS ginger garlic sfimeji onion carrot
Apical
B 120 120
= ™ o = -
i: 100 * 1100 =2
z W 180 &
E 60 {o0 =
= -
£ 40 140 2
g 20 {20 ©
0 — * - e 0
PBS ginger garlic shimeji onion carrot
Basolateral
C 120 120
S 1007 g RIS
E 60 f . « 1o Z
€ 40f 140 =
S 0} 120 ©
. . L . 1]
PBS ginger garlic shimeji onion carrot
Figure 3. Inhibitory effects of food preparations, and apical and

basolateral medium samples on LPS/IFN-y -induced NO
generation in RAW 264.7 cells. Open bars; inhibitory rates, closed
bars; cell viability. RAW 264.7 cells (2 X 10°) were incubated in
1ml of the food preparations (25% v/v) (A), or apical (B) or
basolateral (C) medium samples for 30 min at 37°C. Following the
pre-incubation, the cells were treated with LPS (100 ng/ml), IFN-y
(100 units/ml), and L-arginine (2 mM) for 24 h at 37°C. After 24 h,
the levels of NO, were measured using a Griess assay. Cell viability
was determined using MTT assays. Values are shown as the
means = S.D. (n=3). *P < 0.05, **P < 0.005, ***P <0.001
versus equivalent volume of PBS-treated control using Student’s
r-test.

5% (v/v) (Figure 4B), the garlic preparation still
exhibited substantial cytotoxicity (CV < 35%) and
reduced the TEER value by 60%, as compared with
the vehicle-added medium. In addition, the carrot
preparation decreased the TEER value by 50% and
increased CV by 80%. In contrast, the other
preparations did not significantly change the CV or
TEER values when compared with the control.

Concentration- and time-dependent suppressive effects of
carrot preparation-treated basolateral medium on NO
generation

Since the effects of carrot-conditioned basolateral
medium were found to be promising, it was used for
further investigations of concentration- and time-
dependent activities toward NO suppression.
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Figure 4. The effects of food preparations on TEER value and
Caco-2 cell viability. Caco-2 cells monolayers were incubated with
the food preparations at 25% (v/v) (A) and 5% (v/v) (B)
concentrations for 24h. The TEER values are presented as
relative to the value of the control (PBS). Values are shown as the
means = S.D. (n=3). *P <0.05, **P <0.01, ***P <0.001
versus equivalent volume of PBS-treated control using Student’s z-
test, o: PBS, A: ginger, B: garlic, O: shimeji, A: onion, [J: carrot

When the Caco-2 cell monolayer was exposed to
0.04-1.0% (v/v) of the carrot preparation, the
inhibitory effect of the apical medium was remarkable
(IR ~ 80%), though it declined at a concentration of
0.008% (v/v). On the other hand, the inhibitory effects
of the carrot (0.2—1.0%, v/v)-conditioned basolateral
medium were high (IR > 84%), and then became
drastically diminished at concentrations of 0.04% or
lower (v/v) (Figure 5A). In our time-course results
(Figure 5B), the value at Oh indicates the IR of the
carrot preparation itself (1%, v/v) without incubation
with Caco-2 cells. There was no time-dependency for
the NO generation suppressive effect of the apical
medium. In contrast, there was a linear increase in the
IR results of carrot (1%, v/v)-conditioned basolateral
medium samples from 6 to 12 h, which was sustained
until 24 h. Interestingly, the inhibitory effects of the
carrot-conditioned apical and basolateral media
(IR > 93%) at 12 and 24h, respectively, were
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Figure 5. Concentration- and time-dependency of carrot

preparation, and apical and basolateral medium treated with the
carrot preparation on NO generation in RAW 264.7 cells. (A)
Carrot preparations at concentrations ranging from 0.008 to 1.0%
(v/v) were added to the apical side of the Caco-2 monolayers for
24 h. After incubation, apical (bias bars) and basolateral (solid bars)
media were collected separately, and their inhibitory effects on
LPS/IFN-y -induced NO generation in RAW 264.7 cells were
measured using Griess assay. (B) Carrot preparations at a
concentration of 1% were added to the apical side of the Caco-2
monolayers for 0, 6, 8, 12, and 24 h. At each incubation time point,
the preparation without the Caco-2 monolayer (open bar), and
apical (bias bars) and basolateral (closed bars) media were collected,
and their inhibitory effects toward LPS/IFN-y -induced NO
generation in RAW 264.7 cells were measured using a Griess
assay. Values are shown as the means = S.D. (n = 3). *P < 0.01,
**P < 0.001 versus equivalent volume of PBS-treated control using
Student’s z-test.

significantly higher than those of the preparation itself
(IR = 70%) (Figure 5B).

