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Abstract

Recent studies have focused on the ability of tocopherols to regulate gene expression. For such experiments, the
methodology used to deliver molecules to the cells is crucial and could lead to different results depending on the vehicle
used. The objective of the present study was to compare commonly used tocopherol vehicles (ethanol, BSA and mixed
micelles) in terms of toxicity, stabilization of tocopherols, uptake efficiency of tocopherols by cells and effect on gene
expression. Lactate dehydrogenase measurements did not reveal cytotoxicity of any of the tested vehicles. Tocopherol
recovery measurements showed that ~80% of the tocopherol was lost in ethanolic solutions, while only ~ 30% and 10%
were lost in BSA and mixed micelles, respectively. After 24 h incubation, Caco-2 cell monolayers treated with mixed micelles
exhibited the highest a-tocopherol intracellular concentrations (5-times those measured with the two other vehicles). Similar
results were obtained with y-tocopherol. Vehicles, except mixed micelles that activate the FXR/bile acids signalling pathway,
did not affect expression of nuclear receptors involved in lipid metabolism or their target genes. This study establishes mixed
micelles as the best vehicle to deliver tocopherols to intestinal cell monolayers in culture.
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Introduction regulators of xenobiotic metabolism via their Preg-
nane X Receptor (PXR) ligand properties [4]. Now it
is assumed that several signalling pathways are
modulated by vitamin E. For example, the activities
of NF-xB and AP-1, two major players of the
response to oxidative stress, were linked to tocopher-
ols [5] and protein kinase B also seemed to be
involved in tocopherol mediated gene regulation [6].

The intestinal absorption of vitamin E has not been

Vitamin E is a major fat-soluble antioxidant. This
compound is naturally present in eight different
forms ((R,R,R)-a, -f, -y, -0-tocopherols and toco-
trienols), but (R,R,R)-a-tocopherol and (R,R,R)-y-
tocopherol are the two forms mainly found in our diet
[1]. Besides its well established antioxidant proper-
ties, vitamin E displays other activities related to gene

expression [2]. Indeed, a-tocopherol is an inhibitor of
smooth muscle cell proliferation via the modulation
of PKC phosphorylation level [3]. Furthermore,
several vitamin E vitamers were presented as potential

completely elucidated, but recent studies reported the
involvement of two membrane lipid transporters:
scavenger receptor class B type I (SR-BI [7]) and
an ATP binding cassette (ABC [8]). Furthermore,
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microsomal triglyceride transfer protein (MTP),
which is well known to participate in the incorpora-
tion of triglycerides into chylomicrons, is also in-
volved in the incorporation of tocopherol in these
intestinal lipoparticles [8,9]. In this context, it is
reasonable to hypothesize that other proteins involved
in lipid and sterol metabolisms could also be im-
plicated in vitamin E metabolism. Because most of
these proteins are known to be regulated by mole-
cules they are dealing with and because tocopherol is
able to regulate gene expression, it is interesting to
evaluate the ability of tocopherol to regulate the
expression of genes coding for proteins involved in
intestinal lipid metabolism. Such an approach would
be relevant to evaluate the consequence of vitamin E
treatment on its own intestinal metabolism, as well as
on lipid and sterol metabolisms.

As with many hydrophobic bioactive compounds,
tocopherols need to be solubilized in an aqueous
phase using an appropriate vehicle. Different vehicles
have been previously used: ethanol [10-12], bovine
serum albumin (BSA [13-15]) and bile salts or bile
salt-rich micelles [7,16]. However, the ability of these
vehicles to efficiently provide tocopherols to cells and
their effects on gene expression have not been
addressed. The objective of the present work was
thus to compare these vehicles with regard to
different key parameters: (1) toxicity towards cells,
(2) ability to protect tocopherol from degradation/
oxidation, (3) efficiency of tocopherol delivery to cells
and (4) effects on gene expression.

