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Abstract The multiple transmembrane protein Niemann-
Pick C1 likel (NPCI1L1) is essential for intestinal choles-
terol absorption. Ezetimibe binds to NPCIL1 and is a
clinically used cholesterol absorption inhibitor. Recent stud-
ies in cultured cells have shown that NPC1L1 mediates cho-
lesterol uptake through vesicular endocytosis that can be
blocked by ezetimibe. However, how NPC1L1 and ezetimibe
work in the small intestine is unknown. In this study,
we found that NPC1L1 distributed in enterocytes of villi
and transit-amplifying cells of crypts. Acyl-CoA cholesterol
acyltransferase 2 (ACAT2), another important protein for
cholesterol absorption by providing cholesteryl esters to
chylomicrons, was mainly presented in the apical cytoplasm
of enterocytes. NPC1L1 and ACAT?2 were highly expressed
in jejunum and ileum. ACAT1 presented in the Paneth cells
of crypts and mesenchymal cells of villi. In the absence of
cholesterol, NPC1L1 was localized on the brush border of
enterocytes. Dietary cholesterol induced the internalization
of NPCI1L1 to the subapical layer beneath the brush border
and became partially colocalized with the endosome marker
Rabl1. Ezetimibe blocked the internalization of NPC1L1
and cholesterol and caused their retention in the plasma
membrane.lill This study demonstrates that NPC1L1 medi-
ates cholesterol entering enterocytes through vesicular en-
docytosis and that ezetimibe blocks this step in vivo.—Xie,
C., Z-S. Zhou, N. Lj, Y. Bian, Y-J. Wang, L-J. Wang, B-L. Li,
and B-L. Song. Ezetimibe blocks the internalization of
NPCILI and cholesterol in mouse small intestine. J. Lipid
Res. 2012. 53: 2092-2101.

Supplementary key words Niemann-Pick CI likel e cholesterol ab-
sorption ® endocytosis ® transport

Dietary cholesterol absorption in small intestine is a ma-
jor way for mammals to obtain cholesterol. In intestinal
lumen, cholesterol incorporates into bile salt micelles and
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diffuses to the brush border membrane of enterocytes (1).
Then cholesterol moves to the endoplasmic reticulum
(ER) and is esterified by ACAT2 (1-5). Finally, the newly
formed cholesterol ester is packed into chylomicrons and
secreted to lymph (1).

The Niemann-Pick C1 likel (NPCILI) protein is the
gatekeeper of dietary cholesterol absorption. Genetic de-
letion of NPCILI decreases cholesterol absorption by more
than 70% in mice (6). In rodents, NPCIL1 is selectively
expressed in the small intestine and localizes on the brush
border membrane (6-8). It has been proposed that NPCIL1
mediates cholesterol movement into enterocytes in vivo.
However, direct evidence is lacking.

Studies in cultured cells indicate that NPC1L1 facilitates
cholesterol entering cytoplasm by vesicular endocytosis (9,
10). NPC1L1 forms cholesterol-enriched membrane mi-
crodomains on plasma membrane with lipid raft proteins
Flotillin-1/-2 (11). The NPCI1L1-Flotillin-cholesterol mi-
crodomains are internalized via clathrin/AP2 pathway and
transported to the endocytic recycling compartment
(ERC) (9, 11). The ERC is a cellular cholesterol pool and
a Rablla-positive compartment (9, 12-14). When the ERC
cholesterol level drops, NPC1L1 moves to plasma mem-
brane to mediate another round of cholesterol transport
(9,13, 15-17). Ezetimibe, a cholesterol absorption inhibi-
tor, blocks the internalization of NPC1L1-Flotillin-cholesterol
microdomains and therefore decreases cholesterol uptake
in cultured cells (9,11,17,18). How NPC1L1 and ezetimibe
work in vivo is unknown.

There are two isoforms of ACAT enzymes in mammals,
the ACATI and ACAT2. ACAT1 is ubiquitously expressed
in all tissues, whereas ACAT?2 is specifically expressed in liver
and small intestine (19-24). Previous studies have indicated
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that the major ACAT activity in small intestine is ACAT2
(4, 20, 22). ACAT?2 is essential for efficient intestinal cho-
lesterol absorption (2, 4, 25).

