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Abstract Niemann-Pick Cl-Like 1 (NPC1L1) mediates in-
testinal cholesterol absorption. NPC1L1 knockout (L1-KO)
mice were recently shown to be resistant to high-fat diet
(HFD)-induced obesity in one study, which was contrary to
several other studies. Careful comparison of dietary com-
positions in these studies implies a potential role of dietary
cholesterol in regulating weight gain. To examine this poten-
tial, wild-type (WT) and L1-KO mice were fed one of three
sets of diets for various durations: (1) a HFD without added
cholesterol for 5 weeks; (2) a high-carbohydrate diet with or
without added cholesterol for 5 weeks; or (3) a synthetic
HFD with or without added cholesterol for 18 weeks. We
found that L1-KO mice were protected against diet-induced
weight gain only on a diet without added cholesterol but not
on a diet containing 0.16% or 0.2% (w/w) cholesterol, an
amount similar to a typical Western diet, regardless of the
major energy source of the diet. Food intake and intestinal
fat absorption were similar between the two genotypes.
Intestinal cholesterol absorption was blocked, and fecal
cholesterol excretion increased in L1-KO mice. Under all
diets, L1-KO mice were protected from hepatosteatosis.Hli
In conclusion, increasing dietary cholesterol restores diet-
induced weight gain in mice deficient in NPC1L1-dependent
cholesterol absorption.—Jia, L., Y. Ma, G. Liu, and L. Yu.
Dietary cholesterol reverses resistance to diet-induced
weight gain in mice lacking Niemann-Pick C1-Like 1. J. Lipid
Res. 2010. 51: 3024-3033.
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Elevated blood total and low-density lipoprotein choles-
terol is an independent risk factor for atherosclerotic
cardiovascular disease. In addition to de novo biosynthe-
sis and hepatobiliary secretion, intestinal absorption of
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cholesterol is another major pathway by which the body
regulates cholesterol homeostasis in response to fluctua-
tions in cholesterol availability and utilization. Inhibiting
this pathway bya cholesterol absorption inhibitor ezetimibe
(trade name Zetia) (1) has been shown to significantly re-
duce plasma total and low-density lipoprotein cholesterol
in all mammalian species tested, including humans (2-9).

Each day, large amounts of cholesterol enter the lumen
of the small intestine. The daily dietary intake of choles-
terol is ~~400 mg in a healthy human consuming a typical
Western diet (10, 11). Additionally, ~800 mg cholesterol
is secreted into the gut lumen from bile each day (11).
The fractional intestinal cholesterol absorption ranges
from 29% to 80% in healthy individuals (12). To be effi-
ciently absorbed, the hydrophobic cholesterol molecule
has to cross the unstirred water layer lying between the
bulk water phase and the intestinal mucosal cell mem-
brane, which is achieved by its solubilization in mixed mi-
celles containing bile acids, phospholipids, and hydrolytic
products of fat (13). Whether free cholesterol in micelles
is taken up passively or actively by absorptive enterocytes
had remained elusive until the discovery of ezetimibe (13).
The potency of low doses of ezetimibe in inhibiting intes-
tinal cholesterol absorption strongly supports the notion
that intestinal cholesterol absorption is an active and
protein-mediated process. The search for this protein re-
sulted in identification of Niemann-Pick C1-Like 1 (NPC1L1)
as a cholesterol transporter essential for intestinal choles-
terol absorption (14). NPCI1L1 protein is highly expressed
in the small intestine across species and localizes primarily
at the apical membrane of absorptive enterocytes (14, 15).
Although humans and nonhuman primates also express

Abbreviations: ABC, ATP-binding cassette transporter; HCD, high-
carbohydrate diet; HFD: high-fat diet; L1-KO, NPC1L1 knockout; LXR,
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reglulatory element-binding protein 1c; WT, wild-type.
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NPCILI in liver and perhaps other tissues, mouse NPC1L1
protein can only be detected in the small intestine
(14, 16-18). NPCI1L1 knockout (L1-KO) mice do not
absorb cholesterol from the intestinal lumen and thus
have a corresponding increase in fecal cholesterol excre-
tion and compensatory upregulation of de novo choles-
terol biosynthesis, similar to phenotypes observed in
ezetimibe-treated animals (14, 19). Because inhibiting in-
testinal cholesterol absorption increases endogenous cho-
lesterol synthesis, ezetimibe is often prescribed together
with a statin that inhibits 3-hydroxy-3-methyl-glutaryl-CoA
reductase, the rate-limiting enzyme of cholesterol synthe-
sis (20, 21). Subsequent genetic, animal, and cell biology
studies support the notion that NPCI1L1 is the molecular
target of ezetimibe (14, 17, 22-27).

