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Abstract

Objective—The correlation between intestinal cholesterol absorption values and plasma low-

density lipoprotein-cholesterol (LDL-C) levels remains controversial. Niemann-Pick-C1-Like 1 

(NPC1L1) is essential for intestinal cholesterol absorption, and is the target of ezetimibe, a 

cholesterol absorption inhibitor. However, studies with NPC1L1 knockout mice or ezetimibe 

cannot definitively clarify this correlation because NPC1L1 expression is not restricted to intestine 

in humans and mice. In this study we sought to genetically address this issue.

Methods and results—We developed a mouse model that lacks endogenous (NPC1L1) and 

LDL receptor (LDLR) (DKO), but transgenically expresses human NPC1L1 in gastrointestinal 

tract only (DKO/L1IntOnly mice). Our novel model eliminated potential effects of non-intestinal 

NPC1L1 on cholesterol homeostasis. We found that human NPC1L1 was localized at the 

intestinal brush border membrane of DKO/L1IntOnly mice. Cholesterol feeding induced formation 

of NPC1L1-positive vesicles beneath this membrane in an ezetimibe-sensitive manner. Compared 

to DKO mice, DKO/L1IntOnly mice showed significant increases in cholesterol absorption and 

blood/hepatic/biliary cholesterol. Increased blood cholesterol was restricted to very low-density 

lipoprotein (VLDL) and LDL fractions, which was associated with increased secretion and plasma 

levels of apolipoproteins B100 and B48. Additionally, DKO/L1IntOnly mice displayed decreased 
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fecal cholesterol excretion and hepatic/intestinal expression of cholesterologenic genes. Ezetimibe 

treatment virtually reversed all of the transgene-related phenotypes in DKO/L1IntOnly mice.

Conclusion—Our findings from DKO/L1IntOnly mice clearly demonstrate that NPC1L1-

mediated cholesterol absorption is a major determinant of blood levels of apolipoprotein B-

containing atherogenic lipoproteins, at least in mice.
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apolipoprotein B; chylomicron remnant; cholesterol absorption; fecal neutral sterol excretion; low-
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1. Introduction

Cholesterol is a major structural component of mammalian cell membranes. It traffics 

through the circulation in the form of lipoprotein particles that are composed of 

apolipoproteins (Apo) and various lipids including cholesterol. There are two major 

lipoprotein particles in human blood: low-density lipoprotein (LDL) and high-density 

lipoprotein (HDL). High blood LDL-cholesterol (LDL-C) concentration is the major 

independent risk factor for atherosclerosis (1), the underlying pathologic process of coronary 

heart disease. Whole-body cholesterol homeostasis is balanced primarily by de novo 

biosynthesis, intestinal absorption, and biliary excretion (2), though the relative contribution 

of each pathway remains elusive due to the crosstalk among these intertwined metabolic and 

physiological processes.

Ezetimibe is a potent intestinal cholesterol absorption inhibitor (3) and the first new drug 

approved for LDL-C lowering after statins that inhibit 3-hydroxy-3-methyl-glutaryl 

coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme of cholesterol biosynthesis 

(4). Randomized clinical trials and other studies have shown that either ezetimibe 

monotherapy or coadministration with a statin effectively lowers plasma total cholesterol 

and LDL-C in primary hypercholesterolemic subjects (5). Niemann-Pick C1-Like 1 

(NPC1L1) (6) was identified as the molecular target of ezetimibe (7–9). NPC1L1 is highly 

expressed at the brush border membrane of enterocytes (7) and at the apical side of cultured 

polarized cells (10). The tissue distribution of NPC1L1 expression differs among species. In 

humans, NPC1L1 is expressed in intestine, liver and other tissues, but in mice it is almost 

exclusively expressed in small intestine (6, 7, 11). Despite this, low-levels of NPC1L1 

mRNA were seen in extra-intestinal tissues of mice, such as gallbladder, stomach, and liver 

(7). NPC1L1 protein is expressed in the gallbladder epithelium of wild-type mice (see 

results). We have previously observed that the hepatic level of NPC1L1 mRNA is robustly 

induced in lovastatin-treated mice overexpressing ATP-binding cassette transporter G5 and 

G8 (ABCG5/ABCG8) (12), though the significance of this observation has yet to be 

elucidated. Nonetheless, NPC1L1 knockout (L1-KO) mice are defective in intestinal 

cholesterol absorption and insensitive to ezetimibe (7). These animals are protected against 

diet-induced hypercholesterolemia and several other metabolic disorders (13–17). 