We studied the process of intestinal cholesterol absorp-
tion in vivo. The specific antibodies were raised to detect
mouse endogenous NPCIL1, ACAT1, and ACAT2. Immuno-
histological staining revealed that NPC1LI localized to the
brush border of enterocytes and that ACAT2 mainly local-
ized to the ER of enterocytes. ACAT1 was barely detected
in enterocytes and was enriched in Paneth cells and mes-
enchymal cells. Cholesterol administration induced the
endocytosis of NPC1L1, which partially colocalized with
Rabll at the subapical sites beneath the brush border.
Moreover, ezetimibe treatment inhibited the internaliza-
tion of NPC1LI and cholesterol, rendering their retention
on brush boarder.

MATERIALS AND METHODS

Animals

C57BL/6 mice were from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China). ACAT1 (B6.l2984—Soat]‘mmr/]) and
ACAT?2 (B6.12984-Soat2™™ /1) heterozygous knockout mice were
from Jackson Laboratory (Bar Harbor, ME) and crossed with
C57BL/6 mice continually to obtain a uniform genetic background.
The homozygous knockout mice (ACATI'~ and ACAT2 ") were
then generated by intercrossing heterozygous mice (4, 26). All mice
were fed on a chow diet ad libitum and housed in a pathogen-free
animal facility in plastic cages at 22°C, with a daylight cycle from
06:00 to 18:00. All animal procedures were approved by the Institu-
tional Animal Care and Use Committee.

Antibodies

Goat polyclonal anti-villin and anti-lysozyme, rabbit polyclonal
anti-mucin2 and anti-chromogranin A were from Santa Cruz Bio-
technology (Santa Cruz, CA). Rabbit anti-Ki67 was from Bethyl
Laboratories (Montgomery, TX). Mouse monoclonal anti-Rab11
antibody was from BD Transduction LaboratoriesTM(F ranklin
Lakes, NJ). Alexa Fluor 555 conjugated donkey anti-rabbit, Alexa
Fluor 488 conjugated donkey anti-goat, and Alexa Fluor 488-
conjugated goat anti-mouse secondary antibodies were from
Invitrogen (Camarillo, CA). HRP-conjugated donkey anti-goat
secondary antibody was from Santa Cruz Biotechnology. HRP-
conjugated goat anti-mouse and donkey anti-rabbit secondary
antibodies were from Thermo Fisher Scientific Inc. (Rockford, IL).

Generation of anti-NPC1L1, ACAT1, and ACAT?2
polyclonal antibodies

Rabbit polyclonal anti-mouse NPC1L1 antibody was raised in
rabbits immunized with 6xHis fused C-terminal 67 amino acids of
mouse origin. Rabbit polyclonal anti-mouse ACAT1 and ACAT2
antibodies were raised in rabbits immunized with 6xHis fused
N-terminal amino acids 1-103 of ACAT1 and 8-91 of ACAT2,
respectively. Antisera were affinity purified with glutathione
S-transferase-fused antigens. Affinity-purified anti-NPCIL1 anti-
body was dialyzed in PBS and concentrated by ultrafiltration
before being labeled with Alexa Fluor 488 according to the user
manual (Invitrogen).

Cholesterol feeding and ezetimibe treatment

For cholesterol feeding, 12-week-old male C57BL/6 mice (n =6
per group) were gavaged with 200 pl corn oil containing 40 mg/ml
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cholesterol. After 30 min, the mice were euthanized, and the in-
testines were taken and subjected to various analyses.

For ezetimibe treatment, 12-week-old male C57BL/6 mice (n= 6
per group) were pretreated with ezetimibe (10 mg/kg/day) or
vehicle by oral gavage once daily for 3 days (6). On day 4, the
mice were gavaged with ezetimibe (10 mg/kg/day) or vehicle.
After 30 min, the mice were gavaged with 150 pl corn oil contain-
ing 40 mg/ml cholesterol. After an additional 30 min, the mice
were euthanized, and the intestines were taken. The duodenum,
jejunum, and ileum were isolated as previously described (27).
The middle 3-cm part of the duodenum, jejunum, ileum, and
colon were taken, of which the first 1-cm fragment was used for
lipid extraction and the rest was applied to filipin staining and
immunohistochemical staining.