Interestingly, ezetimibe treatment or genetic inactiva-
tion of NPCIL1 was recently shown to improve many as-
pects of metabolic syndrome, including insulin resistance
and hepatic steatosis (28-34). For example, L1-KO mice
on a pure C57BL/6 background or ezetimibe-treated wild-
type (WT) C57BL/6 mice are resistant to weight gain on a
high-fat diet (HFD) containing trace amounts of choles-
terol (31, 33). L1-KO mice on 129/0laHsd background,
however, gain similar weight as WT controls after 24 weeks
on a diet containing 40% calories from butter fat and
0.15% cholesterol (35). In another study examining the
protective role of ezetimibe against the development of
fatty liver disease, ezetimibe treatment for 4 weeks did not
prevent weight gain in C57BL/6 mice fed a HFD contain-
ing 0.12% cholesterol (32). While these discrepancies
among different studies may be attributable to differences
in genetic background, gene-targeting strategies, experi-
mental duration, and/or dietary fat composition, we
noticed that resistance to dietinduced weight gain was found
only in L1-KO mice or ezetimibe-treated mice fed a low
(<0.02%, w/w) cholesterol-containing diet (31, 33) but
not in those fed a high (0.15% or 0.12%, w/w) cholesterol
diet (32, 35). This led us to hypothesize that dietary cho-
lesterol modulates weight gain in NPC1LI1-deficient mice.

To systemically determine if NPCIL1 deficiency pre-
vents weight gain in a dietary cholesterol-dependent
manner, we fed L1-KO mice and WT controls a diet con-
taining either a low (<0.02%, w/w) or a high (~0.2%,
w/w) amount of cholesterol for 5 weeks or 18 weeks, and
monitored body weight changes and other metabolic pa-
rameters in these animals. Our findings clearly demonstrate
that dietary supplementation of cholesterol rescues weight
gain in L1I-KO mice on both HFD and high-carbohydrate
diet (HCD). Future studies are needed to solve the conun-
drum of how increasing dietary cholesterol restores the
diet-induced weight gain in mice deficient in intestinal
cholesterol absorption.

MATERIALS AND METHODS

Animals

L1-KO mice were created using C57BL/6 embryonic stem
cells, thus having a pure C57BL/6 background (28). These mice

have been crossed to WT C57BL/6 mice for at least four genera-
tions before the use for this study. L1-KO mice and their controls
were maintained on the pure C57BL/6 background for all the
experiments. All mice were housed in a specific pathogen-free
animal facility in plastic cages at 22°C, with a daylight cycle from
6 AM to 6 PM. The mice were provided with water and standard
chow diet (Prolab RMH 3000; LabDiet, Brentwood, MO) ad li-
bitum, unless stated otherwise. All animal procedures were
approved by the Institutional Animal Care and Use Committee at
Wake Forest University Health Sciences.

Diets

For the first short-term study, male L1-KO and WT C57BL/6
mice were fed a HFD containing a trace amount of cholesterol
(~0.007%, w/w) (HFDI-C) (TD.93075; Harlan Teklad, Madi-
son, WI) for 5 weeks, starting at 8 weeks of age. This diet contains
54.8% calories from fat, 21.2% calories from protein, and 24%
calories from carbohydrates. The fatty acid composition of total
fat in this diet is included in supplementary Table 1.

For the second short-term experiment, 8-week-old male L1-
KO mice and WT controls were fed a synthetic high-carbohydrate
diet (HCD) containing either <0.02% cholesterol (HCD-C) or
~0.2% cholesterol (HCD+C) for 5 weeks. These synthetic diets
were made at the Diet Core of Wake Forest University School of
Medicine, which has more than 40 years of experience in prepar-
ing animal diets. Ingredients of these diets are presented in sup-
plementary Table II. Both carbohydrate diets have identical
ingredients except cholesterol, containing 11% calories from
palm oil, 72% calories from carbohydrates, and 17% calories
from protein. The fatty acid composition of the fat in this diet is
included in supplementary Table I.

The third study was a long-term HFD study. Six-week-old male
L1-KO mice and their WT controls were fed a synthetic HFD con-
taining either a low (<0.02%, w/w, HFD-C) or a high (~0.16%,
w/w, HFD+C) amount of cholesterol for 18 weeks. These syn-
thetic diets were made at the Diet Core of Wake Forest University
School of Medicine. Ingredients of these diets are presented in
supplementary Table II. The fatty acid composition of these diets
is included in supplementary Table I. During the diet feeding
period, body weight was monitored weekly. Food intake was mon-
itored daily for 2 weeks after 16 weeks of diet feeding.

Blood biochemistries

Plasma insulin was measured by Ultra Sensitive Mouse Insulin
Elisa Kit (Crystal Chem, Inc., Downers Grove, IL). Blood glucose
was measured directly by Glucometer (Bayer Contour, Tarry-
town, NY) via a tail nick. Plasma total cholesterol, free choles-
terol, and triglyceride concentrations were analyzed by enzymatic
assay as previously described (36). The amount of cholesteryl es-
ter was calculated by subtracting free cholesterol from total cho-
lesterol and multiplying by 1.67 to convert to cholesteryl ester
mass. Plasma concentrations of nonesterified fatty acids were
measured by colorimetric assay [HR Series NEFA-HR (2); Wako,
Richmond, VA] following the manufacturer’s instructions.

Liver lipids

At the end of diet studies, mice were euthanized after a 4 h fast.
Livers were removed, weighed, and snap-frozen in liquid nitrogen
for liver lipid analyses as we have described previously (18).

Intestinal cholesterol absorption and fecal cholesterol
excretion

In week 18 of the long-term diet experiment, mice were indi-
vidually housed for the determination of fractional cholesterol
absorption and fecal neutral sterol excretion as described previously
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(37). Mass of dietary cholesterol absorption into the body was
calculated by multiplying food intake, dietary cholesterol con-
tent, and percentage of cholesterol absorption (38).

Quantitative real-time PCR (qPCR)

Total RNAs were extracted from jejuna using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. The
qPCR was performed as described previously (39). All primers
used for qPCR have been published previously (39, 40).