Strikingly, NPC1L1 disruption almost completely prevents atherogenesis in apoE-deficient 

mice (18).
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Although these animal studies with ezetimibe and genetic disruption of NPC1L1 together 

imply a positive correlation between intestinal cholesterol absorption and blood atherogenic 

LDL-C levels, which is consistent with reports in Finish men (19) and in individuals in the 

Dallas Heart Study (20), low-levels of NPC1L1 expression in non-intestinal cell types in 

mice interfere with definitive establishment of intestinal NPC1L1 as a major player in 

determining blood LDL-C levels. Ezetimibe inhibits NPC1L1 function in liver (11) and 

perhaps in other tissues such as gallbladder, which may alter cholesterol homeostasis 

independent of intestinal cholesterol absorption. Additionally, the positive correlation in 

humans does not exist in all human populations investigated. For example, it has been 

reported that cholesterol absorption values range widely from 29% to 80% in normal men 

and women consuming a moderately low cholesterol diet, yet these values do not correlate 

with plasma LDL-C levels in this population (21) and in other subjects (22). These 

observations in humans appeared to suggest a minor role of intestinal cholesterol absorption 

in determining net blood LDL-C levels.

In this study, we created a mouse model expressing no endogenous NPC1L1, but human 

NPC1L1 in gastrointestinal tract only (L1IntOnly mice) to directly address how intestinal 

NPC1L1-mediated cholesterol absorption regulates cholesterol metabolism and blood LDL-

C levels. This model limited potential effects of low-levels of endogenous NPC1L1 

expression in non-intestinal cell types on cholesterol homeostasis, and avoided variations of 

transcriptional activity of endogenous NPC1L1 gene under different nutritional and 

pathophysiological conditions. Considering NPC1L1 as an uptake transporter of free 

cholesterol, we hypothesized that intestinal NPC1L1 may predominantly act on the 

production side of lipoproteins. To eliminate the major LDL-C clearance pathway so that we 

can focus on lipoprotein production, and to create a human-like plasma lipoprotein-

cholesterol profile in mice, we crossed L1IntOnly mice to LDLR knockout mice, and 

generated mice lacking both endogenous NPC1L1 and LDLR, but expressing human 

NPC1L1 in gastrointestinal tract only (DKO/L1IntOnly mice). Our findings from this novel 

genetic model clearly demonstrate that intestinal NPC1L1-mediated cholesterol absorption 

is a major determinant of plasma atherogenic apoB-containing lipoprotein levels.

2. Materials and methods

2.1. Creation of intestine-specific human NPC1L1 transgenic mice

A full-length human NPC1L1 cDNA (GeneBank accession no. AY436875) was cloned into 

pcDNA.3 plasmid as described previously (10). The resultant plasmid was designated as 

pcDNA3.L1. The pcDNA3.L1 was cut by XbaI. The ends of resultant DNA fragment were 

blunted by T4 DNA polymerase and then cut by KpnI. The NPC1L1-containing fragment 

was subcloned into KpnI and blunted SalI sites of pBluescript(+) plasmid. The resultant 

plasmid was named pBS.L1. The pBS.L1 was cut with KpnI, blunted by T4 DNA 

polymerase, and then cut by ClaI. The NPC1L1-containing fragment was cloned into SmaI 

and ClaI sites of pBSII-12.4kbVill plasmid containing 12.4kb mouse villin promoter (23) 

(kindly provided by Dr. Deborah L. Gumucio in the Department of Cell and Developmental 

Biology at the University of Michigan Medical School). The resultant plasmid was 

designated as pBSII-12.4kbVill-L1, which was cut with PmeI to remove the vector 

Xie et al. Page 3

Atherosclerosis. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



sequence. The villin-NPC1L1-containing DNA fragment was then purified and 

microinjected into fertilized embryos obtained from C57BL/6 mice and B6D2 mice using 

the standard transgenic technology in the Transgenic Mouse Core Facility at Wake Forest 

University Health Sciences. Several transgenic founders were obtained from both C57BL/6 

embryos and B6D2 embryos. One founder derived from a B6D2 embryo was able to stably 

transmit the transgene into next generations after crossing with B6D2 mice and thus used for 

establishment of an intestine-specific human NPC1L1 transgenic (L1-TgInt) mouse line.

2.2. Generation of DKO/L1IntOnly mice

L1-KO mice were generated by using C57BL/6 mouse embryonic stem cells and thus have 

pure C57BL/6 genetic background (13). Homozygous L1-KO mice were crossed with L1-

TgInt mice. The resultant mice heterozygous for NPC1L1 and hemizygous for villin-

NPC1L1 transgene were crossed with C57BL/6 L1-KO mice to generate L1-KO mice with 

villin-NPC1L1 transgene, which was then crossed with C57BL/6 LDLR knockout mice to 

produce mice heterozygous for both endogenous NPC1L1 and LDLR alleles with or without 

the villin-NPC1L1 transgene. These mice were then crossed to each other to produce mice 

lacking both endogenous NPC1L1 and LDLR (DKO) with or without the villin-NPC1L1 

transgene. The DKO mice with the transgene were then crossed to the DKO mice without 

the transgene to produce DKO mice and DKO/L1IntOnly mice for all experiments in this 

study. These mice had 93.75% C57BL/6 genetic background.