Immunohistochemistry

Intestinal tissues were washed in PBS and fixed in 4% para-
formaldehyde for 4 h at 4°C before preparation of 4-pm paraffin
sections. Before antibody staining, the sections were deparaf-
finized in xylene and rehydrated in gradient ethanol and then
subjected to high-temperature antigen retrieval in 50 mM Tris-
HCI (pH 9.0) and 1 mM EDTA. Sections were blocked and per-
meabilized in PBS plus 0.5% Triton X-100 and 5% FBS (28).
Primary antibodies of different species were incubated together
in the staining procedure. For costaining with primary antibodies
of the same species, such as rabbit anti-NPCIL1 and rabbit anti-
Mucin2, anti-Ki67 or anti-ACAT2, unlabeled primary antibody
(anti-Mucin2, anti-Ki67 or anti-ACAT2), and Alexa Fluor 555-
conjugated donkey anti-rabbit secondary antibody were sequen-
tially added, and then sections were washed and blocked with
rabbit IgG for 30 min before incubation with Alexa Fluor 488-
labeled rabbit anti-NPC1L1 antibody. After immunoreaction, sec-
tions were incubated with Hoechst for 5 min before mounting.
Slides were detected under Leica SP5 microscopy.

Filipin staining

Intestinal tissues were washed in PBS and fixed in 4% para-
formaldehyde for 4 h at 4°C and dehydrated in 30% sucrose over-
night at 4°C before being embedded in tissue-freezing medium
(Leica Microsystems, Buffalo Grove, IL). Frozen sections (8 pm)
were prepared with a Leica CM 3050S cryostat. The frozen sec-
tions were washed in PBS and stained with filipin (50 wg/ml in
PBS plus 10% FBS) for 30 min at room temperature, washed with
PBS, and mounted (29).

Cholesterol absorption assay

The fecal dual isotope ratio method was applied to measure
cholesterol absorption in mice (30, 31). Briefly, 12-week-old male
C57BL/6 mice (n = 6 per group) were pretreated with ezetimibe
(10 mg/kg/day) or vehicle for 3 days as described above. On day 4,
the mice were gavaged with ezetimibe (10 mg/kg/day) or ve-
hicle. After 30 min, the mice were further %avaged with 150 pl
corn oil containing "Ccholesterol (0.5 wCi), "H-sitosterol (1 wCi),
and 0.1 mg unlabeled cholesterol. Feces were collected daily for
3 days, and "C-cholesterol and 3H-sitosterol were determined to
calculate the cholesterol absorption. The percent cholesterol
absorption was calculated as follows: % cholesterol absorption =
(['*C1/I’H] dosing mixture — ['C]/[*H] feces)/(['*C]/[’H]
dosing mixture) x 100.

Western blot

Mouse tissues were removed, quickly washed with ice-cold PBS,
and homogenized in RIPA buffer (50 mM Tris-HCI [pH 8.0],
150 mM NaCl, 2 mM MgCl,, 0.1% SDS, 1.5% Nonidet P-40, 0.5%
deoxycholate) with protease inhibitors (1% protease inhibitor
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cocktail [P8340; Sigma, St. Louis, MO] plus 5 pg/ml pepstatin A,
10 pg/ml leupeptin, 10 puM MG-132, 1 mM PMSF, and 25 pg/ml
ALLN), and centrifuged at 13,200 rpm for 10 min. The super-
natant was mixed 1:1 with membrane protein solubilization buf-
fer (62.5 mM Tris-HCI [pH 6.8], 15% SDS, 8 M urea, 100 mM
dithiothreitol) and then mixed with 4x loading buffer (150 mM
Tris-HCI [pH 6.8], 12% SDS, 6% B-mecaptoethanol, 30% glyc-
erol, 0.032% bromophenol blue) (32). From each sample, 50 pg
of total protein was subjected to SDS-PAGE and analyzed by West-
ern blotting.

PNGase F digestion

Protein glycosylation assay was carried out as previously de-
scribed (33). Briefly, 63 pl homogenates of mouse small intestine
in RIPA buffer were to with 7 pl 10x glycoprotein denaturing
buffer (5% SDS, 0.4 M dithiothreitol) and incubated at 100°C for
10 min. After the addition of 9 pl 10% Nonidet P-40 and 9 pl G7
buffer, 2 pl PNGase F (New England Biolabs, Ipswich, MA) or
vehicle buffer were added, and the mixture was incubated at
37°Cfor 1 h. Then the membrane protein solubilizing buffer and

4x loading buffer were sequentially added into the mixture. Re-
action products were separated via SDS-PAGE and analyzed by
Western blotting.