Intestinal fat absorption

After 16 weeks of diet feeding, mice were individually housed
and fed a test diet for three days, which contained the same cal-
ories and fatty acid composition as the previous diet, except that
5% of fat was replaced by sucrose poly-behenate as a nonabsorb-
able marker. Fecal samples were collected for three days, and the
fatty acid composition was measured in both fecal and diet sam-
ples by gas chromatography. Fractional absorption of total and
individual fatty acids was calculated as previously described (41).

Glucose tolerance test and insulin tolerance test

For glucose tolerance test, mice were fasted for 10 h. After
measuring the baseline blood glucose concentration from a tail
cut by a Glucometer test strip (Bayer Ascensia Contour, Tarry-
town, NY), mice were injected intraperitoneally with 20% glucose
at 1.5 mg/g body weight. Blood glucose concentrations were
then measured at 15, 30, 60, and 120 min after glucose injection.
For insulin tolerance test, mice were fasted for 6 h. After measur-
ing the baseline blood glucose concentration, mice were injected
intraperitoneally with recombinant human insulin (Novo Nordisk,
Inc., Princeton, NY) at 1.2 mU/g body weight. Blood glucose
concentrations were then measured at 15, 30, 60, and 120 min
after insulin administration.

Statistical analysis

All data are presented as mean + SEM. The differences be-
tween the mean values of L1-KO mice and WT mice on the same
diet, or between diet groups of mice of the same genotype, were
tested for statistical significance by the two-tailed Student’s ttest.
Statistical significance was accepted at a value of P< 0.05.

RESULTS

Short-term study 1: L1-KO mice on the low-cholesterol
HFD are resistant to weight gain

To determine the effect of HFD containing no added
cholesterol on weight gain in LI-KO mice, mice were fed
the HFD1-C as described in “Materials and Methods.” L.1-
KO and WT mice had similar weight at birth and at the
time when the diet was started (Fig. 1A). Interestingly, L1-
KO mice began to gain significantly less weight compared
with WT mice after one week on this diet (Fig. 1B). After
five weeks of diet feeding, L1-KO mice gained only ~2 g of
weight, whereas WT mice gained nearly 5 g of body weight
(Table 1).

The reduced body weight gain in L1-KO mice was asso-
ciated with a 66% decrease in epididymal fat weight and a
modest but significant decrease in liver weight compared
with WT mice (Table 1).

No differences were observed for plasma concentrations
of total cholesterol, free cholesterol, cholesteryl ester, nones-
terified fatty acids, or triglyceride between the two genotypes.

3026 Journal of Lipid Research Volume 51, 2010
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Fig. 1. Body weight (A) and body weight gain (B) of L1-KO and
WT mice on the low-cholesterol, high-fat diet (HFD1-C), starting at
eight weeks of age. *P< 0.05 (n = 5-7). L1-KO, NPC1L1 knockout;
WT, wild-type.

Hepatic total cholesterol content did not differ between the
two groups. Hepatic triglyceride content was ~80% lower
in L1-KO mice relative to WT mice (Table 1).

Short-term study 2: L1-KO mice on the low-cholesterol
HCD are resistant to weight gain and addition of
cholesterol to HCD rescues weight gain

To determine whether dietary energy source influences
cholesterol-dependent weight gain, mice were fed a syn-
thetic sucrose-rich diet (HCD) with or without added cho-
lesterol for five weeks as described in “Materials and
Methods.”As shown in Fig. 2, the body weight was not sig-
nificantly different between L.1-KO and WT mice when the
diet was started (Fig. 2A). WT mice gradually gained
weight throughout the five-week period, regardless of the
amount of cholesterol in the diet. Furthermore, increas-
ing cholesterol contentin the diet did not promote greater
weight gain in WT mice. L1-KO mice, however, gained
weight in a dietary cholesterol-dependent manner. On the
high-carbohydrate diet containing a high amount of cho-
lesterol (HCD+C), L1-KO mice gained weight similar to
WT mice. On the high-carbohydrate diet containing a low
amount of cholesterol (HCD-C), L1-KO mice began to

TABLE 1. Plasma and hepatic parameters of WT and L1-KO mice
fed HFD1-C diet for five weeks

Low Cholesterol, High-Fat Diet

Parameter WT Mice L1-KO Mice
BW (g) 96.8+ 0.8 93.8 + 0.2"
WAT weight (g) 0.99 + 0.04 0.34+0.03
WAT to BW ratio (%) 3.74 +0.14 1.43+0.18
Liver weight (g) 1.1+0.05 0.9 +0.03"
Liver to BW ratio (%) 4.2+0.13 3.8+0.12°
Plasma TC (mg/dl) 129.8 £9.8 115.1 £ 8.1
Plasma FC (mg/dl) 33.9+2.8 28.7+ 1.5
Plasma CE (mg/dl) 160.1 £+ 12.4 144.3 £ 11.8
Plasma TG (mg/dl) 49.1+8.3 31.3+3.1
Plasma NEFA (mmol/1) 0.37 £ 0.03 0.24 + 0.05
Hepatic TC (mg/g WW) 9.1+0.31 2.0+ 0.08
Hepatic TG (mg/g WW) 24.9 + 6.59 5.2+0.79

Mice were fasted for 4 h prior to plasma and liver lipids analysis;
n = 4-7 for liver lipids and n = 6-7 for other measurements. BW, body
weight; CE, cholesteryl ester; FC, free cholesterol; HFDI-C, low-
cholesterol, high-fat diet; LI1-KO, NPCIL1 knockout; NEFA,
nonesterified fatty acid; TC, total cholesterol; TG, triglyceride; WAT,
white adipose tissue; WW, wet weight; WT, wild-type.

