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Background: Vitamin K intestinal absorption is poorly understood.
Results: Modulating SR-BI and CD36 expression or function in cells and in mice led to control of vitamin K, intestinal transport.

Conclusion: Intestinal scavenger receptors impact vitamin K; transport through the enterocyte.
Significance: Understanding vitamin K intestinal absorption is crucial to maintain an optimal vitamin K status.

Vitamin K, (phylloquinone) intestinal absorption is thought
to be mediated by a carrier protein that still remains to be iden-
tified. Apical transport of vitamin K,; was examined using
Caco-2 TC-7 cell monolayers as a model of human intestinal
epithelium and in transfected HEK cells. Phylloquinone uptake
was then measured ex vivo using mouse intestinal explants.
Finally, vitamin K, absorption was compared between wild-type
mice and mice overexpressing scavenger receptor class B type I
(SR-BI) in the intestine and mice deficient in cluster determi-
nant 36 (CD36). Phylloquinone uptake by Caco-2 cells was sat-
urable and was significantly impaired by co-incubation with
a-tocopherol (and vice versa). Anti-human SR-BI antibodies
and BLT1 (a chemical inhibitor of lipid transport via SR-BI)
blocked up to 85% of vitamin K, uptake. BLT1 also decreased
phylloquinone apical efflux by ~80%. Transfection of HEK cells
with SR-BI and CD36 significantly enhanced vitamin K, uptake,
which was subsequently decreased by the addition of BLT1
or sulfo-N-succinimidyl oleate (CD36 inhibitor), respectively.
Similar results were obtained in mouse intestinal explants. In
vivo, the phylloquinone postprandial response was significantly
higher, and the proximal intestine mucosa phylloquinone con-
tent 4 h after gavage was increased in mice overexpressing SR-BI
compared with controls. Phylloquinone postprandial response
was also significantly increased in CD36-deficient mice com-
pared with wild-type mice, but their vitamin K, intestinal con-
tent remained unchanged. Overall, the present data demon-
strate for the first time that intestinal scavenger receptors
participate in the absorption of dietary phylloquinone.

The term “vitamin K” represents a group of fat-soluble mol-
ecules essential for the conversion of glutamic acid into y-car-
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boxyglutamic acid residues in specific substrate proteins. These
proteins include active blood-clotting factors, osteocalcin and
matrix y-carboxyglutamic acid protein (1). Real deficiencies in
vitamin K are rare. However, because it was recently shown to
be involved in bone and artery calcification, optimal vitamin K
status may prevent certain cardiovascular diseases and osteo-
porosis (1, 2). Moreover, patients with fat malabsorption disor-
ders (biliary tract disease, pancreatic insufficiency, cystic fibro-
sis, etc.) present with reduced vitamin K status if they do not
receive adequate supplementation. Vitamin K status in infants
is also very precarious, and oral administration at birth and
during the first few months of life is often recommended (3).
Ensuring adequate vitamin K status at all ages is thus essential.

In the human diet, vitamin K is mainly consumed as vitamin
K; (phylloquinone), found in leafy green vegetables and in cer-
tain vegetable oils, including soybean and olive oil. Menaquino-
nes are the other class of vitamin K found in the diet (vitamin K,
family). Mainly provided by liver and fermented products, such
as cheese and natto, the vitamin K, family only accounts for
10-25% of vitamin K in the Western diet (4).

To date, the mechanisms of vitamin K intestinal absorption
remain largely unknown. Vitamin K, has been proposed to be
absorbed via an active transport protein in the small intestine
(5), but this carrier protein has not yet been identified (6). Vita-
min K transport and metabolism in the intestinal cell is also not
clearly defined, but phylloquinone is believed to enter the blood
circulation as a component of chylomicrons, which are subse-
quently taken up by the liver. Afterward, vitamin K is mainly
found in triglyceride-rich lipoproteins (4, 7). Vitamin K is
extensively catabolized. In the liver, it is found as menaqui-
none-7 to -13 (8), and in peripheral tissues, it is found as phyl-
loquinone and/or menaquinone-4, believed to be formed in situ
from menadione (9). This metabolic pathway was shown to
occur in the intestine as well (10).

It is widely accepted that vitamin E interferes with vitamin K
activity, sometimes inducing extensive bleeding in supple-
mented patients (11). Although it has been confirmed that
excess of a-tocopherol could affect phylloquinone metabolism,
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the mechanisms of this phenomenon have not been fully eluci-
dated (12). We suggest that a competition with vitamin E could
also take place with uptake transporters in the intestine and
would thus lead to decreased vitamin K absorption.

The objectives of this study were to investigate the mecha-
nisms of vitamin K; intestinal absorption, to evaluate the pos-
sibility of competition for absorption with vitamin E, and to
specify the involvement of two transporters with broad speci-
ficity in this process: SR-BI* and CD36.

MATERIALS AND METHODS
Chemicals

Phylloquinone (=96% pure), 2-oleoyl-1-palmitoyl-sn-glycero-
3-phosphocholine (phosphatidylcholine), 1-palmitoyl-sx-glycero-
3-phosphocholine (lysophosphatidylcholine), monoolein, free
cholesterol, oleic acid, sodium taurocholate, dicyclohexylcar-
bodiimide, hydroxysulfosuccinimide sodium salt, and dimeth-
ylsulfoxide (DMSO) were purchased from Sigma-Aldrich.
Vitamin K, 2,3-epoxide was obtained from Santa Cruz Biotech-
nology, Inc. R,R,R-a-Tocopherol (vitamin E) and echinenone
(=95% pure) were a generous gift of DSM Ltd. (Basel,
Switzerland).