Real-time quantitative PCR

Intestinal tissues were excised and washed quickly before ho-
mogenized in Tri reagent (T9424; Sigma, St. Louis, MO). From
each sample, 2 nwg RNA was reverse transcribed to obtain the
cDNA template for real-time quantitative PCR amplification.
Real-time amplification was achieved with SsoFast™ EvaGreen
supermix with low ROX (Bio-Rad, Hercules, CA) using a Strata-
gene MX3005P QPCR system (La Jolla, CA). The relative amount
of mRNA was normalized to that of Cyclophilin (34). The relative
amount of mRNA in colon was set to a normalized value of 1 unit.
The primers for mouse NPCILI were 5-TTGCCTTGACCTC-
TGGCTTAG-3" and 5-AGGGCGGATGAATCTGTGC-3'. The pri-
mers for mouse ACATI were 5-CCGAGACAACTACCCAAGGA-3
and 5-CACACACAGGACCAGGACAC-3'. The primers for mouse
ACAT2 were 5-ATGTTCTACCGGGACTGGTG-3" and 5-CCCG-
AAAACAAGGAATAGCA-S'.
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Fig. 1. Expression profile and localization of mouse NPCIL1. A: NPC1L1 is specifically expressed in mouse

small intestine. Tissues taken from C57BL/6 mice were immediately homogenized. From each sample, 50
ug of total protein was loaded in SDS-PAGE and immunoblotted with the affinity-purified rabbit anti-NPC1L1
polyclonal antibody. For glycosylation analysis, homogenates of small intestine were subjected to PNGase F
digestion. B: NPC1L1 protein mainly distributes in the villi of mouse small intestine. Intestinal sections
(4 pm) were deparaffinized and stained with anti-NPCI1L1 and anti-Villin (microvilli) antibodies. Scale bar:
50 wm. C: Enlarged view of the villi tips, showing that NPCI1L1 localizes on the apical membrane of entero-
cytes. Small intestinal samples were costained with anti-NPC1L1 and anti-Villin (absorptive enterocytes) or
anti-Mucin2 (goblet cells) antibodies. Scale bar: 10 pm. D: Enlarged view of the crypts showing that NPC1L1
also expresses in the transitamplifying cells. Small intestinal samples were costained with anti-NPCIL1 and
anti-Ki67 (proliferating cells) or anti-Lysozyme (Paneth cells) antibodies. The color of the title matches the
stain color in the photomicrographs. Nuclear counterstaining with Hoechst is blue. Scale bar: 20 pm.
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Measurement of intestinal lipids

Intestinal tissues (1 cm) taken from the same location of dif-
ferent groups were washed thoroughly with PBS and homoge-
nized in 1 ml chloroform/methanol (2:1), vortexed for 1 h,
mixed with 200 wl Milli-Q water, and centrifuged at 2,000 g for
10 min, and then 50 pl of organic phase was freeze-dried and
applied to measure total cholesterol and phospholipids with
enzymatic kits (35).

RESULTS

Murine NPC1L1 is specifically expressed in the villi and
crypts of small intestine

To gain insight into the expression prolife of NPC1L1
in mice tissues, we raised a polyclonal antibody (pAb)
against NPC1L1. Immunoblotting of tissue homogenates
with the NPC1L1 pAb revealed a strong signal at 180 kDa
in the small intestine (Fig. 1A), slightly larger than the pre-
dicted molecular weight of 146 kDa. However, the NPC1L1
protein was not detectable in brain, heart, liver, spleen,

lung, kidney, stomach, colon, pancreas, muscle, and testis
(Fig. 1A). Because NPCILI contains multiple potential N-
glycosylation sites and because protein glycosylation is es-
sential for its function, we analyzed this modification with
small intestin tissues. The NPC1L1 protein migrated faster
(Fig. 1A, lanes 13 and 14) after PNGase F treatment, indi-
cating that it was glycosylated in vivo (Fig. 1A).

Immunostaining of paraffin-embedded mouse small in-
testinal samples with anti-NPC1L1 and anti-Villin (labels
the microvilli) antibodies were performed to investigate
the vertical distribution of NPCILI1. The well colocaliza-
tion of NPCI1L1 and Villin showed that NPCI1LI was en-
riched in brush border membrane of the small intestine
(Fig. 1B).