“P<0.05.

" P<0.001.
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Fig. 2. Body weight (A) and body weight gain (B) of L1-KO and
WT mice on the high-carbohydrate diet with a low (HCD-C) or a
high (HCD+C) amount of cholesterol, starting at eight weeks of
age. *P< 0.05; **P< 0.01 (n = 4-7). HCD, high-carbohydrate diet;
L1-KO, NPC1L1 knockout; WT, wild-type.

gain significantly less weight after one week on diet, de-
spite having similar food intake as WT controls (5.0 + 0.1
g/day in L1-KO mice versus 5.1 + 0.1 g/day in WT mice).
At the end of the five-week diet period, L1-KO mice gained
2 g less than WT mice (Fig. 2).

On the low-cholesterol HCD, L1-KO relative to control
WT mice also showed a significant reduction in epididymal
fat weight, liver weight, and plasma concentrations of total
cholesterol and cholesterol ester (Table 2). Hepatic con-
tents of total cholesterol and triglyceride were ~30% and
~45% lower in L1-KO than WT mice, respectively (Table
2). Plasma concentrations of free cholesterol and triglycer-
ide showed a trend toward decreases in L1-KO versus WT
mice, while the plasma concentration of nonesterified fatty
acids was similar between the two genotypes (Table 2).

On the high-cholesterol HCD, no differences were found
in epididymal fat pad weight, liver weight, plasma concen-
trations of total cholesterol, free cholesterol, cholesteryl es-
ter, triglyceride, or nonesterified fatty acid between the two
genotypes (Table 2). However, hepatic contents of total

cholesterol and triglyceride were ~73% and ~84% lower,
respectively, in L1-KO versus WT mice (Table 2).

Long-term HFD study: addition of cholesterol to HFD
rescues weight gain in L1-KO mice

To determine whether dietary cholesterol alters weight
gain and obesity induced by long-term HFD feeding,
mice were fed a synthetic HFD with or without added cho-
lesterol for 18 weeks as described in “Materials and
Methods.”Regardless of dietary cholesterol contents, WT
mice continuously gained weight during 18 weeks of diet
feeding (Fig. 3). At the end of the diet period, there were
~'76% and ~79% increases in body weight in WT mice fed
the low-cholesterol HFD (HFD-C) and the high-choles-
terol HFD (HFD+C), respectively (Table 3). L1-KO mice
on the high-cholesterol HFD gained weight similar to WT
mice on either diet. On the low-cholesterol HFD, however,
L1-KO mice began to gain less weight during the second
week of diet feeding (Fig. 3) and were protected against
HFD-induced obesity with only an ~39% increase in body
weight at the end of the diet period (Table 3). Given the
slight differences in dietary compositions, we made HFD
with identical compositions, except the amounts of choles-
terol (supplementary Table III), and fed our mice with
these diets for 5 weeks. Consistently, L1-KO mice were re-
sistant to weight gain only on the low-cholesterol HFD, but
not on the high-cholesterol HFD (supplementary Fig. I).

Consistent with weight changes, epididymal fat pad weights
were similar between L1-KO and WT mice fed the high-cho-
lesterol HFD for 18 weeks, but they were significantly reduced
in L.1-KO relative to WT mice fed the low-cholesterol HFD for
18 weeks (Table 3). Regardless of dietary cholesterol content,
liver weights and liver-to-body weight ratios were significantly
reduced in L1-KO mice compared with WT mice (Table 3).

While the high-cholesterol HFD feeding raised plasma
concentrations of total cholesterol, free cholesterol, and

TABLE 2. Plasma and hepatic parameters of WT and L1-KO mice fed HCD containing either a low
(HCD-C) or a high (HCD+C) amount of cholesterol for five weeks

High-Carbohydrate Diet (HCD)

HCD-C HCD+C
Parameter WT Mice L1-KO Mice WT Mice L1-KO Mice
BW (g) 27.4+0.6 3.3+ 0.7 28.6 + 0.9 26.7+1
WAT weight (g) 0.88 + 0.05 0.60 + 0.08" 1.10 £0.10 0.96 + 0.19
WAT to BW ratio (%) 3.20 +0.14 2.5 +0.28" 3.80 +0.23 3.57 +0.57
Liver weight (g) 1.2 +0.06 0.9 +0.04 1.3 +0.08 1.1 +0.06
Liver to BW ratio (%) 4.4+0.13 4.0 +0.08" 4.4+0.29 4.1+0.07
Plasma TC (mg/dl) 140.4 + 4.8 117.2 7.0 145.0 = 18.5 127.0 = 4.57
Plasma FC (mg/dl) 35.9+1.7 30.2 + 2.0 36.5+3.5 32.6+1.7
Plasma CE (mg/dl) 174.6 + 6.8 145.4 + 8.89° 181.1 = 25.1 157.6 5.3
Plasma TG (mg/dl) 78.7+9.0 56.7 7.7 25.7 + 6.8 50.6 + 13.6
Plasma NEFA (mmol/1) 0.47 + 0.04 0.51 +0.11 0.55 + 0.05 0.44 + 0.03
Hepatic TC (mg/g WW) 2.7 +0.22 1.9 = 0.06" 12.0 + 1.65" 3.2+0.15%
Hepatic TG (mg/g WW) 24.6+1.79 13.6 + 2.48" 157.8 + 29.27" 24.8 + 4.38"