Materials and methods
Chemicals

(RRR)-a-tocopherol (>99% pure) and (RRR)-y-
tocopherol (> 97% pure) were purchased from Fluka
(Vaulx-en-Velin, France). Tocol, used as an internal
standard for HPLC analysis, was purchased
from Lara Spiral (Couternon, France). 2-Oleoyl-
1-palmitoyl-sn-glycero-3-phosphocholine (phospha-
tidylcholine), 1-palmitoyl-sn-glycero-3-phosphocho-
line (lysophosphatidylcholine), monoolein, free
cholesterol, oleic acid, sodium taurocholate, fatty
acid free bovine serum albumin and pyrogallol were
purchased from Sigma-Aldrich (Saint-Quentin-Fal-
lavier, France). Dulbecco’s modified Eagle’s medium
(DMEM) containing 4.5 g/L. glucose and trypsin-
EDTA (500 mg/LL and 200 mg/L, respectively) was
purchased from BioWhittaker (Fontenay-sous-Bois,
France). Foetal bovine serum (FBS) came from
Biomedia (Issy-les-Moulineaux, France). Non-essen-
tial amino acids, penicillin/streptomycin and PBS
containing 0.1 mm CaCl, and 1 mm MgCl, (PBS-
CM) were purchased from Invitrogen (Cergy Pon-
toise, France).

Preparation of ethanolic or BSA solutions of tocopherols

DMEM medium was supplemented with 1% non-
essential amino acids, 1% antibiotics and tocopherols
as ethanolic solutions in the range of 5-60 pum. In the
case of BSA solutions, BSA (5 mg/ml in water) was
incubated with ethanolic solutions of tocopherol for 1
h and then DMEM medium supplemented with 1%
non-essential amino acids and 1% antibiotics was
added. The final concentration of ethanol in all
samples did not exceed 0.1%. Controls were media
with the corresponding percentage of ethanol and/or
BSA.

Preparation of tocopherol-rich mixed micelles

Mixed micelles, with similar lipid compositions to in
vivo micelles [17], were prepared as previously
described [7] to obtain the following final concentra-
tions: 0.04 mm phosphatidylcholine, 0.16 mm lyso-
phosphatidylcholine, 0.3 mm monoolein, 0.1 mMm free
cholesterol, 0.5 mMm oleic acid, 5-90 um tocopherol
[18] and 5 mMm taurocholate. The concentration of
tocopherol in the micellar solutions was checked by
HPLC before each experiment.

Cell culture

Caco-2 clone TC-7 cells [19,20] were a gift from Dr
M. Rousset (U178 INSERM, Villejuif, France). Cells
were cultured in the presence of DMEM supplemen-
ted with 20% heat-inactivated FBS, 1% non-essential
amino acids and 1% antibiotics (complete medium).

For each experiment, cells were seeded and grown
on 6-well plates to obtain confluent differentiated cell
monolayers. Twelve hours prior to each experiment,
the medium was replaced by a serum-free complete
medium.

Cyrotoxicity of vehicles and tocopherol on Caco-2 cells

Differentiated cell monolayers were incubated with
media containing ethanol, BSA or mixed micelles
with or without tocopherols for 24 h. In recovered
media, lactate dehydrogenase, a classical marker of
toxicity, was measured by the Cytotoxicity Detection
Kit (Roche Diagnostics GmbH, Mannheim, Ger-
many), using the Roche MODULAR automated
system (Roche Diagnostics GmbH).

Measurement of tocopherol uptake by Caco-2 cell
monolayers

At the beginning of each experiment, cell monolayers
were washed twice with 0.5 mL PBS. The
cell monolayers were exposed to tocopherols (from
0-60 pum) solubilized in different vehicles and incu-
bated for various times (1-24 h) at 37°C. Cells were
then rinsed with PBS containing taurocholate (1 mm)
before being scrapped in PBS. Media was also
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recovered at the end of the incubation periods. All of
the samples were stored at —80°C under nitrogen
with 0.5% pyrogallol as an antioxidant before toco-
pherol extraction and HPLC analysis.

Tocopherol extraction

Distillated water was added to sample volumes
(125 pl) to reach a final volume of 500 pL.. An equal
volume (500 pL) of tocol in ethanol was added to the
samples as an internal standard. The mixture was
extracted once with one volume of hexane. The
hexane phase obtained after centrifugation (500 g,
10 min, 4°C) was evaporated to dryness under
nitrogen and the dried extract was dissolved in
200 pL. methanol. A volume of 5-20 pL. was used
for HPLC analysis.