Enlarged images were taken to show the precise local-
ization of NPCILI in villi and crypts. In epithelial entero-
cytes, NPCILI colocalized with Villin but not Mucin2, a
marker for goblet cells (Fig. 1C), indicating that NPC1L1
localized in the brush border membrane of absorptive
enterocytes. NPCIL1 was also detected in the crypts. The
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Fig. 2. Localization of ACAT2 in mouse small intestine. A, B: Validation of the affinity-purified anti-ACAT2 antibody. Liver, small intes-
tine, and colon samples from ACAT2"* and ACAT2/~ mice were homogenized and subjected to SDS-PAGE followed by immunoblotting
with affinity-purified rabbit anti-ACAT?2 polyclonal antibody (A). Deparaffinized 4-pum sections of small intestine sample from ACAT2”* and
ACAT2™"™ mice were stained with anti-ACAT2 and anti-Villin antibodies (B). C, D: Enlarged view of the villi tips showing that NPC1L1 and
ACAT2 localize to the different regions of intestinal epithelium. Intestinal samples were costained with purified anti-ACAT2 and anti-Villin
(C) or anti-NPCI1L1 (D) antibodies.
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Fig. 3. Localization of ACAT1 in mouse small intestine. A, B: Validation of purified anti-ACAT1 antibody.
Lung, small intestine, and colon samples from ACATI"" and ACATI™'™ mice were homogenized and sub-
jected to SDS-PAGE followed by immunoblotting with the affinity-purified rabbit anti-ACAT1 polyclonal
antibody (A). Deparaffinized 4-pm sections of small intestine samples from ACATI” and ACATI '™ mice were
stained with anti-ACAT1 and anti-Villin antibodies (B). C: ACAT1 localized to mesenchymal cells of the villi
and Paneth cells of the crypts. Paraffin-embedded intestinal sections were costained with anti-ACAT1 and

anti-Villin or anti-Lysozyme antibodies, respectively.

intestinal crypts consist of stem cells, Paneth cells, and
transit-amplifying cells. Stem cells and Paneth cells inter-
sperse each other in the bottom, whereas transitamplifying
cells localize to the upper part of the crypts (36). To fur-
ther elucidate which kind of cells NPCILI localized in the
crypts, Ki67 and lysozyme were used as markers for prolif-
erating cells (including stem cells and transit-amplifying
cells) and Paneth cells, respectively. NPCILI was present
in the apical sites of transitamplifying cells that locate to
the upper region of crypts but was absent in lysozyme-
positive bottom cells (Fig. 1D).

Together, these data indicated that NPCIL1 is exclusively
expressed in small intestine. It presents in the enterocytes
and transitamplifying cells in mouse small intestine and is
preferentially located in the apical membrane.

ACAT?2 is specifically expressed in absorptive enterocytes,
whereas ACAT1 is enriched in Paneth cells of the crypts
and mesenchymal cells of the villi

After entering enterocytes, cholesterol is esterified to
cholesterol ester on ER by ACAT enzymes, which consists
of two isoforms (ACATI and ACATZ2) in mammals. ACAT1
and ACAT?2 bear about 57% identities at the C terminus
but show no similarities at the N-terminus (37-40). To ex-
plore the localization of ACATs in mouse small intestine,
polyclonal anti-ACAT1 and anti-ACAT2 antibodies were
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raised and purified. Then, we validated the antibodies
by immunoblotting analysis with ACATI’~ or ACAT2 '~
mice tissues.

ACAT?2 is selectively expressed in liver and small intes-
tine but not in colon (Fig. 2A). In contrast, ACAT1 is ubiq-
uitously expressed (Fig. 3A). These antibodies are of high
specificity because no cross-reactive bands and no signal in
tissues of ACATI /™ (Fig. 3A) and ACAT2™/~ (Fig. 2A) mice
were detected.

The immunostaining of small intestine sections showed
that ACAT2 was specifically expressed in epithelial entero-
cytes (the Villin-positive cells) (Fig. 2B, C). Magnified
images further indicated that ACAT2 localized to the
cytoplasm of enterocytes (mainly in the apical part) but
had no colocalization with NPC1L1 or Villin (Fig. 2C, D).
In contrast, ACAT1 was abundant in Paneth cells of the
crypts and mesenchymal cells of the villi but was barely
detected in other cells of the intestinal epithelial layer
(Fig. 3B, C). These distribution data indicate that the ma-
jor ACAT enzyme for cholesterol esterification in entero-
cytes is ACAT2.