Mice were fasted for 4 h prior to the analysis of plasma and hepatic parameters; n = 4-7 for live lipid and
n = 6-7 for other measurements. BW, body weight; CE, cholesteryl ester; FC, free cholesterol; HCD, high-
carbohydrate diet; HCD-C, HCD containing a low amount cholesterol; HCD+C, HCD containing a high amount
cholesterol; L1-KO, NPC1L1 knockout; NEFA, nonesterified fatty acid; TC, total cholesterol; TG, triglyceride; WAT,

white adipose tissue; WW, wet weight; WT, wild-type.

“ Significantly different from WT mice on the same diet, P< 0.05.
" Significantly different from mice of the same genotype on different diets, P< 0.001.
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Fig. 3. Growth curves and gross appearance of L1-

KO and WT mice on the low-cholesterol (0.02%, w/w),
high-fat diet (HFD-C) or on the high-cholesterol
(0.16%, w/w), high-fat diet (HFD+C) for 18 weeks.
#P<0.05 (n =5-7). HFD, high-fat diet; L1-KO, NPC1L1
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cholesteryl ester in WT mice, we surprisingly found that
this was also the case in L1-KO mice, although to a lesser
extent when compared with WT mice (Table 3). In the
liver, increasing dietary cholesterol dramatically raised the
contents of total cholesterol and cholesteryl ester in WT
mice. This was also observed in L1-KO mice, though
L1-KO mice versus WT mice showed significantly reduced
hepatic contents of these lipids (Table 3). The high-
cholesterol HFD versus the low-cholesterol HFD dramati-
cally raised the hepatic triglyceride content by ~100% in
WT mice and, to our surprise, by ~500% in L1-KO mice.
Despite this remarkable increase, the hepatic triglyceride
content was still significantly lower in L1-KO relative to
WT mice, regardless of dietary cholesterol (Table 3).
These findings together suggest that a small proportion of

dietary cholesterol may have entered the body in the absence
of NPCIL1 under our experimental conditions.

Long-term HFD study: L1-KO mice have undetectable
intestinal cholesterol absorption and increased fecal
cholesterol excretion

To examine cholesterol balance in L1-KO and WT mice
on our synthetic diets, fractional intestinal cholesterol ab-
sorption and fecal cholesterol excretion were measured. As
expected, genetic deletion of NPCIL1 in mice blocked intes-
tinal cholesterol absorption to an undetectable level when
the dual-isotope method was used (Fig. 4A, B), which was
associated with a dramatic increase in fecal cholesterol loss
(Fig. 4C, D). To compensate for the reduced cholesterol ab-
sorption, intestinal levels of 3-hydroxy-3-methyl-glutaryl CoA

TABLE 3. Plasma and hepatic parameters of WT and L1-KO mice fed HFD containing either a low
(HFD-C) or a high (HFD+C) amount of cholesterol for 18 weeks

High-Fat Diet (HFD)

HFD-C HFD+C
Parameter WT Mice L1-KO Mice WT Mice L1-KO Mice
Initial BW (g) 21.9+0.4 21.1+0.4 20.3 +0.5 20.3 +0.4
Final BW (g) 38.6+1.3 29.4 + 0.5 36.3+1.9 35.0+1.4
WAT weight (g) 1.86 + 0.09 0.94 = 0.08" 1.89 +0.09 1.92 +0.10
WAT to BW ratio (%) 4.88£0.33 3.19 + 0.24" 5.29 + 0.41 5.47+0.11
Liver weight (g) 1.55+0.11 1.04 + 0.02° 1.91 +0.23 1.19 + 0.04*"
Liver to BW ratio (%) 4.0+0.17 3.54 + 0.06" 5.20 + 0.34" 3.39 + 0.0
Plasma TC (mg/dl) 183.9 £ 8.5 152.5 + 3.7 247.8 +9.0° 188.3 + 14.7°"
Plasma FC (mg/dl) 41.0+22 36.2 + 0.4 63.6+2.1" 46.1 + 3.6
Plasma CE (mg/dl) 238.6 +13.6 194.4 +5.9" 307.7 + 12.9" 237.5 +19.1*
Plasma TG (mg/dl) 46.8 + 6.5 47.4 + 4.57 27.3+6.0 35.0 + 6.0
Plasma insulin (ng/ml) 1.69 + 0.21 0.96 = 0.20" 1.35+0.35 1.89 + 0.65
Blood glucose (mg/dl) 131+8 152 + 4 136 + 20 153+ 7
Hepatic TC (ig/mg protein) 20.4 + 3.6 10.0 = 0.3 90.3 +7.4° 14.9 + 0.9*
Hepatic FC (pg/mg protein) 7.3+0.5 5.3+ 0.2 158+ 1.8 6.6 = 0.8"
Hepatic CE (pg/mg protein) 22.0+5.8 7.8+0.5" 124.3 +14.2° 13.9 + 0.8*
Hepatic TG (pg/mg protein) 704 + 132 99 + 12 1432 + 235 589 + 238"

Mice were fasted for 4 h prior to the analysis of plasma and hepatic parameters; n = 5-7 for each group. BW,

body weight; CE, cholesteryl ester; FC, free cholesterol; HFD, high-fat diet; HFD-C, HFD containing a low amount
cholesterol; HFD+C, HFD containing a high amount cholesterol; L1-KO, NPC1L1 knockout; NEFA, nonesterified
fatty acid; TC, total cholesterol; TG, triglyceride; WAT, white adipose tissue; WT, wild-type.