Discussion

The activated leukocytes induce oxidative stress via
the activation of NADPH oxidase and iNOS to
generate O, and NO, respectively. Dietary factors
have biological potentials to alternate these free
radicals generation through several modes of actions
including: (1) alternation of stimuli-induced acti-
vation of signal transduction pathways for NADPH
oxidase and iNOS; (2) induction of anti-oxidant
enzymes such as SOD and catalase; and (3)
scavenging ROS. Because our experimental systems
estimate the sum of these effects [(1)—(3)], detailed
modes of anti-oxidation of active food preparations
remain to be clarified in the near future.

For the present study, we selected five food items for
testing based on previous data showing that their
chloroform extracts demonstrated notable suppressive

activities toward phorbol ester-induced O, generation
in differentiated HI.-60 cells [34]. The food prep-
arations were prepared from homogenates, not
extracts, which is in contrast to most of the reported
anti-oxidative assay systems that have been used to
determine the activity of pure chemicals or samples
prepared as alcohol extracts, whereas the chemical
compositions of the extracts with water may resemble
to those of the food preparations in this study. We
considered that the present experimental approach
utilizing food preparations may be more practical,
because epithelial cells in the small intestinal tract are
exposed to considerably high concentrations of food
digestive compounds after ingestion, the character-
istics of which is more resemble to food preparations
than chemicals or alcoholic extracts. In addition, a
recent study found that the complex mixture of
phytochemicals contained in fruits and vegetables
provides a more beneficial effect towards health
promotion and disease prevention through overlap-
ping or complementary effects than isolated phyto-
chemicals [35]. However, the present in vitro assay
system did not integrate some of the metabolic and
digestive aspects that are important for mimicking in
vivo situations, as ingested meals are subjected to a
two-phase process in humans. Namely, following the
gastric phase, which includes acidification and
treatment with pepsin, the intestinal phase is initiated
by neutralization, then continues with the addition of
pancreatin, lipase and bile acids. It would be desirable
to utilize those factors to improve the validity and
predictive ability of our assay system. This notion is
supported by a report by Ferruzzi et al., who showed
that the small intestinal uptake of carotenoids and
chlorophyll derivatives from spinach puree was
significantly promoted by use of an in vitro digestion
method with the Caco-2 model [23,36].
Interestingly, the inhibitory activities of the apical
medium samples were decreased, while cell viability
increased, after 24 h of incubation, as compared to the
corresponding preparations alone. For example, the
O, generation inhibitory effects of apical
medium from ginger (IR = 100-17%) and onion
(IR = 90-44%) were largely decreased (Figure 2A
and B). Additionally, the viability of HL.-60 cells was
increased when garlic (CV =0-90%) and shimeji
(CV =16-90%) were incubated with the Caco-2
monolayers (Figure 2A and B). In the NO generation
experiment, the cytotoxicity of apical medium
disappeared when the cells were treated with ginger
(CV = 20-100%), garlic (CV =27-100%), or shi-
meji (CV = 30-100%) preparations (Figure 3A and
3B). These results imply that certain components
responsible for anti-oxidative activity and cytotoxicity
drastically changed by chemical degradation and/or
biological effects of the Caco-2 monolayer. Further,
our findings showed that conventional anti-oxidation
tests do not have the ability to detect such changes,
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some of which may occur as a part of metabolic
processes in the small intestine. In the present
experiment condition, we could find the inhibitory
effect on ROS generation of basolateral medium after
incubation with differentiated Caco-2 cells, however,
we have to investigate the mechanism point.