2.3. Animal housing and diets

All mice were housed in a specific pathogen-free animal facility in plastic cages at 22°C, 

with a daylight cycle from 6AM to 6P M. The mice were provided with water and a standard 

chow diet (Prolab RMH 3000; LabDiet, Brentwood, MO) ad libitum, unless stated 

otherwise. All animal procedures were approved by the Institutional Animal Care and Use 

Committees at Wake Forest University Health Sciences and at University of Maryland.

At 6 weeks of age, male mice were fed a synthetic diet containing 10% energy from palm oil 

and 0.2% (w/w) cholesterol with or without ezetimibe (0.005% w/w) for 3 weeks prior to 

sacrifice during the daylight cycle after a 4h fast. Bile, blood, liver, and five equal segments 

of small intestine were collected from each mouse.

2.4. Immunofluorescence histochemistry

Intestinal tissues were washed in PBS and fixed in 4% paraformaldehyde at 4°C overnight. 

The tissues were then embedded in to O.C.T. blocks and cut into 10μm cryo-sections. 

Before antibody staining, the sections were subjected to antigen retrieval in boiled Buffer A 

[10 mM citrate buffer (pH 6.0)]. Sections were blocked and permeabilized in Buffer B [PBS 

plus 0.1% Triton X-100 and 2% bovine serum albumin (BSA)]. The rabbit anti-human 

NPC1L1 antibody (11) was applied for overnight at 4°C in Buffer B. After 3 times of wash 

with PBS, Alexa Fluor 488-conjugated donkey anti-rabbit secondary antibody (Invitrogen) 

was sequentially added and incubated in Buffer B for 1 h at room temperature. After 

immunostaining, sections were incubated with 300 nM DAPI in PBS for 10 min before 

mounting. All fluorescence pictures were taken under deconvolution Leica CTR6500 

microscope.
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For quantification of intracellular NPC1L1-positive vesicles, 10–12 frames of fluorescence 

pictures were randomly taken. Alexa Fluor 488-labeled NPC1L1 vesicles and DAPI-labeled 

nucleus were counted using ImageJ 1.47 software. The final numbers of vesicles were 

normalized with cell numbers per frame.

2.5. Measurements of fecal neutral sterol excretion and intestinal cholesterol absorption

The six-week-old male mice were fed the synthetic diet with or without ezetimibe for 14 

days, and then housed individually. Feces were collected for 3 days from these individually 

housed mice. Fecal neutral sterol excretion was determined by gas-liquid chromatography as 

described previously (11). On Day 17 of the diet feeding, each mouse was administered by 

gavage 100μl soybean oil containing 0.2μCi [3H]-sitostanol and 0.1μCi [14C]-cholesterol 

(American Radiolabeled Chemical, Inc.). Feces were then collected for 3 days for the 

determination of fractional intestinal cholesterol absorption as described previously (11).

2.6. Lipid analyses in plasma, liver and bile

Plasma concentrations of total cholesterol, free cholesterol, and triglyceride were analyzed 

by enzymatic assays as described previously (11). For analysis of hepatic lipid contents, the 

lipids were extracted from ~80 mg of liver tissues and measured enzymatically as described 

previously (11). Biliary concentrations of free cholesterol, phospholipids and bile acids were 

determined as described previously (11).

2.7. Determination of plasma lipoprotein-cholesterol profile

An equal amount of plasma sample from each mouse in each group was pooled. The pooled 

sample was analyzed for the plasma lipoprotein-cholesterol profile by the fast phase liquid 

chromatography (FPLC) method (24) using a Superose 6 10/300 GL column (GE 

Healthcare) and a LaChrom Elite HPLC system (Hitachi High Technologies). Briefly, a 50μl 

pooled plasma sample from each group was diluted with PBS (0.05M phosphate, 0.9% 

sodium chloride, 0.01% EDTA, and 0.01% sodium azide) to 400μl total volume and then 

injected onto the FPLC system with online mixing of enzymatic reagents (Cholesterol 

Liquid Reagent Set, Pointe Scientific, Inc.) with effluent from the column at a flow rate of 

0.4 ml/min. The lipoprotein-cholesterol distribution was monitored by a computer.

2.8. Determination of in vivo apoB secretion

In vivo apoB secretion was performed according to the two publications (25, 26). Both DKO 

and DKO/L1IntOnly female mice were fed the synthetic diet described above for 3 weeks. 