Tocopherol analysis

o-, y-Tocopherol and tocol were separated using a
250 x 4.6 nm RP C;g, 5 um Zorbax column (Inter-
chim, Montlucon, France) equipped with a guard
column. The mobile phase was 100% methanol, the
flow rate was 1.5 mL/min and the column was kept at
a constant temperature (30°C). The HPLC system
was a Dionex separation module (P680 HPLC Pump
and ASI-100 Automated Sample Injector, Dionex,
Aix-en-Provence, France) connected to a Jasco
fluorimetric detector (Jasco, Nantes, France). Toco-
pherols were detected at 325 nm after light excitation
at 292 nm and characterized by retention time
compared with pure (> 95%) standards. Quantifica-
tion was performed using the Chromeleon software
(version 6.50 SP4 Build 1000) by comparing peak
areas with standard reference curves. All solvents
used were HPLC grade from SDS (Peypin, France).

Effect of tocopherol-free vehicles on Caco-2 cell nuclear
receptors and target gene mRNA levels

Differentiated cell monolayers were incubated with
either ethanol or BSA solutions or mixed micelles for
24 h. Total RNA (~ 50 pg) was isolated from the cells
using Trizol (Invitrogen). cDNA was prepared by
reverse transcription of 1 pg total RNA using random
hexamers as primers with M-MLYV reverse transcrip-
tase (Invitrogen). Five microlitres of cDNA were used
for quantification by real-time quantitative PCR, as
previously reported [21]. The sequences of the
primers used are reported in Table I.

Reactions were performed in duplicate with a
Stratagene MX3005P apparatus (Stratagene, Am-
sterdam, The Netherlands) using SYBR green kits
(Eurogentec, Angers, France), according to the
manufacturer instructions. The relative levels of
mRNA were calculated using the comparative AAC,
method [22].

Table I. Sequences of oligonucleotides used for real-time PCR.

Oligonucleotide Sequence (5-3)
PPAR« for cgtgcttcctgettcataga

PPAR« rev cacagacaggcaatctcagc

PPARJ for AAAAAGAAGGCCCGCAGC
PPARJ rev CACAAAGGGCGCCGTG

PPARy for GGCGAGGGCGATCTTGA
PPARy rev CCCATCATTAAGGAATTCATGTCA
LXRu for TGTAACCGGCGCTCCTTTT
LXRu rev TGGTGCCATGGGCCA

LXRf for CCTGCAGCACAGACTGGGT
LXRf rev GGCCCTTCTTTCGCTTGC
FXR for gaggaagactcagtccagaatcc

FXR rev ccttctacgatgtcttctacctect

SHP for agggaccatcctcttcaacc

SHP rev ttcacacagcacccagtgag

L-FABP for CCAGGAAAACTTTGAAGCCTTC
L-FABP rev TTCCCCTTCTGGATGAGCTCT
SREBPIc for CCATGGATTGCACTTTCGAA
SREBPIc rev CCAGCATAGGGTGGGTCAAA
18S for cgccgctagaggtgaaattct

18S rev cattcttggcaaatgctttcg

Statistical analysis

Results are expressed as means+ SD. For mRNA
expression levels, differences were tested using the
Student’s z-test. For other experiments, differences
were tested by two-way ANOVA. The Tukey-Kramer
test was used as a post-hoc test when ANOVA
showed significant differences between groups. Va-
lues of p<0.05 were considered significant. All
statistical analyses were performed using the Statview
software 5.0 (SAS Institute, Cary, NC).

Results and discussion

In order to determine the most appropriate vehicle to
deliver tocopherols to intestinal cell monolayers, we
evaluated toxicity of different vehicles, their effects on
the stability of tocopherols and on the efficiency of
tocopherol uptake by the cell monolayer and the
effects of vehicles alone on gene expression. In this
study, we used the Caco-2 cell line as a recognized
model of intestinal function (absorption, gene regula-
tion, etc.).

Chyrotoxicity of the different vehicles

In order to assess the cytotoxicity of the vehicles as
well as that of the tocopherols, LDH released into the
culture medium was measured. As a positive control,
Caco-2 cells were incubated for 10 min with 1%
Triton X-100. As expected, this treatment induced a
significant toxic effect. In contrast, no toxic effect
was observed with the vehicles alone or with the
vehicles enriched with tocopherols (Table II). These
results are in agreement with Gysin et al. [23], who
reported no apparent cell death in Caco-2 cells under
tocopherol treatment when evaluated by the trypan
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Table II. Dosage of lactate dehydrogenase (LDH).