The efficiency of intestinal absorption of non-
nutrients is controlled by a variety of factors, including
gastrointestinal secretion, peristaltic activity in the
intestine, the physiological condition of the epithelial
membrane, and the mucosal immune system. Various
regions of the gastrointestinal tract are normally
exposed to a wide range of diverse molecules and
microorganisms. In our assay system, we speculated
that some components existed in the basolateral
medium after incubation with differentiated Caco-2
cells. These might be classified into: (1) food
components that penetrate the paracellular pathway
or tight junction with an intact structure; (2) food
component metabolites, including conjugates with
glucuronic and sulfuric acids and/or methylated
derivatives; (3) chemically degraded products; and
(4) secreted factors, including hormones and cyto-
kines from Caco-2 cells in response to stimulation
from the food preparation stimuli; as well as others.

It is important to note that differentiated Caco-2
cells have been reported to express UDP-glucurono-
syl-transferase [37,38] and sulfotransferase [39-41]
and that quercetin-4'-glucoside, present in onions, is
hydrolyzed by B -glucosidase [25,27,42] or lactase
phlorizin hydrolase in this cell line. Further, Caco-2
cells are known to release various cytokines, including
interleukin-6 (IL-6) or IL-8, in response to a number
of different food factors, such as human milk factors,
oleic acid, capric acid, butyrate and Bacillus subtilis
present in natto, as well as others [43—-46]. Kuo et al.
reported that the level of the metal binding antioxidant
protein, metallothionein, increased when genistein
and biochanin A were added to Caco-2 cells [47].
These findings may help to identify the active
components responsible for the suppression of O,
and NO generation, which not be components of the
original food.

The paracellular pathway is thought to provide a
highly dynamic transport route for certain ions and
macromolecules, thereby contributing to the intestinal
transport of various nutrients. Food components that
are orally ingested and present in the intestinal lumen
are also likely to participate in regulating tight junction
permeability. TEER, a highly sensitive parameter for
membrane permeability, is regulated by membrane-
perturbing toxicants and a decrease in TEER is a clear
indication of an increase in cell permeability caused by
toxins that enhance tight-junction permeability
[48,49]. In the present study, only the carrot
preparation decreased TEER without cytotoxicity to
Caco-2 cells at a lower concentration (Figure 4B).
Ginger and shimeji preparations had a propensity to
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decrease TEER with increasing concentration of these
preparations (Figure 4A and B). Along a similar line,
Xu et al. evaluated the effects of lime, lemon,
grapefruit, and pummelo juices on a Caco-2 cell
line, and found that TEER decreased with increasing
concentrations of the lime and lemon juices, while the
grapefruit and pummelo juices increased TEER at
high concentrations [50]. Hashimoto et al. also
reported that a sweet pepper extract enhanced tight
junction permeability [51]. Additionally, various food
factors, such as chitosan [52], saponin [53] and capric
acid [54], as well as others, have shown similar effects,
whereas piperine [55] and eicosapentaenoic acid [56]
have been demonstrated to have contrasting effects.

One of the intriguing findings of the present study
was that the inhibitory activity of the carrot-
conditioned basolateral medium toward NO gener-
ation after 12 and 24 h was higher than that of the
carrot preparation itself at the same concentration
(Figure 5B). This may indicate that unknown factors
responsible for NO suppression were newly produced
in the Caco-2 cell monolayer in response to the carrot
preparation. We are currently attempting to identify
the active component present in carrot preparation-
conditioned basolateral medium. In addition, the
viability of the carrot preparation-treated Caco-2 cells
exceeded 180%, as measured by an MTT test
(Figure 4B), suggesting that the carrot preparation
might stimulate the mitochondria in Caco-2 to
generate ROS, which are known to reduce MTT
[57]. The viability of the carrot preparation-treated
Caco-2 cells should be measured by other systems
including the release of cytosolic lactate dehydrogen-
ase (LDH) and Trypan Blue-dye exclusion tests.

In conclusion, when exposed to Caco-2 cells, five
different food preparations exhibited a wide range of
antioxidant activities, cytotoxicity, and effects on the
tight junction, suggesting that the present novel
bioassay system may be appropriate to determine the
in vivo anti-oxidative efficacy of dietary anti-oxidants
following ingestion.
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