“ Significantly different from WT mice on the same diet, P< 0.05.

" Significantly different from mice of the same genotype on different diets, P< 0.05.
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Fig. 4. Effects of NPCI1L1 deficiency on (A) intestinal cholesterol absorption, (B) mass of cholesterol ab-
sorbed into the body, (C) fecal neutral sterol excretion normalized to body weight (BW), and (D) fecal
neutral sterol excretion without body weight normalization. Measurements were done in L1-KO and WT
mice fed the low-cholesterol (0.02%, w/w), high-fat diet (HFD-C) or the high-cholesterol (0.16%, w/w),
high-fat diet (HFD+C) for 18 weeks (n = 5-7). E: Jejunal mRNA levels of genes involved in cholesterol syn-
thesis and regulation. The total RNA was extracted from the proximal second segment of the small intestine
(equally divided into 5 segments) in individual mice in each group (n = 4). The mRNA level for each gene
in each sample was quantified by qPCR. Cyclophilin was used as an internal control. *P < 0.05, **P < 0.01,
significantly different between L1-KO and WT mice on the same diet; *P<0.05,*P<0.05, significantly dif-
ferent between mice of the same genotype on different diets. HFD, high-fat diet; HMGCR, 3-hydroxy-3-
methyl-glutaryl CoA (HMG-CoA) reductase; HMGCS, HMG-CoA synthase; L1-KO, NPC1L1 knockout; ND,

not detectable; WT, wild-type.

(HMG-CoA) reductase (HMGCR) and HMG-CoA synthase
(HMGCS) were upregulated in L1-KO mice (Fig. 4E). Cho-
lesterol is known to increase intestinal mRNAs for ABC trans-
porter Al (ABCA1), ABCG5, ABCGGS, and sterol regulatory
element-binding protein (SREBP)-1c via activating liver X
receptor (LXR) (42-45). Consistently, intestinal expression
levels of these genes were substantially reduced in L1-KO
mice. Surprisingly, under our experimental conditions, WT
mice on the high-cholesterol HFD compared with WT mice
on the low-cholesterol HFD did not show a suppression in
cholesterol synthetic genes and an increase in LXR target
gene SREBP-1cin the jejuna (Fig. 4E), suggesting the involve-
ment of other factors in the transcription regulation of these
genes (46, 47). Alternatively, long-term HFD feeding may at-
tenuate cholesterol-dependent transcriptional regulation of
these genes. As expected, intestinal mRNA levels of ABCAI,
ABCGD), and ABCGS were significantly increased in WT mice
on the high-cholesterol HFD compared with the low-choles-
terol HFD. Interestingly, addition of cholesterol to HFD sig-
nificantly increased intestinal ABCA1 expression even in the
L1-KO mice (Fig. 4E), implying a small amount of choles-
terol may enter the absorptive enterocytes in the absence of
NPCILI1.

Long-term HFD study: L1-KO and WT mice have similar
food intake and fat absorption

Food intake and intestinal fat absorption were deter-
mined to explore potential mechanisms underlying the
protective role of NPC1L1 deficiency in diet-induced obe-

sity. On the low-cholesterol HFD, WT and L1-KO mice ate
5.2+0.1and 4.5+ 0.1 g/day of food, respectively (Fig. 5A).
When food intake was normalized to body weight, L1-KO
mice, however, ate 14% more than WT mice (Fig. 5B) be-
cause L1-KO mice were leaner on this diet (Fig. 3). On the
high-cholesterol HFD, LL1-KO and WT mice had similar
food intake (Fig. bA, B).

Calorie intake was also calculated based on the calories
in 100 g of each diet and food intake results. On the low-
cholesterol HFD, L1-KO mice had slightly but significantly
reduced calorie intake (Fig. 5C). However, when calorie
intake was normalized to body weight, L1-KO mice con-
sumed 14% more calories than WT mice (Fig. 5D). On the
high-cholesterol HFD, L1-KO and WT consumed similar
calorie amounts (Fig. 5C, D).

Intestinal fat absorption is very efficient in general. It
was reported that L1-KO compared with WT mice had simi-
lar food intake but a small (~5.5%) yet significant reduc-
tion in intestinal absorption of total fatty acids with more
dramatic decreases seen in absorption of saturated fatty
acids (33). Although this modest reduction in fat absorp-
tion may account for the significantly lower weight gain
over a long period, in the current study using the same
method, we found that L1-KO and WT mice had similar
intestinal absorption of total fatty acids and specific fatty
acid species (Fig. 6A, B) on either the low-cholesterol HFD
or the high-cholesterol HFD. Therefore, weight gain dif-
ferences seen in mice on the low-cholesterol HFD cannot
be attributable to changes in intestinal fat absorption.
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Interestingly, intestinal absorption of total fatty acids and
saturated fatty acids (C18:0 and C20:0) were significantly
higher in mice fed the high-cholesterol HFD compared
with those on the low-cholesterol HFD, suggesting that
dietary cholesterol may facilitate intestinal absorption of
specific fatty acids.