Culture conditions LDH (UI/L) t-test

Positive control (1% Triton X-100) 3946 +403 folald
Standard culture medium 65+18
Ethanol solution
Control 83+30 ns
a-tocopherol 71427 ns
y-tocopherol 65+13 ns
BSA solution
Control 47 +4 ns
a-tocopherol 52+18 ns
y-tocopherol 64410 ns
Mixed micelles
Control 78+10 ns
a-tocopherol 6348 ns
y-tocopherol 47+8 ns

Cells were incubated with different solution containing tocopherol
for 24 h. LDH was quantified in the medium as described in Mat-
eriel and methods. Significant differences between standard culture
medium and other conditions were tested by Student t-test. Means
+SD; *** p <0.01.

blue assay. It is noteworthy that long-term incubation
(24 h) of Caco-2 cells with similar concentrations of
mixed micelles was not cytotoxic and did not affect
the monolayer or cell morphology [24], even if these
structures contained bile acids (taurocholate) and
lysophosphatidylcholine that are known for their
detergent properties [25]. Nevertheless, our data are
in good agreement with previous studies using these
vehicles to study of the absorption of lipophilic
molecules [7,26,27].

Stabiliry of tocopherols in different vehicles

Another quality of a vehicle is its ability to protect
tocopherols against degradation/oxidation during the

time of an experiment. Whereas mixed micelles
allowed a very good recovery of tocopherols
(~90% of the tocopherol was recovered after 24 h),
only 70% was recovered when tocopherols were
incorporated into BSA and less than 20% when
dissolved in ethanol (Figure 1). Note that a signifi-
cant difference in stability between o- and p-toco-
pherol was observed in the case of ethanolic solutions.
We hypothesize that tocopherol in ethanol was
exposed to oxidative damage, due to the presence of
Fe?* and Cu®" in the culture medium. Indeed, it
has been reported that these ions are involved in the
oxidation of tocopherol [28]. Moreover, it is known
that phenolic compounds in culture medium could
generate H,O, [29]. The mechanism involved is not
fully understood, but the consequence could be
massive oxidative degradation of phenolic com-
pounds incubated in the medium. Due to the
phenolic structure, such a phenomenon is highly
likely to occur with tocopherols. The stability dis-
crepancy between o- and y-tocopherol in ethanolic
solution could be due to the fact that a-tocopherol is
consumed by more side reactions than y-tocopherol
in an oxidative environment [30]. When associated
with BSA, which displays well known antioxidant
properties [31], tocopherols were partly protected
from oxidative damage. In the case of mixed micelles,
the amphiphilic nature of these structures could allow
efficient protection against oxidative damage of the
internalized tocopherols.

Effect of the vehicle on tocopherol uprake efficiency

In order to choose the best vehicle, we tested the
efficiency of uptake of tocopherol incorporated in
the different vehicles (Figure 2). Note that the toco-
pherol concentrations tested varied from 5-60 um,
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Figure 1. Percentage recovery of o- and y-tocopherol as a function of vehicle. Ethanolic and BSA solutions of tocopherols or tocopherol-
rich mixed micelles were incubated for 24 h in a cell-free tissue culture environment. Tocopherols were extracted at the end of the incubation
and quantified by HPLC as described in Materials and methods. Data are means +SD. Two-way ANOVA, with tocopherol vitamer and
vehicle as factors, showed an effect of both the molecules (a-tocopherol vs y-tocopherol in ethanol) and vehicles on recovery. The post-hoc
Tukey-Kramer test showed significant (p <0.001) differences between the three vehicles.
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Figure 2. Effect of vehicle type and tocopherol concentration on tocopherol uptake by Caco-2 cells. Caco-2 cells were incubated for 24 h
with medium containing ethanol, BSA or mixed micelles as delivery vehicles for a-tocopherol (A) or y-tocopherol (B). Tocopherols
incorporated into Caco-2 cells were extracted and quantified by HPLC as described in Materials and methods. Data are means +SD. Two-
way ANOVA, with concentration and vehicle as factors, showed an effect of both factors on uptake (p <0.001). The post-hoc Tukey-Kramer

test showed significant (p <0.001) differences between the three vehicles and between concentrations.