The mice were then fasted for 4 h prior to retro-orbital injection of 150 μl of saline 

containing Triton WR 1339 at 500 mg/Kg BW and [35S]-Methionine (NEG009C005MC, 

PerkinElmer) at 5 mCi/kg BW. Blood samples were collected at 60 and 120 min after 

injection. A total of 10 μl of plasma was subjected to 8% SDS-PAGE. The gel was dried, 

exposed to a FUJIFILM imaging plate (BAS-IP MS 2040), and read with a Phosphorimager 

(Fuji).
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2.9. Quantitative real-time PCR (qPCR) analysis

Total RNAs were extracted from liver and intestine using Trizol reagents. The qPCR was 

performed on individual samples (n = 5) as described previously (12).

2.10. Statistical analysis

Data are presented as Means ± SEM (Standard Error of Mean). Significance of differences 

was determined for each group of values by One-way ANOVA (Tukey-Kramer honestly 

significant difference) except two group comparisons and quantification of vesicles on 

fluorescence images, which were done using Student-t-test. Values of P < 0.05 were 

considered significant. All analyses were performed using GraphPad Prism Software 

Version 5.

3. Results

3.1. Intestinal expression of human NPC1L1 in mice lacking endogenous NPC1L1 restores 
cholesterol absorption and reduces fecal neutral sterol excretion

It was believed that mice express NPC1L1 exclusively in the small intestine (6, 7, 11). 

However, during the survey of tissue distribution of NPC1L1 protein expression in wild-

type mice while using L1-KO mice as controls, we found that NPC1L1 protein is also 

expressed in the gallbladder epithelium of wild-type mice (Fig. 1A–B). To get rid of the 

effects of gallbladder NPC1L1 and perhaps low levels of NPC1L1 in other tissues on 

cholesterol trafficking in mice, and to specifically study the role of intestinal NPC1L1 in 

regulating cholesterol homeostasis, we used the transgenic approach to express human 

NPC1L1 in the intestine of L1-KO mice. To determine if NPC1L1 transgene is expressed at 

the desired location, we measured human NPC1L1 protein expression in the five equally 

divided segments of the entire small intestine from L1-KO mice and DKO mice by 

immunoblotting using an anti-human NPC1L1 antibody (11). Consistent with the mouse 

villin promoter activity (23), human NPC1L1 protein is expressed in all segments from 

DKO/L1IntOnly mice (Fig. 1C, top panel), although the expression level was substantially 

lower in the most proximal segment (SI-1) relative to other segments. As expected, L1-KO 

and DKO mice expressed no endogenous NPC1L1 when an anti-mouse NPC1L1 antibody 

(27) was used (data not shown). Since villin promoter activity was observed in stomach and 

kidney in a transgenic mouse line (28), we immunoblotted these tissues for human NPC1L1, 

and found that human NPC1L1 transgene is expressed in the stomach, but not kidney and 

liver (Fig. 1C, bottom panel).

To determine if transgenically expressed NPC1L1 is functional, we measured intestinal 

cholesterol absorption and fecal neutral sterol excretion in our mice. As shown in Fig. 1D, 

intestinal expression of human NPC1L1 substantially increased cholesterol absorption from 

2.27% in DKO mice to 22.68% in DKO/L1IntOnly mice, and this increase was completely 

abolished by ezetimibe treatment (down to 1.64%). As a result of increased intestinal 

cholesterol absorption, fecal neutral sterol excretion was significantly reduced in DKO/

L1IntOnly (51.93 μmol/day/100g BW) versus DKO (116.68 μmol/day/100 g BW) mice, and 

this reduction was fully rescued by ezetimibe (Fig. 1E). These changes in intestinal 

absorption and fecal excretion of cholesterol were not associated with significant alterations 
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in body weight [20.5 ± 0.71, 22.1 ± 0.59, and 23.4 ± 0.79 grams (Mean ± SEM, n = 8–12) at 

necropsy (9-week-old) for DKO, DKO/L1IntOnly, and DKO/L1IntOnly treated with ezetimibe 

groups, respectively]. The reduced fecal neutral sterol excretion was unlikely a result of 

reduced secretion of sterols via intestinal heterodimeric sterol exporter ABCG5/ABCGG8, 

because ABCG5 protein levels remained similar among three groups (Fig. 1F). The 

NPC1L1-mediated increase in intestinal cholesterol absorption caused a significant up-

regulation in intestinal expression of the mRNA for ABCA1 (Fig. 1G), which is a target 

gene of the nuclear receptor liver x receptor (LXR) that senses cellular cholesterol content 

(29). This observation suggests an elevation of cholesterol in enterocytes from DKO/

L1IntOnly mice relative to DKO mice. Consistently, intestinal mRNAs levels of two 

cholesterologenic genes HMG-CoA reductase and HMG-CoA synthase were decreased due 

to feedback regulation. Ezetimibe treatment virtually abolished the effect of intestinal 

NPC1L1 on ABCA1 expression.