Long-term HFD study: L1-KO mice on the low-cholesterol
HFD have improved glucose tolerance and insulin
sensitivity

Obesity and hepatic steatosis are often associated with in-
sulin resistance. We assessed systemic insulin sensitivity in
mice fed a synthetic HFD with or without added cholesterol.
Consistent with the positive correlation between obesity/
hepatic steatosis and insulin resistance, L1-KO versus WT
mice fed the low-cholesterol HFD showed a reduced blood
glucose level at time zero (after a 10 h fast) and improved
glucose tolerance 15 min after glucose injection during glu-
cose tolerance test (Fig. 7A). They also showed increased
insulin sensitivity 120 min after insulin injection during in-
sulin tolerance test (Fig. 7B). On the other hand, glucose
tolerance and insulin sensitivity were similar between the
two genotypes on the high-cholesterol HFD (Fig. 7C, D).
Consistently, the plasma insulin concentration was ~43%
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Fig. 5. Daily food and calorie intake of WT and L1-
KO mice on HFD-C or HFD+C diet. A: Food intake
not normalized to body weight (BW). B: Food intake
normalized to body weight. C: Calorie intake not nor-
malized to body weight. D: Calorie intake normalized
to body weight. *Significantly different from WT
mice on the same diet; P< 0.05 (n = 5-7). HFD, high-
fat diet; HFD-C, HFD containing a low amount cho-
lesterol; HFD+C, HFD containing a high amount
cholesterol; LL1-KO, NPCI1L1 knockout; WT, wild-

type.

lower in L1-KO relative to WT mice on the low-cholesterol
HFD, but it did not differ between the two genotypes on the
high-cholesterol HFD (Table 3). The plasma glucose con-
centrations were not significantly different between L1-KO
and WT mice fasted for 4 h during the daytime cycle, re-
gardless of dietary cholesterol (Table 3).

DISCUSSION

The major finding in this study is that NPC1L1 deficiency
prevents diet-induced weight gain in a dietary cholesterol-
dependent manner. Increasing dietary cholesterol content
to alevel similar to that in a typical Western diet is sufficient
to rescue diet-induced weight gain in L1-KO mice on either
HFD or HCD. Intriguingly, our data also show that increas-
ing dietary cholesterol can raise plasma and liver cholesterol
in mice deficient in intestinal cholesterol absorption, such
as L1-KO mice, though to a much lesser extent compared
with WT mice (Table 3). Further, addition of cholesterol to
a HFD can significantly raise hepatic triglyceride content
(Table 3) and intestinal ABCA1 mRNA levels (Fig. 4E) in
both WT and L1-KO mice. These observations suggest that
there is an NPC1L1-independent and perhaps passive path-

Fig. 6. Fractional intestinal fat absorption in LI-
KO and WT mice on HFD-C or HFD+C diet. A: Ab-
sorption of total fat. B: Absorption of specific fatty
acids. #Signiﬁcantly different from mice of the same
genotype on different diets; P< 0.05 (n = 5-7). HFD,
high-fat diet; HFD-C, HFD containing a low amount
cholesterol; HFD+C, HFD containing a high amount
cholesterol; 1.1-KO, NPCI1L1 knockout; WT, wild-

type.
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Fig. 7. Glucose tolerance test (GTT) and insulin tolerance test
(ITT) in L1-KO and WT mice fed the low-cholesterol, high-fat diet
(HFD-C) or the high-cholesterol, high-fat diet (HFD+C). *P < 0.05
for L1-KO versus WT at the same time point (n = 5-7). HFD, high-
fat diet; HFD-C, HFD containing a low amount cholesterol; HFD+C,
HFD containing a high amount cholesterol; L1-KO, NPCILI1
knockout; WT, wild-type.

way for intestinal cholesterol absorption. The relative con-
tribution of this pathway to overall cholesterol absorption
may be minor under normal physiological conditions, but it
may play a critical role in rescuing weight gain in L1-KO
mice. Perhaps the cholesterol deficit in the body has to be
below a critical threshold to prevent dietinduced weight
gain, and dietary supplementation of cholesterol some-
how exceeds this threshold, even in the absence of the ma-
jor NPCI1L1-dependent cholesterol absorption pathway,
thereby maintaining normal dietinduced weight gain in
L1-KO mice. Alternatively, increased dietary cholesterol can
substantially raise cholesterol content in the gut lumen of
L1-KO mice because their intestinal cholesterol absorption
is inhibited. During the movement to the feces for disposal
(Fig. 4), this large amount of cholesterol is exposed to intes-
tinal mucosa as well as luminal microbes, which may have
rescued weight gain in L1-KO mice indirectly by modulat-
ing intestinal physiology, such as incretin secretion by intes-
tinal endocrine cells, bile acid absorption, and colonization
of gut microbes, all of which have been implicated in regu-
lation of weight gain (48-51).

The weight gain difference was not observed in L1-KO
and WT mice of both genders on mixed genetic back-
ground (75% C57BL/6 and 25% 129/0laHsd) fed a West-
ern-type diet containing 0.15% (w/w) cholesterol and
40% calorie from butter fat for 24 weeks (35). In the same
study, NPCI1L1 deletion also did not alter weight gain in
male and female apolipoprotein E knockout mice on the
same Western diet. Additionally, ezetimibe treatment did
not reduce weight gain in mice and hamsters on a diet
containing high amounts of cholesterol (2, 4, 32). All of
these observations are consistent with our current data
showing that L1-KO and WT mice on high-cholesterol diet
gain weight similarly.