corresponding to physiological concentrations in hu-
man intestinal lumen [18]. We observed a strong
discrepancy in a«-tocopherol uptake when it was
provided in mixed micelles (426 +99 pmol/mg of
protein) vs ethanol (70+ 10 pmol/mg of protein) or
BSA solutions (100 + 19 pmol/mg of protein) (Figure
2A), the two latter being ~ 5-times less efficient in
terms of uptake after a 24 h incubation (p <0.001).
For this incubation time, tocopherol uptake for
ethanol or BSA solutions was not significantly differ-
ent. In the case of mixed micelles, a clear relationship
appeared between the amount of intracellular toco-
pherol and the amount of tocopherol added in the

700

medium. Such a relationship did not occur for
ethanol and BSA. The same pattern of response
was also observed for y-tocopherol (Figure 2B). The
amount of intracellular - or y-tocopherol did not
differ significantly (p=0.19) when mixed micelles
were used as a vehicle. Similar absorption patterns for
a-tocopherol and y-tocopherol were previously ob-
served [7]. This is also in agreement with previous
data that reported no discrimination between the two
vitamers for intestinal uptake [32].

Kinetic experiments were performed only with
y-tocopherol because no major discrepancy between
the vitamers was observed in dose effects. As shown
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Figure 3. Effect of vehicle type on kinetics of y-tocopherol uptake by Caco-2 cells. Caco-2 cells were incubated for 24 h with medium
containing 60 um y-tocopherol solubilized in the aqueous medium with either ethanol, BSA or mixed micelles. y-tocopherol was extracted at
various times of incubation and quantified by HPLC as described in Materials and methods. Data are means +SD. Two-way ANOVA, with
time and vehicle as factors, showed an effect of both factors on uptake (p <0.001). The post-hoc Tukey-Kramer test showed significant (p <
0.001) differences between values observed for mixed micelles and those observed for the other vehicles and for values observed at 1 h and
those observed at 24 h of incubation.
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in Figure 3, when y-tocopherol was supplied in mixed
micelles, the amount of y-tocopherol was significantly
greater (x 5) as compared to ethanol or BSA solu-
tion, which did not differ significantly. Under these
conditions, the maximum incorporation was achieved
for short incubation times and remained constant
over a period of 24 h for mixed micelles. Ethanol or
BSA led to quick incorporation, which also remained
constant for 24 h.

The very low absorption efficiency of tocopherol
with ethanol can be explained by the lower recovery
rate of this vitamin in ethanol that we have previously
shown. However, this phenomenon cannot explain
the huge difference between mixed micelles and BSA.
One hypothesis is that the uptake of tocopherol
requires the involvement of transporters that interact
with mixed micelles to transfer tocopherol into cells,
whereas this phenomenon does not occur in the
presence of BSA. As a matter of fact, recent data
have demonstrated the involvement of the scavenger
receptor type BI (SR-BI) in tocopherol transport
across the enterocyte membrane [7] and we suggest
that such an interaction requires the presentation of
tocopherol in a physiological manner that is achieved
only when it is incorporated into mixed micelles.

Effect of the vehicles on mRNA levels of transcription
factors involved in lipid metabolism