3.2. Ezetimibe inhibits cholesterol-induced vesicular translocation of brush border 
membrane-localized human NPC1L1 in the small intestine of mice

To identify the subcellular localization of the transgene-derived human NPC1L1 protein, we 

performed immunofluorescence studies with the jejunal sections. Consistently with the 

subcellular localization of endogenous NPC1L1 proteins (7, 14), we found that human 

NPC1L1 protein in our transgenic mice was almost exclusively localized at the brush border 

membrane (Fig. 2). We have previously shown that cholesterol depletion induces NPC1L1 

translocation from the endocytic recycling compartment to the plasma membrane in 

McArdle RH7777 rat hepatoma cells and this cholesterol-induced NPC1L1 translocation is 

coupled to NPC1L1’s ability to transport free cholesterol into the cells in an ezetimibe-

sensitive manner (10). To examine whether cholesterol feeding alters the subcellular 

localization of human NPC1L1 in vivo, we fed the overnight-fasted mice with a synthetic 

diet containing 0.2% cholesterol (11) and harvested jejuna for immunofluorescence studies 

at different time points after diet feeding (Fig. 2A). While no NPC1L1-positive vesicles 

were observed at 0 and 15 min, many NPC1L1-positive vesicles appeared beneath the brush 

border membrane at 45 min. These vesicles were greatly reduced at 120 min. To determine 

whether ezetimibe inhibits formation of NPC1L1-positive vesicles, we administered the 

mice with ezetimibe by gastric gavage and found that ezetimibe treatment for only 3 days 

substantially reduced the cholesterol-induced formation of NPC1L1-positive vesicles 

beneath the brush border membrane (Fig. 2B and 2C).

3.3. Intestinal expression of human NPC1L1 in mice lacking endogenous NPC1L1 
increases plasma atherogenic lipoproteins and apoB

To define how intestinal NPC1L1 influences cholesterol homeostasis, we measured plasma 

concentrations of total cholesterol, free cholesterol and cholesterol ester (Table 1). In mice 

lacking endogenous NPC1L1 (L1-KO mice), intestinal expression of human NPC1L1 

significantly increased plasma total cholesterol and cholesterol ester without altering free 

cholesterol and triglyceride concentrations. Ezetimibe treatment completely reversed these 

changes. In mice lacking both endogenous NPC1L1 and LDLR, the transgenic expression of 

human NPC1L1 substantially raised plasma concentrations of total cholesterol, free 

cholesterol, cholesterol ester, and triglyceride. Ezetimibe treatment completely reversed the 
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rise of cholesterol in these DKO animals that lack the major cholesterol clearance pathway 

due to genetic deletion of LDLR.

To determine in which lipoprotein particles the increased cholesterol was distributed, we 

measured lipoprotein-cholesterol profile (Fig. 3A). In the absence of LDLR, cholesterol was 

elevated only in the fractions of very low-density lipoproteins (VLDLs) and LDLs, but not 

high-density lipoproteins (HDLs). When cholesterol mass in each lipoprotein fraction was 

calculated based on the total cholesterol concentration in the sample, similar results were 

obtained (Fig. 3B). Treating DKO/L1IntOnly mice with ezetimibe brought their VLDL and 

LDL cholesterol levels back to those observed in the DKO mice.

Increased plasma cholesterol levels in VLDL and LDL particles may result from increased 

particle size and/or numbers. While the lipoprotein-cholesterol profile (Fig. 3A) indicates 

that there was an increase in LDL particle size in DKO/L1IntOnly mice, we also found that 

plasma levels of apoB100 and apoB48 were significantly increased in DKO/L1IntOnly mice 

(Fig. 3C and 3D). Given that each of these atherogenic lipoprotein particles contains only 

one apoB molecule, our finding indicates that VLDL and LDL particle numbers were also 

increased in these transgenic animals. Ezetimibe treatment completely abolished these 

increases. Plasma apoE levels were also elevated in DKO/L1IntOnly mice, consistent with the 

presence of this apolipoprotein in almost all lipoproteins in mice (30). Plasma apoA1 levels 

remained unaltered, consistent with unchanged HDL-C levels.

To determine if increased plasma cholesterol is a result of increased lipoprotein production, 

we measured lipoprotein and apoB production using the triton block method in the fasted 

mice. DKOIntOnly mice had a significant increase in the production of VLDL-TG (Fig. 3E) 

and apoB (Fig. 3F). These data, together with LDLR-null background, suggest that elevated 

plasma cholesterol in DKOIntOnly mice was likely resulted from increased production of 

apoB-containing lipoproteins.

3.4. Intestinal expression of human NPC1L1 in DKO mice increases hepatic cholesterol 
level

Cholesterol absorbed from intestine and carried in chylomicrons is delivered to liver via 

hepatic uptake of chylomicron remnants (31). In agreement with this trafficking route of 

intestinal cholesterol, intestinal expression of human NPC1L1 in DKO mice significantly 

increased hepatic total cholesterol, free cholesterol and cholesterol ester (Fig. 4A), without 

altering hepatic triglyceride (Fig. 4B). Ezetimibe completely reversed the transgene effect on 

hepatic cholesterol content. Likely as a compensatory mechanism, hepatic expression levels 

of HMG-CoA synthase were suppressed in DKO/L1IntOnly mice (Fig. 4C).