Mouse monoclonal IgG raised against the external domain
(amino acids 104 —294) of human SR-BI, also known as CLA-1,
was purchased from BD Transduction Laboratories (Lexing-
ton, KY). Anti-human CD13 antibody (used as a control anti-
body against another plasma membrane protein) was from
Santa Cruz Biotechnology. Mouse monoclonal anti-human
CD36 IgM was purchased from Sigma. BLT1 (blocks lipid
transport 1; i.e. 2-hexyl-1-cyclopentanone thiosemicarbazone,
a chemical inhibitor of lipid transport mediated by SR-BI) was
purchased from Chembridge (San Diego, CA). Sulfo-N-succin-
imidyl oleate (SSO) was synthesized as described previously
(13). Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/liter glucose and trypsin-EDTA (500 and 200 mg/liter,
respectively), non-essential amino acids, penicillin/streptomy-
cin, and PBS was purchased from Invitrogen, and fetal bovine
serum (FBS) came from PAA (Vélizy-Villacoublay, France).

Human SR-BI ¢cDNA cloned in pCDNA3.1 plasmid was a
generous gift of Gerald Gaibelet (INSERM U1048, Toulouse,
France), and empty pCDNA3.1 plasmid was a gift from Franck
Peiretti (UMR NORT, Marseille, France). Human CD36 in
pIRES plasmid and empty pIRES plasmid were provided by
Jean-Francois Landrier (UMR NORT, Marseille, France).
LC-MS grade ethanol (EtOH), methanol (MeOH), and 2-pro-
panol (Merck) were used for liquid chromatography-mass
spectrometry analysis. All other solvents used were HPLC
grade from Carlo Erba (Val de Reuil, France). Formic acid
(HCOOH) was purchased from Merck. Deionized water was
purified by a Milli-Q water purification system (Millipore, Mol-
sheim, France).

2 The abbreviations used are: SR-BI, scavenger receptor class B type I; CD36,
cluster determinant 36; SR-BI transgenic mice, mice overexpressing SR-BI
in the intestine; APCI, atmospheric pressure chemical ionization; SSO,
sulfo-N-succinimidyl oleate; UPLC, ultraperformance liquid chromatogra-
phy; HEK, human embryonic kidney.
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Preparation of Vitamin K ;-enriched Vehicles for Cell and
Mouse Experiments

Vitamin K ;-rich Micelles—For delivery of phylloquinone to
Caco-2 cells or to mouse intestinal explants, mixed micelles
with lipid composition similar to those found in vivo (14) were
prepared as described previously (15) to obtain the following
final concentrations: 0.04 mm phosphatidylcholine, 0.16 mm
lysophosphatidylcholine, 0.3 mm monoolein, 0.1 mMm free cho-
lesterol, 0.5 mM oleic acid, and 5 mMm taurocholate (16). Phyllo-
quinone was added into the micelles at a concentration of
0.25-5 uMm, depending on the experiment. Concentration of
vitamin K, in the micellar solutions was confirmed before each
experiment.

Vitamin K ;-rich Complete Medium—For delivery of phyllo-
quinone to HEK cells, an appropriate volume of vitamin K;
stock solution in ethanol was added to a glass tube to obtain a
final concentration of 2.5 um unless otherwise indicated. Stock
solution solvent was carefully evaporated under nitrogen. Dried
residue was solubilized into FBS overnight, and DMEM was
then added to reach a final FBS concentration of 10%. The con-
centration of phylloquinone in the medium was confirmed
before each experiment.

Vitamin K,-rich Emulsions—For delivery of phylloquinone
to mice, emulsions were prepared as follows. An appropriate
volume of stock solution containing 500 ug of phylloquinone
was transferred to an Eppendorf tube. Stock solution solvent
was carefully evaporated under nitrogen. Dried residue was sol-
ubilized in 100 ul of peanut oil (Lesieur, Asnieres-sur-Seine,
France), and 200 ul of a NaCl 0.9% solution was added. The
mixture was vigorously mixed in an ice-cold water bath during
sonication (Branson 3510) for 15 min and used for force-feed-
ing within 10 min of preparation.

Cell Culture

Caco-2 Cell Culture—Caco-2 clone TC-7 cells (17, 18) were
cultured in the presence of DMEM supplemented with 20%
heat-inactivated FBS, 1% non-essential amino acids, and 1%
antibiotics (complete medium), as described previously (13,
19). For each experiment, cells were seeded and grown on tran-
swell plates for 21 days to obtain confluent and highly differen-
tiated cell monolayers. Twelve hours prior to each experiment,
serum-free complete medium was used in the apical and baso-
lateral chambers.

HEK Cell Culture and Transfection—HEK 293-T cells were
purchased from the American Type Culture Collection
(Manassas, VA). Cells were cultured in 10% FBS complete
medium at 37 °C in a humidified atmosphere of air/carbon
dioxide (90:10, v/v) and the medium was changed every 48 h.
Monolayers were subcultured with a 4-day passage frequency
when they reached a confluence of about 80% and were subse-
quently treated with 0.25% trypsin-EDTA. For each experi-
ment, cells were seeded at a 1:10 dilution in 6-well plates and
transfected 24 h afterward with 3 ug of DNA and 6 ul of Jet Pel
per well in a 150 mm NacCl solution, according to the manu-
facturer’s instructions. The medium was then changed 10—-12 h
after, and cells were grown for an additional 24 h. Transfection
efficiency was verified by Western blotting as described previ-
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ously (15). Briefly, proteins were determined using a bicin-
choninic acid kit (Pierce), and 20 mg of protein was used for
Western blot analysis. The blotting membrane was incubated
with the anti-SR-BI or the anti-human CD36 antibody at a
1:1000 dilution. For visualization, monoclonal anti-mouse IgM
or IgG conjugated to alkaline phosphatase (Sigma) was used as
a secondary antibody at a 1:5000 dilution.