We evaluated the impact of the different vehicles on
several genes because the presence of vehicle mole-
cules, especially in mixed micelles, may affect gene
expression independently of tocopherols. Thus, we
evaluated the mRNA levels of the nuclear receptors
Peroxisome proliferators activated receptors (PPARs)
[33], Liver X receptors (ILXRs) and Farnesoid X
receptor (FXR) [34]. Indeed, the PPAR isoforms are
activated by fatty acids and/or metabolites of these
fatty acids [35] and present an auto regulation loop.
LXRs are sensors for oxysterols that come from
cholesterol [36]. FXR is the nuclear receptor acti-
vated by bile acids [37-39]. We also measured
prototypical target genes of PPARs, LXRs and
FXR, i.e. Liver fatty acid bindind protein (L-FABP)
[40], Sterol response element binding protein 1c
(SREBP1C) [41] and Small heterodimer partner
(SHP) [42,43]. As shown in Figure 4, we did not
observe major effects of the vehicles in terms of
mRNA level modulations. The only significantly
induced gene was SHP, which was induced by mixed
micelles and is a classical FXR target gene. This
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Figure 4. Modulation of mRNA levels of genes involved in lipid metabolism by delivery vehicles. Caco-2 cell monolayers were incubated
for 24 h with medium containing either ethanol, BSA or mixed micelles as delivery vehicles for tocopherols. Relative mRNA levels (studied
mRNA/18S rRNA) were quantified by real-time quantitative PCR. Data are means +SD. * p <0.005 as assessed by Student’s r-test. FXR,
Farnesoid X receptor, L-FABP, Liver fatty acid binding protein, LXR: Liver X receptor, PPAR, Peroxisome proliferators activated receptor,
SHP: Small heterodimer partner, SREBP1c: Sterol response element binding protein 1C.
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result suggests that FXR target genes are induced by
mixed micelles. Consequently, we suggest that the
entire intestinal bile acid signalling pathway was
regulated in the presence of mixed micelles. This
observation was confirmed by microarray experi-
ments, where several FXR target genes were upregu-
lated in the presence of mixed micelles (data not
shown). Because tocopherols have not yet been
reported to act as FXR ligands, such an induction
of the FXR signalling pathway by mixed micelles is
unlikely to interfere with the effect of tocopherol on
Caco-2 cells. Indeed, no activation of nuclear recep-
tors has been reported with tocopherol except for
Pregnane X receptor (PXR), a nuclear receptor
involved in xenobiotic metabolism, which is activated
by tocopherols and tocotrienols [4]. Furthermore, in
intestinal lumen, tocopherols are incorporated into
mixed micelles, thus it is much more relevant, in a
physiological point of view, to take into account the
effect of this vehicle when evaluating the effect of
tocopherols.

Concluding remarks

Mixed micelles appeared to be the best vehicle to
deliver tocopherols to Caco-2 cells, since this method
displayed no toxicity at the concentrations assayed,
promoted the stability of tocopherols and led to the
best absorption efficiency. Although mixed micelles
can affect expression of some genes, the induction of
the bile acid target genes is not an issue since it is a
physiological response that happens i vivo.

Acknowledgement

This work was supported by grants from the Ministry
of Research and Education.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.

References

[1] Traber MG. Vitamin e regulatory mechanisms. Annu Rev
Nutr 2007;27:347-362.

[2] Azzi A. Molecular mechanism of alpha-tocopherol action.
Free Radic Biol Med 2007;43:16-21.

[3] Ricciarelli R, Tasinato A, Clement S, Ozer NK, Boscoboinik
D, Azzi A. alpha-Tocopherol specifically inactivates cellular
protein kinase C alpha by changing its phosphorylation state.
Biochem ] 1998;334:243-249.

[4] Landes N, Pfluger P, Kluth D, Birringer M, Ruhl R, Bol GF,
Glatt H, Brigelius-Flohe R. Vitamin E activates gene expres-
sion via the pregnane X receptor. Biochem Pharmacol 2003;
65:269-273.

[5] Maziere C, Conte MA, Degonville J, Ali D, Maziere JC.
Cellular enrichment with polyunsaturated fatty acids induces

(6]

(7]

(8]

[

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

an oxidative stress and activates the transcription factors AP1
and NFkappaB. Biochem Biophys Res Commun 1999;265:
116-122.

Munteanu A, Taddei M, Tamburini I, Bergamini E, Azzi A,
Zingg JM. Antagonistic effects of oxidized low density
lipoprotein and alpha-tocopherol on CD36 scavenger recep-
tor expression in monocytes: involvement of protein kinase B
and peroxisome proliferator-activated receptor-gamma. J Biol
Chem 2006;281:6489-6497.

Reboul E, Klein A, Bietrix F, Gleize B, Malezet-Desmoulins
C, Schneider M, Margotat A, Lagrost L, Collet X, Borel P.
Scavenger receptor class B type I (SR-BI) is involved in
vitamin E transport across the enterocyte. ] Biol Chem
2006;281:4739-4745.

Anwar K, Kayden HJ, Hussain MM. Transport of vitamin E
by differentiated Caco-2 cells. J Lipid Res 2006;47:1261—
1273.

Anwar K, Igbal J, Hussain MM. Mechanisms involved in
vitamin E transport by primary enterocytes and in vivo
absorption. J Lipid Res 2007;48:2028-2038.

De Pascale MC, Bassi AM, Patrone V, Villacorta L, Azzi A,
Zingg JM. Increased expression of transglutaminase-1 and
PPARgamma after vitamin E treatment in human keratino-
cytes. Arch Biochem Biophys 2006;447:97-106.