3.5. Intestinal expression of human NPC1L1 in DKO mice stimulates biliary cholesterol 
secretion

After receiving excess cholesterol, liver may directly secrete cholesterol into bile via the 

heterodimer of ABCG5/ABCG8 (32–34), in addition to producing more VLDL-cholesterol 

and inhibiting LDLR-mediated uptake, Consistently, we found that biliary cholesterol 

concentrations and molar ratios were significantly increased in DKO/L1IntOnly mice 

compared to DKO mice (Fig. 4D), and biliary concentrations and molar ratios of 
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phospholipids and bile acids remained unaffected (Fig. 4E). Ezetimibe completely reversed 

the effect of intestinal NPC1L1 on biliary cholesterol excretion. Increased biliary cholesterol 

may reflect increased availability of free cholesterol for biliary secretion, rather than 

elevated expression of the cholesterol exporter because hepatic ABCG5 protein levels were 

comparable among all groups (Fig. 4F).

4. Discussion

Using genetically engineered mouse models, the present study establishes an important role 

of intestinal NPC1L1-dependent cholesterol absorption in promoting an atherogenic blood 

lipoprotein profile. Our data from this novel genetic model demonstrate that intestinal 

NPC1L1 significantly contributes to production of apoB-containing lipoproteins. Despite 

increased cholesterol secretion into circulation and bile, and despite suppressed expression 

of HMG-CoA synthase, liver still accumulates cholesterol derived from intestinal NPC1L1, 

demonstrating a predominant role of intestinal cholesterol absorption in inducing hepatic 

cholesterol accumulation. It should be pointed out that NPC1L1 transgene is also expressed 

in the stomach of our transgenic mice. Although we believe that the phenotypes seen in 

these animals are attributable to intestinal NPC1L1, we cannot exclude potential effects of 

stomach NPC1L1 on cholesterol homeostasis.

Blood apoB-containing LDL-cholesterol is an independent risk factor of atherosclerosis. Our 

current findings suggest that cholesterol-lowering effects of ezetimibe or NPC1L1 deletion 

are largely LDLR-independent, thus ezetimibe may be prescribed to hypercholesterolemic 

subjects with LDLR pathway deficiency to lower an independent atherosclerosis risk factor. 

Consistently, plasma LDL-cholesterol and atherosclerosis are substantially attenuated in 

apoE-deficient mice when NPC1L1 function is inhibited by ezetimibe or genetically 

disrupted (18, 35). Ezetimibe treatment also reduces LDL-cholesterol and atherosclerosis in 

LDLR/apoE double knockout mice (36), prevents cholesterol diet-induced 

hypercholesterolemia in LDLR knockout mice (37), and reduces LDL-cholesterol in familial 

hypercholesterolemic patients with homozygous LDLR mutations (38).

It was noticed that the fractional intestinal cholesterol absorption was about 23% in our 

transgenic mice, which is considered low given that intestinal cholesterol absorption is about 

50% on average in mice on regular chow diet (39). While the low cholesterol absorption 

efficiency in our mice may be due to the expression level of the transgene, it is also possible 

that we only measured cholesterol absorption in mice on a Western-type diet, which 

contained 0.2% cholesterol (w/w), ten times higher than that normally present in a chow diet 

(~0.015%). This high amount of dietary non-labeled “cold” cholesterol has the potential to 

compete with the radiolabeled “hot” cholesterol for incorporation into the mixed micelles in 

the intestinal lumen, thereby resulting reduced absorption of “hot” cholesterol. Alternatively, 

human NPC1L1 protein may not function efficiently in the mouse intestine. Nonetheless, in 

humans, intestinal cholesterol absorption rates range from 29% to 80% (21), and the 

intestinal cholesterol absorption value in our transgenic mice is close to the low end of 

human values. This low fractional cholesterol absorption already had a profound effect on 

whole-body cholesterol homeostasis in our transgenic mice.
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In normal animals, the bulk of cholesterol in the gut lumen is taken up by enterocytes 

primarily in the proximal proportion of small intestine. The appearance of NPC1L1-positive 

vesicles beneath the brush border membrane (Fig. 2) suggests that NPC1L1-dependent 

cholesterol absorption is likely a vesicle-mediated endocytic process, which is consistent 

with a previous study on mouse endogenous NPC1L1 (40). After entering enterocytes, the 

majority of free cholesterol is esterified by acyl CoA:cholesterol acyltransferase 2 (ACAT2) 

(41) and assembled into chylomicrons for secretion into lymphatic system. Chylomicrons 

then flow from lymphatics to blood circulation where they are catabolized/modified and 

converted to apoE-containing chylomicron remnants. The bulk of cholesterol absorbed from 

intestine is delivered to liver via hepatic uptake of chylomicron remnants. The majority of 

these remnant particles are cleared from circulation via hepatic LDLR. This may explain 

why intestinal NPC1L1-mediated cholesterol absorption exerts a profound effect on hepatic 

cholesterol homeostasis.