Characterization of Vitamin K, Uptake in Cells

Uptake Measurement—At the beginning of each experiment,
cell monolayers were washed with 0.5 ml of PBS. For uptake
experiments, the apical side of the cell monolayers received the
vitamin K, -enriched vehicles (whereas the other side received
the serum-free complete medium if applicable). Cells were
incubated for 60 min at 37 °C. At the end of each experiment,
medium was harvested. Cells were washed twice in 0.5 ml of
ice-cold PBS to eliminate adsorbed vitamin K, and then
scraped and collected in 0.5 ml of ice-cold PBS. Absorbed vita-
min K, was estimated as vitamin K, found in scraped cells plus
vitamin K, found on the opposite side of the cell monolayer (if
applicable).

Apical Efflux Measurement—For apical efflux experiments,
the cells first received the vitamin K, -rich micelles at the apical
side for 4 h. They were then washed three times with PBS and
received apical medium containing vitamin K,-free mixed
micelles (vitamin K, acceptors). At the end of each experiment,
the apical medium was collected. Cells were washed twice in 0.5
ml of ice-cold PBS to eliminate adsorbed vitamin K; and then
scraped and collected in 0.5 ml of PBS. Vitamin K, effluxed by
cells (i.e. phylloquinone recovered in the apical medium) was
expressed as a percentage of vitamin K, initially absorbed
(determined as the total amount of vitamin K; recovered in
cells, apical medium, and basolateral medium together if
applicable).

Competition with R R R-o-Tocopherol—Phylloquinone uptake
was measured after incubation with phylloquinone-rich mixed
micelles (2.5 um) containing a-tocopherol at concentrations
ranging from 0 to 50 um. Similarly, a-tocopherol uptake was
measured after incubation with tocopherol-rich micelles (5 um)
containing either no vitamin K; or 2.5 uM vitamin K.

Transport Inhibition by BLTI1—For uptake experiments,
BLT1 was used as described previously (13, 15, 21). Briefly,
Caco-2 but not HEK cell monolayers were pretreated with
either DMSO (control) or BLT1 at either 50 nm or 10 um for 1 h.
Both Caco-2 and HEK cells then received phylloquinone-en-
riched vehicles with either DMSO, 50 nM BLT1 or 10 uMm BLT1,
and uptake was measured as described above.

Uptake Inhibition by Anti-human SR-BI Antibody—For
uptake experiments, cell monolayers were incubated for 5 min
with 3.75 ug/ml anti-human SR-BI monoclonal antibody raised
against the external domain before vitamin K;-rich micelles
were added. Previous experiments have shown that this anti-
body concentration maximally inhibited absorption (15). Anti-
human CD13 antibody was used as a control at 3.75 pg/ml.

Uptake Inhibition by SSO—SSO can be used in concentra-
tion ranges up to 1.25 mm, but it is classically used between
200 and 500 uM (13). Thus, during experiments, HEK cells
received phylloquinone-enriched vehicles supplemented
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with 400 um SSO, and uptake was measured as described
above.

Efflux Inhibition by BLT1—The cells first received the phyl-
loquinone-rich micelles at the apical side for 4 h. They were
then washed two times with PBS and equilibrated in serum-free
complete medium for 1 h. The cells then received apical
medium containing vitamin K, acceptors (i.e. vitamin K-free
mixed micelles) supplemented with either DMSO or BLT1 at
10 umMm for 3 h.

Characterization of Vitamin K, Uptake in Mouse Intestine

Animals—Wild-type (WT) mice, mice deficient in CD36 (22,
23), and mice overexpressing SR-BI in the intestine (24, 25)
were housed in a controlled environment (temperature = 22 =
2 °C, humidity = 55 = 10%, darkness from 6 p.m. to 6 a.m.).
They were given a standard A04 chow diet (Safe, Augy, France)
and water ad libitum. They were fasted overnight before each
experiment. The protocol (number 24-25092012) was approved
by the local animal research ethics committee (Comité
National de Réflexion Ethique sur I'Expérimentation Animale
de Marseille 14).

Vitamin K, Uptake Inhibition in Mouse Intestinal Explants—
Mice were fasted overnight, and intestinal explants were pre-
pared as described previously (13). Briefly, on the day of the
experiment, animals were euthanized by cervical dislocation,
and the 4 cm distal to the first 3 cm of their small intestinal tract
were immediately removed. The intestine samples were care-
fully rinsed with a sterile NaCl solution (0.9%), sliced into strips
onice as described previously (13), and homogeneously distrib-
uted in 12-well plates (Falcon Plates, BD Biosciences). Explants
were incubated for 3 h in 500 ul of 2.5 uM vitamin K;-enriched
mixed micelles supplemented with 10 um BLT1 or 400 um SSO
or with no supplement. Each condition was performed in trip-
licate. After incubation, media were harvested, and the intes-
tine explants were carefully rinsed twice in PBS. Samples were
then suspended in 500 ul of PBS, homogenized with two 3-mm
diameter stainless steel balls in 2-ml Eppendorf tubes using an
MM301 ball mill (Retsch, Eragny sur Oise, France), and stored
until analysis.

Postprandial Experiment with Vitamin K,—On the day of the
experiment, the mice were force-fed with a phylloquinone-en-
riched emulsion.

To assess the phylloquinone postprandial response curve in
WT mice, blood samples were taken by retroorbital puncture at
1.5, 3, 4.5, and 6 h after gavage. A final blood sample was taken
at 7.5 h by intracardiac puncture before euthanasia by cervical
dislocation.

To compare phylloquinone postprandial response in WT
and transgenic mice, a blood sample was taken after 4 h of
digestion by intracardiac puncture before euthanasia by cervi-
cal dislocation. The intestine of each animal was then quickly
harvested, carefully rinsed with PBS, and cut in 6-cm segments
(duodenum, proximal jejunum, median jejunum, distal jeju-
num, and ileum). All of the fragments were suspended in 500 ul
of PBS and homogenized as described above before storage and
analysis.