Longitudinal expression of NPC1L1, ACAT1, and ACAT2
in mouse intestine

We compared the protein and mRNA levels of NPC1L1,
ACATI, and ACAT2 among different segments of mouse
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Fig. 4. Distribution of NPCIL1, ACATI1, and ACAT2 in mouse
intestine. A: Immunoblot analysis of NPC1L1, ACAT1, and ACAT2
in mouse duodenum, jejunum, ileum, and colon. Immunoblots
were performed with tissue homogenates using the purified poly-
clonal anti-NPC1L1, ACAT1, and ACAT2 antibodies. Three mice
were used per segment. B: Quantitative PCR analysis of the gene
expression of NPCILI, ACATI, and ACATZ2 in mouse duodenum,
jejunum, ileum, and colon. The expression level of cyclophilin was
used as an internal control. The relative amounts of mRNA in dif-
ferent segments of intestine were normalized with relative amounts
of mRNA in colon. Values are mean + SD.

intestine. The samples of middle duodenum, jejunum, il-
eum, and colon from three C57BL/6 adult mice were sub-
jected to Western blot and quantitative PCR analysis. The
protein level of NPC1L1 was relatively lower in duodenum
and higher in jejunum and ileum but absent in colon
(Fig. 4A). In addition, quantitative PCR analysis showed
that the NPCIL1 mRNA in small intestine was at least 100-
fold of that in colon. The ACAT2 protein and mRNA expres-
sion pattern was similar to NPCIL1 (Fig. 4A, B); however,
ACAT] was expressed in all these segments, but the expres-
sion level was higher in colon than in the small intestine
(Fig. 4A, B). Taken together, these observations show that
the expression pattern of NPCIL1 and ACAT2, not ACATI,
is similar throughout the mouse small intestine.

Dietary cholesterol induces the endocytosis of NPC1L1
from brush border membrane

Previous studies have shown that cholesterol replenish-
ment induces the endocytosis of NPCILI together with
cholesterol from the plasma membrane to the ERC in cul-
tured cells (9). To elucidate the physiological regulation
of NPCILLI in vivo, we analyzed its translocation in mouse
small intestine. The mice were gavaged with or without
cholesterol, and the intestinal tissues were collected to
analyze the localization of NPCIL1. In the absence of
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cholesterol, NPCILI1 localized mainly to brush border
membrane and well colocalized with Villin, but not Rab11,
in chow diet- (data not shown) or corn oil-gavaged mice
(Fig. 5A, upper panels). However, when the mice were
gavaged with cholesterol, substantial amounts of NPCILI-
positive vesicles were found just beneath the Villin-positive
membrane and partially colocalized with Rab11, a marker
of recycling endosomes (Fig. 5A, bottom panels). There
was no obvious colocalization between NPC1L1 and ACAT?2
under these conditions, suggesting that the transport of
cholesterol from NPCI1L1-positive compartments to ER
is necessary.

To visualize the distribution of cholesterol, we used fil-
ipin to stain free cholesterol in the intestine. In the corn
oil-gavaged mice, the cholesterol signal was very weak and
mainly present on the brush boarder. However, the cho-
lesterol staining became much stronger in the mouse in-
testine gavaged with cholesterol (Fig. 5B). Cholesterol
distributed throughout the cells except in the nuclei. The
cholesterol signal in apical cytoplasm was stronger than
that in the basal part (Fig. 5B). We also used the enzymatic
method to measure cholesterol level of intestinal epithe-
lial cells. Compared with corn oil-gavaged mice, the whole
intestinal cholesterol level increased by about 70% in the
mice receiving cholesterol (Fig. 5C).

Together, these data demonstrate that NPCIL1 was
transported from the brush border to the recycling endo-
somes during cholesterol absorption in mouse small intes-
tine (Fig. bA).

Ezetimibe blocks the internalization of NPC1L1 and
cholesterol in intestinal enterocytes

Ezetimibe is a specific inhibitor of NPCILI1 and effi-
ciently inhibits cholesterol absorption (6, 41). Previous
studies in cultured cells have revealed that ezetimibe
blocked the uptake of cholesterol by inhibiting the endo-
cytosis of NPCI1L1 (9, 18). Whether the cholesterol-induced
endocytosis of NPC1L1 in enterocytes could be blocked by
ezetimibe was further investigated. In cholesterol-gavaged
mice without ezetimibe treatment, endocytic NPC1L1 was
transported to the layer beneath the brush border. These
NPCILI vesicles also showed partial colocalization with
Rabll, implying that they were recruited in recycling
compartments (Fig. 6A, upper panels). In the mice treated
with ezetimibe, no obvious NPC1L1 vesicles were observed
under the brush border (Fig. 6A, lower panels), demon-
strating that the endocytosis of NPC1L1 was blocked by
ezetimibe.