Samandari E, Visarius T, Zingg JM, Azzi A. The effect of
gamma-tocopherol on proliferation, integrin expression, ad-
hesion, and migration of human glioma cells. Biochem
Biophys Res Commun 2006;342:1329-1333.

Pal S, Thomson AM, Bottema CD, Roach PD. Alpha-
tocopherol modulates the low density lipoprotein receptor of
human HepG?2 cells. Nutr J 2003;2:3.

Jiang Q, Wong J, Fyrst H, Saba JD, Ames BN. gamma-
Tocopherol or combinations of vitamin E forms induce cell
death in human prostate cancer cells by interrupting sphin-
golipid synthesis. Proc Natl Acad Sci USA 2004;101:17825—
17830.

Mclntyre BS, Briski KP, Gapor A, Sylvester PW. Antiproli-
ferative and apoptotic effects of tocopherols and tocotrienols
on preneoplastic and neoplastic mouse mammary epithelial
cells. Proc Soc Exp Biol Med 2000;224:292-301.

Sontag TJ, Parker RS. Influence of major structural features
of tocopherols and tocotrienols on their omega-oxidation by
tocopherol-omega-hydroxylase. J Lipid Res 2007;48:1090—
1098.

Traber MG, Goldberg I, Davidson E, Lagmay N, Kayden H]J.
Vitamin E uptake by human intestinal cells during lipolysis i
vitro. Gastroenterology 1990;98:96-103.

Staggers JE, Hernell O, Stafford RJ, Carey MC. Physical-
chemical behavior of dietary and biliary lipids during intest-
inal digestion and absorption. 1. Phase behavior and aggrega-
tion states of model lipid systems patterned after aqueous
duodenal contents of healthy adult human beings. Biochem-
istry 1990;29:2028-2040.

Borel P, Pasquier B, Armand M, Tyssandier V, Grolier P,
Alexandre-Gouabau MC, Andre M, Senft M, Peyrot ],
Jaussan V, Lairon D, Azais-Braesco V. Processing of vitamin
A and E in the human gastrointestinal tract. Am ] Physiol
Gastrointest Liver Physiol 2001;280:G95-G103.

Salvini S, Charbonnier M, Defoort C, Alquier C, Lairon D.
Functional characterization of three clones of the human
intestinal Caco-2 cell line for dietary lipid processing. Br J
Nutr 2002;87:211-217.

Chantret I, 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. J Cell Sci 1994;107:213-225.
Hassan M, El Yazidi C, Landrier JF, Lairon D, Margotat A,
Amiot M]. Phloretin enhances adipocyte differentiation and

RIGHTS

1r



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/03/11
For personal use only

530 F-FE Landrier et al.

[22]

[23]

[24]

[25]

(26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

adiponectin expression in 3T3-L1 cells. Biochem Biophys Res
Commun 2007;361:208-213.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods 2001;25:402-408.

Gysin R, Azzi A, Visarius T. Gamma-tocopherol inhibits
human cancer cell cycle progression and cell proliferation by
down-regulation of cyclins. Faseb J 2002;16:1952-1954.
Homan R, Hamelehle KL. Phospholipase A2 relieves phos-
phatidylcholine inhibition of micellar cholesterol absorption
and transport by human intestinal cell line Caco-2. J Lipid
Res 1998;39:1197-1209.

Russell DW, Setchell KD. Bile acid biosynthesis. Biochem-
istry 1992;31:4737-4749.

Kramer W, Girbig F, Corsiero D, Pfenninger A, Frick W,
Jahne G, Rhein M, Wendler W, Lottspeich F, Hochleitner
EO, Orso E, Schmitz G. Aminopeptidase N (CD13) is a
molecular target of the cholesterol absorption inhibitor
ezetimibe in the enterocyte brush border membrane. J Biol
Chem 2005;280:1306-1320.

Cai L, Eckhardt ER, Shi W, Zhao Z, Nasser M, de Villiers
WJ, Van der Westhuyzen DR. Scavenger receptor class B type
I reduces cholesterol absorption in cultured enterocyte CaCo-
2 cells. J Lipid Res 2004;45:253-262.

Cort WM, Mergens W, Greene A. Stability of alpha- and
gamma-tocopherol: Fe3+ and Cu2+ interactions. J Food
Sci 1978;43:797-798.