All of the samples were sealed under nitrogen and stored at
—80 °C until vitamin K, analysis. Aliquots of cell samples were
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used to assess protein concentrations using a bicinchoninic
acid kit (Pierce).

Sample Acid Hydrolysis

To analyze the potential metabolism of phylloquinone to
menadione in enterocytes, 500 ul of cell or WT intestinal sam-
ple (¢f. above) were deconjugated via acid hydrolysis, which also
oxidized the released menadiol to menadione, as described pre-
viously (26).

Vitamin K, Extraction

Phylloquinone was extracted from 500 ul of aqueous sample
using the following method. Distilled water was added to sam-
ple volumes below 500 ul to reach a final volume of 500 wl.
Echinenone was used as an internal standard and added to the
samples in 500 ul of ethanol. The mixture was extracted once
with 2 ml of hexane. The hexane phase obtained after centrifu-
gation (500 X g, 10 min, 4 °C) was evaporated to dryness under
nitrogen, and the dried residue was dissolved in 200 ul of
mobile phase. A volume of 100—180 wul was used for HPLC
analysis.

Vitamin K UPLC-MS Analysis

Analyses were performed by ultraperformance liquid chro-
matography using an ACQUITY system (Waters Corp., Mil-
ford, MA) linked simultaneously to a diode array detector
(UPLC DAD, Waters Corp.) and interfaced with a Bruker Dal-
tonics HCT Ultra Ion Trap mass spectrometer via an atmo-
spheric pressure chemical ionization source operated in posi-
tive ion mode (UPLC DAD/APCI-MS). Compass'™ software
(Bruker Daltonics, Bremen, Germany) was used for mass spec-
trometric instrument control and data processing.

UPLC conditions were modified from Song et al. (27). Sepa-
ration was carried out using an ACQUITY UPLC® BEH C18
column (50 mm X 2.1 mm, inner diameter 1.7 uwm; Waters).
The column temperature was 35 °C, the flow rate was 0.45 ml
min~", and 10 pl was injected. Analysis was achieved using a
gradient of Milli-Q water/2-propanol (80:20, v/v) containing
0.1% HCOOH (v/v) (solvent A) and CH,OH containing 0.1%
HCOOH (v/v) (solvent B). Gradient conditions of the mobile
phase were as follows: A, 85%, 0—3 min; A, 85-5%, 3—8 min; A,
2%, 8 =12 min; A, 2— 0%, 12—14 min, followed by a return to the
initial conditions (solvent A, 85%) and re-equilibration for 4
min. Peaks were detected at 270 nm.

The ion trap was operated in the Ultra Scan mode from m/z
120 to 800. The ICC target was set to 100,000 with a maximum
accumulation time of 200 ms. Nitrogen (99.99% purity) was
used as the desolvation gas. The source parameters were set as
follows: dry temperature 350 °C, nebulizer pressure 50 p.s.i., dry
gas flow 5 liters'min "', vaporizer temperature of 350 °C, capil-
lary voltage —2 kV, and corona current 4000 nA.

Vitamin K HPLC Analysis

Phylloquinone and R,R,R-a-tocopherol were separated using
a 250 X 4.6-nm RP C,g 5-um Zorbax column (Interchim,
Montlugon, France) and a guard column.

The isocratic mobile phase consisted of 80% methanol,
19.45% ethanol, and 0.55% H,O containing 1 mM sodium ace-
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tate, 2 mm zinc chloride, and 2 mm acetic acid (flow rate = 1.2
ml-min %), and the column was kept at a constant temperature
(35°C). The HPLC system was composed of a Dionex separa-
tion module (P680 HPLC pump and ASI-100 automated sam-
ple injector, Dionex, Aix-en-Provence, France), a Dionex
UVD340U photodiode array detector, and a Jasco fluorimetric
detector (Jasco, Nantes, France). Depending on the quantity of
vitamin K present in the sample, phylloquinone was either
measured at 248 nm using the photodiode array detector or at
430 nm after light emission at 244 nm using fluorimetric anal-
ysis (after postcolumn online reduction to the hydroquinone
form in a 4.6 mm X 5-cm column freshly filled with 98% pure
zinc dust) and identified by retention time coincident with
authentic standard. Quantification was performed using
Chromeleon software (version 6.50 SP4 Build 1000) comparing
peak area with external calibration curves.

Statistical Analysis

Results are expressed as means = S.E. Differences between
more than two groups of unpaired data were analyzed using
the non-parametric Kruskal-Wallis test. The non-parametric
Mann-Whitney test was used as a post hoc test when the
Kruskal-Wallis test showed significant differences between
groups. Differences between only two groups of unpaired data
were tested via Mann-Whitney U test. Values of p < 0.05 were
considered significant. All statistical analyses were performed
using Statview software, version 5.0 (SAS Institute, Cary, NC).
Relationships between two variables were examined by regres-
sion analysis using KaleidaGraph version 3.6 software (Synergy
Software, Reading, PA).

RESULTS

Metabolism of Vitamin K; by Caco-2 Cells and Mouse
Enterocyte—We first aimed to assess whether phylloquinone
was metabolized in Caco-2 cells and mouse intestine.