The delivery of intestine-derived cholesterol to liver results in suppression of hepatic HMG-

CoA synthase (Fig. 4C). However, this transcriptional feedback regulation of cholesterol 

synthesis is not sufficient to cope with the cholesterol derived from intestinal NPC1L1. As a 

result, other adaptive mechanisms are also initiated in the liver of DKO/L1IntOnly mice to 

prevent over-accumulation of free cholesterol, including augmented conversion of free 

cholesterol to cholesterol ester (Fig. 4A) and increased secretion of free cholesterol into bile 

(Fig. 4D). It has been shown that cholesterol ester formation drives hepatic VLDL-

cholesterol secretion (42). Consistently, we observed that DKO/L1IntOnly mice relative to 

DKO mice display increased plasma levels of apoB100 and VLDL-cholesterol (Fig. 3). 

Since apoB100 is exclusively produced by liver, our data in mice lacking the major 

clearance pathway of apoB-containing lipoproteins indicate that there is increased hepatic 

VLDL production in DKO/L1IntOnly mice, which are consistent with previous studies 

showing that ezetimibe may have a predominant impact on hepatic production of VLDL-

cholesterol (37, 43). Indeed, we did observe increased hepatic VLDL production and 

apoB100 secretion in DKO/L1IntOnly mice (Fig. 3).

It should be emphasized that apoB48 secretion and plasma apoB48 levels are also elevated 

in DKO/L1IntOnly mice (Fig. 3). Since both liver and intestine can synthesize apoB48 in 

mice (44), accumulated apoB48 may come from VLDL produced by liver and chylomicrons 

secreted by intestine. Although fasting plasma samples were analyzed for apoB48 and 

VLDL production in the current study, it is believed that chylomicrons are continuously 

secreted by intestine (45). Intestinal NPC1L1 may play an important role in maintaining 

continuous production of chylomicrons in the fasting state in addition to mediating 

chylomicron-cholesterol production during postprandial period. Several major health 

problems such as insulin resistance, diabetes and obesity are associated with increased 

postprandial production of chylomicrons (46–49). Chylomicron remnants contribute 

significantly to the risk of atherosclerosis (45). These previous observations together with 

our current findings suggest that inhibiting intestinal NPC1L1 might be an attractive strategy 

in reducing atherosclerosis risk factors in subjects with insulin resistance, type 2 diabetes 

and obesity.
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HIGHLIGHTS

1. It was unclear if intestinal cholesterol absorption correlates with blood LDL-C.

2. We express human NPC1L1 in intestine of mice lacking NPC1L1 and LDL 

receptor.

3. Intestinal cholesterol absorption is a major determinant of blood LDL-C levels.

4. Intestinal cholesterol absorption is a major determinant of hepatic cholesterol.
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Fig. 1. 
A) Immunofluorescence staining of mouse NPC1L1 in the gallbladder of wild-type (WT) 

and L1KO mice on regular chow diet using a rabbit Anti-NPC1L1 Antibody (aa1000–1100) 

IHC-plus LS-B88 (LifeSpan BioSciences, Inc., Seattle, WA). White arrows denote the 

luminal surface of gallbladder epithelium. B) Immunoblots of mouse NPC1L1 in the 100μg 

of gallbladder homogenates of WT and L1KO mice using the above antibody. C) 

Immunoblots of human NPC1L1 in the homogenates (30μg protein each) of the 5 equal 

segments of small intestine (SI: 1–5). Two L1-KO mouse livers as negative controls (Neg., 

20μg). The L1KO liver transgenically overexpressing human NPC1L1 as a positive control 

(Pos., 20μg). In the bottom panel, 50μg homogenate proteins were used for stomach, kidney 

and liver, and 20μg for intestine (jejunum). 1, DKO; 2, DKO/IntOnly. D) Intestinal 

cholesterol absorption (n = 8). E) Fecal neutral sterol excretion (n = 8–12). F) Immunoblots 

of ABCG5 and receptor-associated protein (RAP) (as a loading control) in the jejunal 

membrane preparations. G) Relative mRNA levels of cholesterol-sensitive genes in the 

jejuna (n = 5). Groups not sharing a common superscript letter are significantly different (P 

< 0.05). Ezet, ezetimibe; HMGCR, HMG-CoA reductase; HMGCS, HMG-CoA synthase.
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Fig. 2. 
Ezetimibe blocks cholesterol-induced vesicular trafficking of human NPC1L1 in DKO/

L1IntOnly mice. A) Cholesterol feeding induces vesicular trafficking of intestinal NPC1L1. 