Roques SC, Landrault N, Teissedre PL, Laurent C, Besancon
P, Rouane JM, Caporiccio B. Hydrogen peroxide generation
in caco-2 cell culture medium by addition of phenolic
compounds: effect of ascorbic acid. Free Radic Res 2002;
36:593-599.

Mukai K, Noborio S, Nagaoka SI. Why is the order reversed?
Peroxyl-scavenging activity and fats-and-oils protecting activ-
ity of vitamin E. Int J Chem Kinetics 2005;37:605-610.
Fukuzawa K, Saitoh Y, Akai K, Kogure K, Ueno S,
Tokumura A, Otagiri M, Shibata A. Antioxidant effect of
bovine serum albumin on membrane lipid peroxidation
induced by iron chelate and superoxide. Biochim Biophys
Acta 2005;1668:145-155.

Traber MG, Kayden H]J. Preferential incorporation of alpha-
tocopherol vs gamma-tocopherol in human lipoproteins. Am J
Clin Nutr 1989;49:517-526.

Michalik L, Auwerx J, Berger JP, Chatterjee VK, Glass CK,
Gonzalez FJ, Grimaldi PA, Kadowaki T, Lazar MA, O’Rahilly
S, Palmer CN, Plutzky J, Reddy JK, Spiegelman BM, Staels

(34]

[35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

B, Wahli W. International Union of Pharmacology. LXI.
Peroxisome proliferator-activated receptors. Pharmacol Rev
2006;58:726-741.

Moore DD, Kato S, Xie W, Mangelsdorf DJ, Schmidt DR,
Xiao R, Kliewer SA. International Union of Pharmacology.
LXII. The NR1H and NRI1I receptors: constitutive andros-
tane receptor, pregnene X receptor, farnesoid X receptor
alpha, farnesoid X receptor beta, liver X receptor alpha, liver
X receptor beta, and vitamin D receptor. Pharmacol Rev
2006;58:742-759.

Grimaldi PA. Peroxisome proliferator-activated receptors as
sensors of fatty acids and derivatives. Cell Mol Life Sci
2007;64:2459-2464.

Janowski BA, Willy PJ, Devi TR, Falck JR, Mangelsdorf D]J.
An oxysterol signalling pathway mediated by the nuclear
receptor LXR alpha. Nature 1996;383:728-731.

Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM,
Luk A, Hull MV, Lustig KD, Mangelsdorf D], Shan B.
Identification of a nuclear receptor for bile acids. Science
1999;284:1362-1365.

Parks D], Blanchard SG, Bledsoe RK, Chandra G, Consler
TG, Kliewer SA, Stimmel JB, Willson TM, Zavacki AM,
Moore DD, Lehmann JM. Bile acids: natural ligands for an
orphan nuclear receptor. Science 1999;284:1365-1368.
Wang H, Chen ], Hollister K, Sowers LC, Forman BM.
Endogenous bile acids are ligands for the nuclear receptor
FXR/BAR. Mol Cell 1999;3:543-553.

Landrier JF, Thomas C, Grober J, Duez H, Percevault F,
Souidi M, Linard C, Staels B, Besnard P. Statin induction of
liver fatty acid-binding protein (L-FABP) gene expression is
peroxisome proliferator-activated receptor-alpha-dependent.
J Biol Chem 2004;279:45512-45518.

Repa JJ, Liang G, Ou ], Bashmakov Y, Lobaccaro JM,
Shimomura I, Shan B, Brown MS, Goldstein JL, Mangelsdorf
DJ. Regulation of mouse sterol regulatory element-binding
protein-1c gene (SREBP-1c) by oxysterol receptors, LXRal-
pha and LXRbeta. Genes Dev 2000;14:2819-2830.
Goodwin B, Jones SA, Price RR, Watson MA, McKee DD,
Moore LB, Glardi C, Wilson JG, Lewis MC, Roth ME,
Maloney PR, Willson TM, Kliewer SA. A regulatory cascade
of the nuclear receptors FXR, SHP-1, and LRH-1 represses
bile acid biosynthesis. Mol Cell 2000;6:517-526.

Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA,
Auwerx ], Mangelsdorf DJ. Molecular basis for feedback
regulation of bile acid synthesis by nuclear receptors. Mol
Cell 2000;6:507-515.

RIGHTS

Ay