Using the UPLC DAD/APCI-MS conditions described
above, vitamin K, was detected at 11.8 min (Fig. 1A, compound
2), producing a protonated ion [M + H]* with m/z 451.2. After
fragmentation, a daughter ion was detected at m/z 186.8 (Fig.
1B). The analyses of the cell samples incubated with vitamin K;
for either 1 or 24 h did not reveal local production of menadione
(data not shown), regardless of whether or not the samples were
acid-hydrolyzed. No other metabolites were detected after a
1-h incubation. However, vitamin K, epoxide was detected
after 24 h of incubation (Fig. 14, compound 1) in the cellular
compartment only of both acid hydrolyzed and non-hydro-
lyzed samples (retention time 10.8 min, m/z 467.2, identical to
the standard molecule) (Fig. 1C). To avoid the metabolism of
phylloquinone by the cells, cell experiments were conducted
with incubation periods of 1 h. UPLC-MS analyses of WT
mouse intestinal samples 4 h after force feeding demonstrated
that vitamin K; was the only form of vitamin K detectable in the
intestinal mucosa in our experimental conditions (data not
shown).

Effect of Micellar Vitamin K, Concentration on Vitamin K,
Uptake by Caco-2 Cells—We then aimed to characterize vita-
min K; uptake by differentiated Caco-2 cell monolayers.
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FIGURE 1. UPLC DAD/APCI-MS analysis of vitamin K, and its epoxide
detected in the Caco-2 cellular compartment extract after a 24-h incuba-
tion with 2.5 um micellar vitamin K,. A, DAD chromatogram of the Caco-2
cellular compartment extract at 270 nm. mAU, milliabsorbance units. Com-
pound 1,vitamin K, epoxide (retention time = 10.8 min); compound 2, vitamin
K, (retention time = 11.8 min). B, MS (a) and MS? spectra (b) of vitamin K,
(compound 2). C, MS spectrum of vitamin K, epoxide (compound 1).

At concentrations ranging from 0.5 to 5 um, absorption of
vitamin K; was not linear (Fig. 24). The best fit was achieved
using a hyperbolic curve y = ax/(x + b), R> > 0.99. Apparent
Q nax Was 1.47 nmol of phylloquinone/mg of protein, and K was
equal to 8.58 um. Q.. represents the maximal amount of phyl-
loquinone absorbed, and K represents the concentration of
micellar phylloquinone required to reach Q,,../2.

Effect of Vitamin E Co-incubation on Vitamin K, Uptake by
Caco-2 Cells and Vice Versa—Next, we evaluated whether com-
petition between vitamin K; and E exists during nutrient
uptake in differentiated Caco-2 cell monolayers.

As shown in Fig. 2B, co-incubation of 5 uMm micellar a-to-
copherol (vitamin E) with 2.5 um micellar phylloquinone sig-
nificantly decreased the uptake of phylloquinone by 28.0% (p <
0.05). Similarly, co-incubation of 2.5 um micellar phylloqui-
none with 5 uM micellar a-tocopherol significantly decreased
the uptake of a-tocopherol by 29.2% (p < 0.05). This effect was
dose-dependent, as further shown in Fig. 2C, which suggests
that these two vitamins share common uptake pathways.

Effect of the Amount of Cholesterol Incorporated in Micelles
with Vitamin K, on Vitamin K, Uptake—Cholesterol is natu-
rally present in micelles during digestion, but its concentration
may vary depending on diet and biliary secretion. Fig. 2D shows
that high micellar cholesterol concentrations significantly
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affected phylloquinone uptake. This suggests that cholesterol
and phylloquinone may also display common uptake pathways.

Interestingly, vitamin E and cholesterol share common pro-
tein carriers at the apical side of the enterocyte. Among these
transporters, the scavenger receptors SR-BI and CD36 are
known to display broad substrate specificity. We thus investi-
gated the involvement of SR-BI and CD36 in vitamin K; intes-
tinal apical uptake.

Involvement of SR-Bl in Vitamin K, Transport across the Apical
Membrane of Caco-2 Cells

Uptake Experiment—The specific chemical inhibitor of
SR-BI, BLT1, significantly decreased apical Caco-2 cell phyllo-
quinone uptake by up to 38.5% when added at 50 nm (~ICy,
(28)). When added in excess (10 um (13, 15, 21, 25, 29)), it led to
an inhibition of 84.5% of phylloquinone uptake (Fig. 34, p <
0.05). Moreover, Fig. 3B shows that the addition of anti-human
SR-BlI antibody raised against the external domain significantly
decreased phylloquinone apical uptake by 15.6% compared
with the control antibody (anti-CD13 antibody, p < 0.05).
CD36 involvement in vitamin K; uptake was not challenged in
Caco-2 cells because this cell line does not express the protein.

Apical Efflux Experiment—Caco-2 cells were charged in
phylloquinone before apical efflux of vitamin K, was measured
in the presence or the absence of BLT1 (Fig. 3C). Adding 10 um
BLT1 to the apical side of the cells in the presence of vitamin
K-free mixed micelles significantly reduced the apical efflux of
vitamin K, by 80.5% (Fig. 2B, p < 0.05).

Effect of SR-BI and CD36 Transfection on Vitamin K, Uptake
in HEK Cells—To validate our previous and to extend then to
CD36, we then used transfected HEK cells. Transfection with
human SR-BI led to a significant 109.6% increase of phylloqui-
none uptake compared with control (cells transfected with an
empty plasmid), and this increase was totally suppressed by
10 um BLT1 (Fig. 4A). Fig. 4B shows that HEK cell transfection
with human CD36 significantly increased phylloquinone
uptake by 164.3% and that this increase was significantly
impaired by the addition of a chemical inhibitor of CD36, SSO
(400 um). Because SR-BI and CD36 are not endogenously
expressed in HEK cells (Fig. 3, insets), neither BLT1 nor SSO
had an effect on phylloquinone uptake in untransfected HEK
cells (data not shown).

Effect of BLT and SSO on Vitamin K, Uptake by Mouse Intes-
tinal Explants—To further confirm our data, we next per-
formed ex vivo experiments. BLT1 and SSO significantly
impaired phylloquinone uptake by mouse intestinal explants
(—19.4 and —18.9%, respectively; Fig. 5).