Two-month-old male mice were fasted overnight, and then fed with a synthetic diet 

containing 0.2% (w/w) cholesterol. The mice were sacrificed at 15, 45 and 120 min, and the 

jejuna taken for immunofluorescence studies. B) Ezetimibe (Ezet.) inhibits cholesterol-

induced NPC1L1 trafficking. Two-month-old male mice were pretreated with or without 

ezetimibe (10 mg/kg/day) by gavage for 3 days. On day 4, the overnight-fasted mice were 

treated with ezetimibe or vehicle. After 30 min, the mice were administered by gavage with 

150 μl medium-chain triglycerides (MCT) oil or MCT oil containing 40mg/ml cholesterol. 

The mice were sacrificed 30 min post MCT gavage, and the jejuna taken for 

immunofluorescence staining. C) Average numbers of NPC1L1-positive vesicles beneath 

the brush border membrane of the jejunum. Multiple images (n = 10–12) from (B) were 

taken and counted. Chol., cholesterol. *P = 3.85E-10 (Student-t-test).

Xie et al. Page 17

Atherosclerosis. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
Ezetimibe blocks intestinal NPC1L1-mediated increases in plasma atherogenic lipoproteins 

in DKO/L1IntOnly mice. A) Plasma lipoprotein-cholesterol profile of pooled plasma samples 

(n = 5). B) Calculated cholesterol mass in each lipoprotein subclass based on the lipoprotein 

profile and total plasma cholesterol concentrations. C) Immunoblots of plasma 

apolipoproteins. Mice were fasted for 4 h prior to blood collection. Plasma samples were 

diluted by 1:200 with saline. A total of 14μl of diluted plasma sample from each mouse was 

separated on a 4–15% gradient SDS-polyacrylamide gel for immunoblotting. The same 

membrane was used for all the apolipoproteins selected. D) Densitometry quantification of 

(C). Groups not sharing a common superscript letter are significantly different (P < 0.05). E) 

VLDL production (plasma triglyceride concentrations at different time points) after retro-

orbital injections of Triton WR-1339 at 500mg/kg body weight in overnight-fasted male 

mice (n = 4). * P < 0.05. F) ApoB secretion in 4h-fasted mice. Densitometry was done using 

ImageJ software for the radiolabeled apoB bands in plasma samples collected 1h post Triton 

WR-1339 and [35S]methionine injection. * P < 0.05.
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Fig. 4. 
Ezetimibe blocks intestinal NPC1L1-mediated increases in hepatic and biliary cholesterol. 

A) Total cholesterol (TC), free cholesterol (FC) and cholesterol ester (CE). The amount of 

cholesterol ester was calculated by subtracting free cholesterol from total cholesterol and 

multiplying by 1.67 to convert to cholesterol ester mass. B) Triglycerides (n = 8–12). C) 

Relative hepatic mRNA levels of cholesterol-regulated genes (n = 5). HMGCR, HMG-CoA 

reductase; HMGCS, HMG-CoA synthase. D), E) Biliary concentrations and molar ratios of 

cholesterol, phospholipids and bile acids (n = 8–12). F) Immunoblots of ABCG5 and 

receptor-associated protein (RAP) (as an internal control) in the liver membrane 

preparations. Groups not sharing a common superscript letter are significantly different (P < 

0.05).
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Table 1

Plasma lipid concentrations (mg/dL) (Mean ± SEM)

TC FC CE TG

L1-KO 120 ± 3b 32 ± 1ab 147 ± 4b 69 ± 5a

L1IntOnly 141 ± 7a 36 ± 2a 176 ± 10a 65 ± 4a

L1IntOnly&Ezet 113 ± 9b 29 ± 2b 140 ± 12b 68 ± 12a

DKO 306 ± 15b 87 ± 6b 365 ± 20b 78 ± 4b

DKO/L1IntOnly 478 ± 5a 191 ± 15a 479 ± 33a 119 ± 15a

DKO/L1IntOnly&Ezet 319 ± 15b 83 ± 6b 395 ± 27b 99 ± 10ab

Mice were fasted for 4 h during the daytime cycle prior to collection of blood samples for analyses of plasma concentrations of total cholesterol 
(TC), free cholesterol (FC), and triglyceride (TG). The amount of cholesterol ester was calculated by subtracting free cholesterol from total 
cholesterol and multiplying by 1.67 to convert to cholesterol ester mass. For each parameter, values among single L1-KO background groups [L1-

KO (n = 11), L1IntOnly (n = 8), and L1IntOnly&Ezet (n = 7)] or among DKO background groups [DKO (n = 10), DKO/L1IntOnly (n = 8), and 

DKO/L1IntOnly&Ezet (n = 7)] not sharing a common superscript letter are significantly different (P < 0.05). Ezet, ezetimibe
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