In this study, in addition to showing that L1-KO mice
are protected against obesity induced by a low-cholesterol-
containing HFD, which is consistent with previous observa-

tions (33, 34), we also demonstrated that L.1-KO mice are
protected against weight gain induced by a low-cholesterol
diet enriched with carbohydrates, suggesting that the weight
gain difference between L1-KO and WT mice is indepen-
dent of dietary energy sources.

There are two published reports that appear to be con-
trary to our observations: (1) L1-KO male mice of mixed
background (75% C57BL/6 and 25% 129/0laHsd) on a
standard chow diet containing <0.02% (w/w) cholesterol
did not show reduced weight gain compared with WT
males of the same genetic background (35); and (2)
NPCILI inhibition by ezetimibe failed to reduce weight
gain in C57BL/6 apolipoprotein E knockout mice fed a
semisynthetic cholesterol-free diet (10% calorie as corn
oil) (2). Although genetic background and gene-targeting
strategy differences may have played a role in these dis-
crepancies, a chow diet was used in the first study, which
has different ingredients and does not usually promote ad-
iposity. In the second study, hypercholesterolemic apoli-
poprotein E knockout mice were used, and the increased
blood cholesterol concentration in these animals may have
been above the aforementioned cholesterol deficit “thresh-
old” needed for prevention of diet-induced weight gain.

In humans, NPCILI1 gene sequence variations are asso-
ciated with intestinal cholesterol absorption efficiency, but
they are not associated with body mass index in African
Americans (22). The majority of clinical studies do not
show an effect of NPCILI inhibition by ezetimibe on
weight gain, body mass index, or waist circumference (7,
52, 53). In these studies, many factors may have con-
founded the results, including genetic background, ethnic
groups, and exercise. According to our study, dietary cho-
lesterol intake may be another important factor. Recently,
a small clinical study reported significantly reduced weight
gain after ezetimibe treatment in 38 nonobese Japanese
males with hypercholesterolemia. Ezetimibe treatment for
4-8 weeks at 5 mg/day significantly reduced body weight,
body mass index, and waist circumference in these sub-
jects (34). Unfortunately, whether these individuals were
under a dietary cholesterol control regimen is unclear,
although cholesterol content is generally low in typical
Japanese diets, and a low-cholesterol diet is commonly rec-
ommended for hypercholesterolemic patients.

It is currently unknown how NPCILI deficiency or
ezetimibe treatment reduces weight gain in mice on a low-
cholesterol diet. L1-KO mice have been reported to con-
sume the same amount of food as WT controls on a diet
containing 58% fat from coconut and no added choles-
terol (33). Consistently, the food intake was similar be-
tween L1-KO and WT mice on the low-cholesterol HCD in
this study. Although LI1-KO mice versus WT mice on the
low-cholesterol HFD appeared to eat less, the food intake
normalized to body weight was even higher in L1-KO mice
than WT mice (Fig. 5). Thus, decreased food intake does
not seem to account for reduced weight gain in L1-KO
mice or ezetimibe-treated mice on a low-cholesterol diet.

Another important factor profoundly influencing en-
ergy intake is fractional intestinal fat absorption. In one
study, NPCIL1 deficiency or ezetimibe treatment was
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shown to slightly but significantly decrease intestinal ab-
sorption of total fat and saturated fatty acids in mice con-
suming a diet containing 58% fat from coconut (33). In
the present study, however, despite a remarkably reduced
weight gain in L1-KO mice relative to WT mice on our low-
cholesterol HFD, the fractional intestinal absorption of
total fat and all of the specific fatty acids examined did not
differ between the two genotypes (Fig. 6). This discrep-
ancy in fat absorption between the two studies may be at-
tributable to differences in dietary fatty acid composition
(coconut oil in the previous study versus lard in the pres-
ent study). Nonetheless, our data demonstrated that re-
duced weight gain in L1-KO mice on our low-cholesterol
HFD is not a result of decreased intestinal fat absorption.

In the present study, L1-KO versus WT mice on our low-
cholesterol HFD showed reduced plasma concentrations
of glucose and insulin (Fig. 7A and Table 3), and appeared
to have improved systemic glucose tolerance and insulin
sensitivity (Fig. 7A, B), which is consistent with a previous
study (33). The molecular mechanism for improved insu-
lin sensitivity in L1-KO mice is currently unknown, but it
may be related to reduced hepatic steatosis and weight
gain in these animals.

In conclusion, increasing dietary cholesterol rescues
diet-induced obesity in NPC1L1-deficient mice. NPC1L1
may have evolved to promote fat storage in addition to in-
testinal cholesterol absorption. Dietary cholesterol has
been shown to protect liver X receptor a and liver X re-
ceptor 3 double KO mice from weight gain (54). Although
this observation is opposite to ours, it also suggests that
dietary cholesterol regulates energy metabolism. Future
studies are required to define how dietary cholesterol in-
creases weight gain when intestinal cholesterol absorption
is inhibited, and how NPCIL1 deficiency or ezetimibe
treatment influences energy expenditure, particularly in
animals on a low-cholesterol-containing diet. il
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