Vitamin K, Postprandial Response in Mice—Finally, we
assessed the phylloquinone postprandial response in mice after
gavage (Fig. 6). Each mouse received 500 g of phylloquinone in
an oil-in-water emulsion. Our data show that phylloquinone
peaked in plasma between 1.5 and 4.5 h after gavage.

Effect of Intestinal SR-BI Overexpression on Vitamin K,
Absorption in Mice—4 h after gavage, the phylloquinone post-
prandial response was significantly increased in SR-BI trans-
genic mice compared with control mice (+162.4%, p = 0.0071;
Fig. 6A). This difference was still significant after adjustment by
plasma total lipids (+548.9%, p = 0.0011; Fig. 7A). Further-
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FIGURE 2. Characterization of vitamin K, uptake in Caco-2 TC7 cells. A, effect of vitamin K; micellar concentration on vitamin K; uptake by differentiated
Caco-2 TC-7 cell monolayers. The apical side received FBS-free medium containing phylloquinone-rich mixed micelles (0.25-5 um), and the basolateral side
received FBS-free medium. Incubation time was 60 min. Data are means = S.E. (error bars) of three assays. B, competition for uptake by Caco-2 TC-7 cell
monolayers between vitamin K; and a-tocopherol. The apical side received FBS-free medium containing either phylloquinone-rich (2.5 um) or a-tocopherol-
rich (5 um) mixed micelles alone or phylloquinone- or a-tocopherol-rich mixed micelles supplemented with a-tocopherol or phylloquinone at the same
concentrations, respectively. The basolateral side received FBS-free medium. Incubation time was 60 min. Data are means * S.E. of three assays. C, inhibition
of vitamin K, uptake with increasing concentrations of a-tocopherol in Caco-2 TC-7 cell monolayers. The apical side received FBS-free medium containing
2.5 um micellar phylloquinone and increasing concentrations of micellar a-tocopherol (ranging from 0 to 50 um). The basolateral side received FBS-free
medium. Incubation time was 60 min. Data are means = S.E. of three assays. D, inhibition of vitamin K; uptake by increasing concentrations of cholesterol in
Caco-2 TC-7 cell monolayers. The apical side received FBS-free medium containing 2.5 um micellar phylloquinone and increasing concentrations of micellar
cholesterol (ranging from 0 to 300 um). The basolateral side received FBS-free medium. Incubation time was 60 min. Data are means * S.E. of three assays.

more, the phylloquinone content of the first two fragments
(duodenum and proximal jejunum) of SR-BI transgenic mice
was significantly higher than the vitamin K, content of the first
two fragments of WT mice (+302.4%, p = 0.0008 and +183.1%,
p = 0.0116; Fig. 7B). Conversely, the phylloquinone content of
the last three fragments (median jejunum, distal jejunum, and
ileum) of SR-BI transgenic mice was lower than the vitamin K,
content of the matched fragments of WT mice, although the
difference was significant in the distal jejunum only (—69.1%,
p = 0.0324; Fig. 5B).

Effect of CD36 Deletion on Vitamin K, Absorption in Mice—
After gavage, the phylloquinone postprandial response was sig-
nificantly increased in CD36-deficient mice compared with
control mice (+290.2%, p = 0.014; Fig. 7C). This difference did
not remain significant after adjustment by plasma total lipids.
Additionally, the phylloquinone content in all intestinal frag-
ments remained similar in the two groups of mice (Fig. 7D).

DISCUSSION

Phylloquinone intestinal absorption has been poorly investi-
gated so far. To evaluate in detail the mechanism(s) involved in
transport across the enterocyte, we used the popular Caco-2
TC-7 cell model, which has been extensively used to study fat-
soluble vitamin intestinal absorption (13, 21, 30). There are no
data on phylloquinone micellar concentration in the human
gut. However, previous work has shown that lutein concentra-
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tions in the human duodenal lumen were 5-7 um after a spin-
ach-rich meal providing ~10 mg lutein (31). Considering spi-
nach phylloquinone content (32), such a meal would result in
the production of micelles containing ~0.03—0.05 uM phyllo-
quinone. However, to allow an accurate quantification in cells,
we used micellar concentrations ranging from 0.25 to 5 um and
principally 2.5 um.

We first aimed to assess whether vitamin K; was metabolized
by intestinal cells under our experimental conditions. APCI is
the most common method of ionization for lipophilic com-
pounds in general, including vitamin K (27, 33, 34). The best
detection was obtained in positive mode; thus, this was used for
our analysis. The m/z 186.9 daughter ion corresponds to the
loss of the side chain, as reported previously (34). A vitamin K;
epoxide was identified in the cytosol of Caco-2 cells after a 24-h
incubation of vitamin K;-rich mixed micelles, whereas no
metabolites were detected after a 1-h incubation. To avoid
phylloquinone degradation and metabolism to accurately
measure vitamin K, transport, all experiments in Caco-2 cells
were conducted after short incubation periods, and samples
were analyzed by HPLC.