To ascertain whether cholesterol entered enterocytes
when treated by ezetimibe, filipin staining of intestinal sec-
tions was performed. The no-ezetimibe treatment sam-
ples exhibited intracellular accumulated free cholesterol
(Fig. 6B). However, the samples from ezetimibe-treated
mice showed that free cholesterol remained at the brush
border and that intracellular cholesterol was very low
(Fig. 6B, left). An enzymatic measurement of total cho-
lesterol and phospholipids of intestinal epithelial cells
also showed that the cholesterol level was significantly de-
creased with ezetimibe treatment (Fig. 6C). As a control to
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mouse intestine. Male C57BL/6 mice (12 weeks old) were administered 200 wl corn oil or corn oil contain-
ing 40 mg/ml cholesterol by oral gavage. Thirty minutes later, proximal segments of small intestine were
subjected to immunohistochemistry and filipin staining, respectively. (A) Cholesterol induced endocytosis
of NPCIL1. Paraffin-embedded sections were applied to immunohistochemistry staining with anti-NPC1L1,
anti-ACAT2, anti-Villin, and anti-Rabl1 antibodies. Rabll is a marker of recycling endosomes. B: Frozen
sections were stained with filipin to indicate free cholesterol. C: Intestinal total cholesterol and phospholip-
ids were measured enzymatically. The relative amount of cholesterol was normalized with that of phospho-
lipids. Values are mean + SD. Pvalues were calculated by ANOVA. #%0.001 < P< 0.01.

test the effect of ezetimibe, the cholesterol absorption
in mice was measured by the fecal isotope ratio method.
Ezetimibe reduced cholesterol absorption by about 80%
(Fig. 6D).

Taken together, these data demonstrate that ezetimibe
blocks the internalization of NPCIL1 and cholesterol in
mouse small intestine.

DISCUSSION

This study illustrates that dietary cholesterol induces the
endocytosis of NPC1L1 from brush border in small intes-
tine and that ezetimibe blocks NPCILI and cholesterol
from entering the cytoplasm. The distribution and local-
ization of NPCIL1, ACAT2, and ACAT1 in mouse intes-
tine were also investigated.
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It has been well documented that NPC1L1 is crucial for
intestinal cholesterol absorption (6, 8, 42). Most of the ex-
periments were carried out in NPCILI-null mice. Whether
NPCI1L1 mediates cholesterol across brush border mem-
brane and how it functions have not been addressed in vivo.
Our previous studies in cultured cells have shown that
NPCILI, together with its associated proteins Flotillin-1/-2,
mediates cholesterol uptake in a vesicle-dependent man-
ner (9, 11). Consistently, later work using small intesti-
nal explants showed that NPCI1L1 localized in the brush
border in the absence of cholesterol and resided in intrac-
ellular compartments when cultured in the presence of
cholesterol (43). However, ezetimibe was not investigated
in that study. In addition, the experimental conditions of
the cultured cells and tissues are largely different from the
physiological conditions in vivo.
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Fig. 6. Ezetimibe inhibits the internalization of NPC1L1 and cholesterol in mouse intestine. Male C57BL/6
mice (12 weeks old; n = 6 per group) were pretreated with ezetimibe or vehicle before being gavaged with
cholesterol. Thirty minutes later, intestinal samples were excised and subjected to immunohistochemistry
and filipin staining. A: Ezetimibe blocked cholesterol-induced endocytosis of NPC1L1. Paraffin-embedded
sections were applied to immunohistochemistry staining with anti-NPCIL1 and anti-Villin or anti-Rab11
antibodies. B: Ezetimibe blocked dietary cholesterol from entering enterocytes. Frozen sections of mouse
intestine were stained with filipin to indicate free cholesterol. C: Cholesterol and phospholipids were measured
enzymatically. The relative amount of cholesterol was normalized to that of phospholipids. D: Male C57BL/6
mice were orally gavaged with vehicle (control) or ezetimibe once daily for 3 days. Then [14C]cholesterol
and [SH]sitostan()l in 150 pl corn oil were orally gavaged. Cholesterol absorption was determined by the fe-
cal ratio method. Values are mean + SD. Pvalues were calculated by ANOVA. #¥0.001 < P< 0.01.

With specific antibody, we are able to show that, in the
absence of intestinal luminal cholesterol, NPC1L1 mainly
resides on the brush border membrane of the enterocytes
and that dietary cholesterol induces the internalization of
NPCILI to the underneath of the brush border (Figs. 1, 2,
and 5). This trafficking can be impeded with the admin-
istration of ezetimibe (Fig. 6A). Ezetimibe prevents di-
etary cholesterol from entering cytoplasm (Fig. 6B), which
causes the accumulation of cholesterol in plasma mem-
brane (Fig. 6B).