Our first results showed that vitamin K; uptake is saturable,
which supports a protein-mediated uptake hypothesis (35).
Apparent Q.. for phylloquinone was in the same range as the
apparent Q,,,, for tocopherol (21). The apparent K for phyllo-
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quinone was 10-fold smaller than that of tocopherol, suggesting
a greater affinity of the cell brush-border membrane for vitamin
K; than for vitamin E, but these data should be considered cau-
tiously because these values strongly depend on both micelle
composition and experimental conditions (Caco-2 cells differ-
entiated on filters, incubation period, etc.). The saturable
uptake of vitamin K; by Caco-2 cells is consistent with the pre-
vious findings of Hollander and colleagues, who showed that
the use of a nitrogen atmosphere to inhibit mitochondrial res-
piration and the addition of 2,4-dinitrophenol to inhibit ATP
synthesis together impaired phylloquinone intestinal absorp-
tion in rats. Although nonspecific experiments, these data sug-
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FIGURE 3. Effect of SR-BI inhibitors on vitamin K, apical transport by dif-
ferentiated Caco-2 TC-7 monolayers. A, effect of BLT1 on vitamin K, uptake.
The apical sides of the cell monolayers were preincubated for 60 min with
either BLT1 at 10 um or DMSO (control), before receiving FBS-free medium
containing phylloquinone-enriched mixed micelles ata 2.5 um concentration
and supplemented with either BLT1 at 10 um or DMSO. The basolateral sides
received FBS-free medium. Incubation time was 60 min. Data are means =
S.E. (error bars) of three assays. *, significant difference with the control. B,
effect of SR-Bl-blocking antibody on vitamin K, uptake. The apical side of the
cell monolayers was pre-incubated for 5 min with either 3.75 ng/ml of anti-
human SR-Bl antibody or 3.75 ug/ml of anti-human CD13 antibody (control),
before receiving FBS-free medium containing phylloquinone-enriched
mixed micelles at a 2.5 um concentration. The basolateral side received FBS-
free medium. Incubation time was 60 min. Data are means = S.E. of 3 assays.
*,significant difference from the control. C, effect of BLT1 on vitamin K, apical
efflux. Cell monolayers were first enriched in phylloquinone during 4 h. The
apical side of the monolayers was then carefully rinsed and received either
FBS-free medium containing vitamin K;-free mixed micelles or the same mix-
ture plus BLT1. The basolateral side received FBS-free medium. Efflux time
was 60 min. Data are means = S.E. of three assays. ¥, significant difference
from the control (assay performed without BLT1).
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gested the involvement of a carrier protein in phylloquinone
uptake (36).

We then explored the possibility of competition between die-
tary vitamin K; and a-tocopherol for absorption. The fact that
both vitamins could impair the uptake of each other suggests
that the two molecules compete for entry into the intestinal cell
and thus may share common absorption pathway(s). This situ-
ation could be particularly deleterious for vitamin K because its
dietary intake is moderate (recommended daily allowance for
anadult = 75 ug/day) compared with vitamin E (recommended
daily allowance of 15 mg/day), with vitamin E supplementation
increasing the imbalance further. This result could at least
partially explain the excessive bleeding observed in patients
supplemented with vitamin E (11). This result seems in dis-
agreement with previous data obtained in rats and showing a
non-significant decrease of phylloquinone serum concentra-
tion 6 h after gavage with 0.2 mg of phylloquinone and 10 mg of
a-tocopherol (12). However, our data suggest that the phyllo-
quinone absorption peak is probably earlier, around 3—4 h (Fig.
6), and a single measure of phylloquinone postprandial concen-
tration at 6 h cannot exclude possible competition for
absorption.

Vitamin E intestinal absorption was shown to involve choles-
terol transporters, including scavenger receptors (21, 37). We
thus aimed to evaluate the involvement of SR-BI and CD36 in
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FIGURE 5. Effect of SR-Bl and CD36 inhibitors on vitamin K, uptake by ex
vivo mouse intestinal explants. The mouse intestinal explants received FBS-
free medium containing phylloquinone-enriched mixed micelles at 2.5 um.
supplemented with BLT1 at 10 um concentration, SSO at a 400 uMm concentra-
tion, or no supplementation. Incubation time was 3 h. Data are means = S.E.
(error bars) of three assays. *, significant difference between groups.
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FIGURE 4. Effect of SR-Bl and CD36 inhibitors on vitamin K, uptake by HEK 293-T cells overexpressing scavenger receptors. A, effect of BLT1 on vitamin
K; uptake by HEK 293-T cells overexpressing SR-BI. Cells were transfected with either an empty pCDNA3.1 plasmid (control) or with a pCDNA3.1 plasmid
containing SR-BI (SR-BI). The cell monolayers received then phylloquinone-enriched (2.5 um) complete medium supplemented or not with BLT1 at 10 um.
Incubation time was 60 min. Data are means = S.E. (error bars) of three assays. *, significant difference between groups. B, effect of SSO on vitamin K; uptake
by HEK 293-T cells overexpressing CD36. Cells were transfected with either an empty pIRES plasmid (control) or with a pIRES plasmid containing CD36 (CD36).
The cell monolayers received then phylloquinone-enriched (2.5 um) complete medium supplemented or not with SSO at 400 uMm. Incubation time was 60 min.
Data are means = S.E. of three assays. ¥, significant difference between groups. Insets, Western blots of protein expression in HEK cells: size marker (7); control

cells (2); HEK cells (3) overexpressing SR-BI (A) or CD36 (B).

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

JOURNAL OF BIOLOGICAL CHEMISTRY 30749

GTOZ ‘T |1dy uo anbiwouolby ayoseyaey e|ap [euoieN INisu| YN | e /B1oagl-mmmy/:dny wouy papeojumoq


http://www.jbc.org/

Scavenger Receptors and Phylloquinone Intestinal Absorption

phylloquinone transport across the brush border membrane.
The finding that phylloquinone uptake in Caco-2 cells was spe-
cifically inhibited by both anti-human SR-BI antibody and
BLT1 (a chemical inhibitor of SR-BI) (38, 39), is taken as pri-
mary evidence that SR-BI is involved in vitamin K; uptake.
BLT1 led to a 80% decrease in phylloquinone uptake, whereas
the antibody led to a 15% decrease only. This difference, already
observed previously with vitamin E (21), can be explained by the
fact that BLT1 may be more efficient than the antibody to
inhibit SR-BI activity. Moreover, the presence of proteases at
the brush border membrane may hydrolyze the antibodies.
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FIGURE 6. Plasma vitamin K, response in wild-type mice. Mice were
gavaged with a phylloquinone-enriched emulsion (500 ng), and multiple
blood samples were taken over 7.5 h to assess plasma phylloquinone concen-
tration. Data are mean = S.E. (error bars) (n = 5).
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Interestingly, the role of SR-Bl is not restricted to vitamin K;
uptake alone. The transporter was also able to mediate vitamin
K, efflux from the cell to the apical medium, as has been simi-
larly shown for vitamin E (21) and D (13). CD36 involvement
could not be evaluated in the Caco-2 monolayers because this
cell model does not express the protein (15). Thus, in order to
further examine the involvement of both scavenger receptors in
phylloquinone transport, we studied phylloquinone uptake
using HEK cells transfected with either SR-BI or CD36. HEK
cells transfected with SR-BI displayed an increased BLT1-sen-
sitive phylloquinone uptake, confirming SR-BI involvement in
vitamin K, absorption. Similarly, HEK cells transfected with
CD36 exhibited SSO-sensitive uptake of phylloquinone, sug-
gesting the involvement of CD36. We then performed an ex
vivo experiment using mouse intestinal explants. We observed
a significant 20% inhibition of vitamin K, uptake by BLT1. This
inhibition was less pronounced than the inhibition observed in
Caco-2 cells treated with BLT1 (80%). This discrepancy is
probably due to different transporter expression profiles in vivo
and in vitro. We also confirmed the results obtained in HEK
cells because SSO impaired phylloquinone uptake by mouse
intestinal mucosa. However, the fact that we did not manage to
fully inhibit phylloquinone uptake suggests that passive diffu-
sion or other transporters are, at least partially, involved.

Finally, we performed in vivo absorption experiments. Pre-
liminary tests showed that vitamin K; was not detectable in
fasting plasma samples of mice bred in house, and no vitamin K
metabolites were detected in mouse intestinal mucosa 4 h after
force feeding. The results obtained in mice overexpressing SR-BI

= 400 *kdk OWT mSR-BITg
H
£
o
& 300 -
- *
o
5
3 200 1
£
Q
&
o L m
3 *
T
2
z o
o Duodenum  Prox Med Distal lleum
jejunum  jejunum  jejunum
OWT mCD36 KO
600
400 -

Phylloquinone (ng/ cm of segment)

adla

Duodenum  Prox Med Distal lleum

FIGURE 7. Vitamin K, postprandial response and vitamin K, content of mouse intestinal fragments in mice after force-feeding with a vitamin K,-en-
riched emulsion. A, effect of SR-Bl overexpression at the intestinal level. Four hours after force feeding with an emulsion containing 500 g of phylloquinone,
ablood sample was taken (A), and mouse intestines were harvested and cut into five fragments (B). Data are means * S.E. (error bars); n = 8 for control mice and
8 for SR-BI transgenic (Tg) mice). B, effect of CD36 deletion (CD36 KO). Four hours after force feeding with an emulsion containing 500 ug of phylloquinone, a
blood sample was taken (C), and mouse intestines were harvested and cut into five fragments (D). Data are means = S.E.; n = 4 for control mice and 5 for

CD36-deficient mice. Prox, proximal; Med, median.
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in the intestine provide further evidence that SR-BI is directly
involved in phylloquinone absorption. Indeed, the phylloquinone
postprandial response was significantly increased in transgenic
mice compared with wild-type animals. Furthermore, phyllo-
quinone content of the intestinal mucosa of the transgenic mice
was very different from the controls. Phylloquinone signifi-
cantly accumulated in the first fragments of mouse intestine,
where SR-BI overexpression is the strongest (24). Conversely,
less phylloquinone uptake was recovered in the last intestinal
sections, probably because it was largely absorbed in the prox-
imal part of the intestine.

The results obtained in CD36-deficient mice revealed an
indirect involvement of this transporter in phylloquinone
transport. Indeed, CD36-deficient mice had a higher phylloqui-
none postprandial response than wild-type mice, contrary to
what might be expected if CD36 is mainly implicated in phyl-
loquinone uptake. Deficient mice also had a significantly
increased postprandial triglyceride response (data not shown).
This result is in agreement with our previous work on y-to-
copherol (37). This result is also in agreement with previous
data demonstrating that in the presence of lipids, CD36 induces
large chylomicron formation via an induction of both apolipo-
protein B48 and microsomal triglyceride transfer protein, prob-
ably through ERK1/2 modulation. By contrast, CD36 deletion
results in an impaired secretion of chylomicrons that are
smaller in size and thus resistant to lipoprotein lipase activity
(20, 23, 40), which leads to triacylglycerol and phylloquinone
accumulation. The fact that phylloquinone content was similar
in WT and CD36-deficient mouse intestinal fragments indi-
cates that CD36 involvement in vitamin K; uptake may be bal-
anced by the activity of other transporters. Another possibility
is that CD36 also impacts chylomicron secretion from the
enterocyte to the lymph. A delay in secretion would then result
in a temporary accumulation of the chylomicrons in the intes-
tinal cells that would mask a reduced uptake. Because our cell
models (CD36-transfected HEK cells) cannot mimic this secre-
tion step, this could also explain the discrepancy between our in
vitro and in vivo data. Further studies are required to validate
this last assumption.

The physiological consequences of these novel findings
remain to be evaluated. We suggest that interindividual varia-
tion in intestinal scavenger receptor expression and/or func-
tion may be linked to variations in intestinal phylloquinone
absorption efficiency. Ultimately, these variations could impact
health status in subgroups of population at risk of developing
cardiovascular diseases or osteoporosis.
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