Our study is significant because 1) it shows for the first
time that NPCILI functions in mediating cholesterol
entering the cytoplasm of intestinal enterocytes, although
previous reports that ezetimibe treatment caused up-
regulation of certain SREBP2 target genes implied that
cholesterol was inhibited from entering the enterocytes
(8, 44); 2) dietary cholesterol induces the endocytosis of
NPCILI from brush border; and 3) ezetimibe blocks the
internalization of NPC1L1 and cholesterol in vivo, causing
their retention in plasma membrane.

Unlike what has been observed in cultured cells whose
recycling endosomes were gathered into condensed com-
plex at the perinuclear region (9, 13, 15, 16), these recycling
endosomes labeled by Rab11 in intestinal tissues were lo-
calized along the brush border membrane at the subapical

Cholesterol promotes the endocytosis of NPC1L1 in vivo

layer (Figs. 5A and 6A). This distinct localization of re-
cycling endosomes may be attributed to cell polarity be-
cause Rabl11 and recycling endosomes localized to subapical
sites in polarized cells and tissues while being distrib-
uted to the perinuclear region in unpolarized cultured
cells (12, 45, 46). The proximity between recycling endo-
somes and the brush border membrane probably facili-
tates efficient recycling of NPCIL1 and the uptake of
dietary cholesterol.

Because ACAT2 but not ACAT1 was coexpressed with
NPCILI in absorptive enterocytes (Figs. 1B, C; 2B, C; 3B,
C), it implied that ACAT2 was the major enzyme for cho-
lesterol esterification in enterocytes, consistent with pre-
vious reports (4, 20, 47-49). ACAT2 was enriched in the
upper region near the brush border but had no colocaliza-
tion with NPCIL1 (Figs. 2 and 5), indicating that other
proteins may be required to transfer cholesterol from
NPCI1LI-positive endosomes to ACAT2-localized ER. More
investigations are needed to identify the related factors
and to illustrate the intracellular cholesterol trafficking
mechanisms in small intestine.

In our study, mouse NPCILI is highly expressed in the
jejunum and proximal ileum, which is different from the
previous report that rat NPC1L1 are mainly in the duode-
num and jejunum (6). The physiological conditions in the
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intestinal lumen are different between mouse and rat.
Mice have more hydrophilic bile acids pool (50), mainly
taurocholate and tauro-B-muricholate, which are poor
cholesterol solubilizers and probably lead to less efficient
cholesterol absorption. As the chyme moves down, much
less cholesterol is absorbed in the proximal intestine due
to less efficient solubilization. High expression of NPC1L1
in jejunum and ileum would help improve the absorption
efficiency. In addition, the expression of NPCIL1 in liver
also shows species specificity. It is highly expressed in hu-
man but not mouse liver.

Microsomal triglyceride transfer protein (MTP) and
apolipoprotein B (ApoB) play essential roles in chylomi-
cron synthesis/assembly (51). They are also highly ex-
pressed in duodenum and jejunum but are expressed less
in ileum (52). Their expression pattern is different from
that of NPC1L1 and ACAT?2. Because most of fatty acid was
absorbed in the proximal part of the small intestine (53),
the high expression of MTP and ApoB in the upper part of
the intestine generates more chylomicrons to carry fatty
acid and triglyceride. In the distal regions of intestine
(ileum), less fatty acid is absorbed, and the relative low
expression of MTP and ApoB may be enough for the
incorporation of cholesterol and cholesterol ester into
chylomicron. In addition, the sterol efflux transporters
ATP-binding cassette transporters Gb and G8 were highly
expressed in jejunum and ileum (54), similar to NPCI1L1
and ACAT2, implying that the major regulation sites of
cholesterol absorption may be the ileum and jejunum.

Together, these data suggest an in vivo model of dietary
cholesterol absorption: The cholesterol in intestinal lumen
can diffuse to the brush border membrane by bile salt
micelles, and then NPCI1L1 mediates cholesterol entering
enterocytes via vesicular endocytosis. Cholesterol is trans-
ported to ER by unknown mechanisms and esterified by
ACAT2. The cholesterol absorption inhibitor ezetimibe
binds NPC1L1 (55, 56) and blocks its endocytosis, thereby
preventing cholesterol from entering the cytoplasm of
enterocytes. i
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of the manuscript.
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