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Ezetimibe decreases SREBP-1c expression in liver and reverses hepatic
insulin resistance in mice fed a high-fat diet
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Abstract

Ezetimibe inhibits intestinal cholesterol absorption, thereby reducing serum cholesterol. Recent studies suggest that ezetimibe affects liver
steatosis and insulin resistance. We investigated the impact of ezetimibe on insulin sensitivity and glucose metabolism in C57BL/6 mice. We
analyzed 4 mouse groups fed the following diets: normal chow (4% fat) for 12 weeks, normal chow for 10 weeks followed by normal chow
plus ezetimibe for 2 weeks, high-fat chow (32% fat) for 12 weeks, and high-fat chow for 10 weeks followed by high-fat chow plus ezetimibe
for 2 weeks. In the normal chow + ezetimibe group, ezetimibe had no impact on body weight, fat mass, lipid metabolism, liver steatosis,
glucose tolerance, or insulin sensitivity. In the high-fat chow + ezetimibe group, ezetimibe had no impact on body weight or fat mass but
significantly decreased serum low-density lipoprotein cholesterol, triglyceride, and glutamate pyruvate transaminase levels; liver weight;
hepatic triglyceride content; and hepatic cholesterol content and increased the hepatic total bile acid content. In association with increases in
IRS-2 and Akt phosphorylation, ezetimibe ameliorated hepatic insulin resistance in the high-fat chow + ezetimibe group, but had no effect on
insulin sensitivity in primary cultured hepatocytes. A DNA microarray and Taqman polymerase chain reaction revealed that ezetimibe
up-regulated hepatic SREBP2 and SHP expression and down-regulated hepatic SREBP-1c expression. SHP silencing mainly in the liver
worsened insulin resistance, and ezetimibe protected against insulin resistance induced by down-regulation of SHP. Ezetimibe down-
regulated SREBP-1c in the liver and reversed hepatic insulin resistance in mice fed a high-fat diet.
© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Ezetimibe is a novel sterol absorption inhibitor that blocks
Niemann-Pick C1-Like 1 (NPC1L1)–mediated cholesterol
absorption in the apical brush border membrane of jejunal
enterocytes [1]. NPC1L1 null mice were completely resistant
to high-cholesterol-diet–induced hypercholesterolemia, with
plasma lipoprotein and hepatic cholesterol profiles similar to
those of wild-type mice treated with ezetimibe [2]. Ezetimibe
prevented lipid-rich-diet–induced increase in biliary choles-
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terol in hamsters [3]. Recently, potential consequences of
ezetimibe relative to metabolism of other nutrients have been
investigated. In animal experiments, ezetimibe reversed diet-
induced obesity [4,5], liver steatosis [4-7], and insulin
resistance [6]. In humans, in addition to the effect of
ezetimibe on lowering serum low-density lipoprotein (LDL)
cholesterol [8], its potential effects on liver steatosis [9]
and insulin resistance [10] have been reported. Neverthe-
less, the mechanism whereby ezetimibe achieves these
favorable effects on insulin sensitivity remains unclear.
These circumstances prompted us to investigate the effects of
ezetimibe on insulin sensitivity and glucose metabolism
using high-fat-diet–induced C57BL/6 obese mice to pursue
the possibility of new mechanisms explaining these
beneficial effects.
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2. Materials and methods

2.1. Chemicals

Ezetimibe is a novel sterol absorption inhibitor that blocks
NPC1L1-mediated cholesterol/phytosterol absorption in the
apical brush border membrane of jejunal enterocytes, as
described previously [1]. The Schering-Plough Research
Institute provided us with ezetimibe.

2.2. Animals and diet protocol

Male C57BL/6 mice (7 weeks of age) (Japan SLC,
Shizuoka, Japan) were fed a normal chow diet (Type MF;
Oriental Yeast, Tokyo, Japan) for 1 week and were then
divided into 4 groups that were each fed a specific diet for the
next 12 weeks. We thus analyzed 4 mouse groups, namely,
mice fed a normal chow diet for 12 weeks (NC), mice fed a
normal chow diet for 10 weeks followed by normal chow
diet containing 0.005% wt/wt ezetimibe for 2 weeks (NC +
Ez), mice fed a high-fat chow (High-Fat Diet 32; CLEA
Japan, Tokyo, Japan) for 12 weeks (HF), and mice fed a
high-fat chow for 10 weeks followed by high-fat chow
containing 0.005% wt/wt ezetimibe for 2 weeks (HF + Ez).
Cholesterol absorption is inhibited by more than 90% at
ezetimibe doses of more than 3 mg/kg in apolipoprotein
E–knockout mice [11]. The target doses of 0.005% wt/wt
ezetimibe mixed in either normal chow or high-fat chow
corresponded to a dose of 3 mg/kg body weight in the
C57BL/6J mice. The nutrient compositions of the chows are
described in Table 1. The mice were given free access to
water and food until the start of the experiments. The expe-
riments were approved by the Ethical Committee for Animal
Experimentation of Yokohama City Medical University, and
the animals were maintained according to standard animal
care procedures based on institutional guidelines.

2.3. Measurement of lipids and bile acid

The extraction of lipids from liver tissue was performed as
described by Folch et al [12]. Plasma lipoproteins were
analyzed using an online dual enzymatic method for the
simultaneous quantification of cholesterol and triglycerides
(TGs) using high-performance liquid chromatography at
Skylight Biotech (Akita, Japan), according to the procedure
reported by Usui et al [13]. The total bile acid level in the
Table 1
Nutritional components of Type MF and High-Fat Diet 32

Type MF High-Fat Diet 32

Moisture (g/100 g) 7.8 6.9
Content of crude protein (g/100 g) 23.8 25.0
Content of crude fat (g/100 g) 3.7 32.4
Content of crude ash (g/100 g) 6.1 4.0
Content of crude fiber (g/100 g) 3.2 2.9
Nitrogen-free extract (g/100 g) 54.0 28.8
Cholesterol content (mg/100 g) 75 12.9
Calorie (kcal/100 g) 357 507.6
serum was determined by using enzymatic methods at SRL
(Tokyo, Japan). Bile acid in the liver was extracted using the
ethanol-thermal method, and the bile acid content was
determined using enzymatic methods at Skylight-Biotec
according to the procedure reported by Udagawa et al [14]
with slight modifications.

2.4. Histology of the liver

To study the liver histology, the livers were dissected and
fixed in buffered neutral formalin (10%). The fixed-tissue
blocks were embedded in paraffin, and 4-μm paraffin
sections were stained using the standard hematoxylin and
eosin staining procedure.

2.5. Oral glucose tolerance test

Each group of mice was given an oral glucose tolerance
test (1.5 mg of glucose per gram of body weight after 18
hours of fasting). The glucose levels were measured at 0, 15,
30, 60, and 120 minutes using whole blood obtained from
the tail vein and a portable blood glucose analyzer (Glutest
Neo; Sanwa Chemical, Nagoya, Japan); the insulin levels
were measured at 0, 15, and 30 minutes using an enzyme-
linked immunosorbent assay kit (Morinaga, Kanagawa,
Japan), as previously described [15].

2.6. Insulin tolerance test

Each group of mice was given an insulin tolerance test.
Mice were given free access to food and were then
intraperitoneally injected with 0.75 mU of insulin per gram
of body weight. The glucose levels were then measured at
0, 15, 30, 60, and 120 minutes using whole blood obtained
from the tail vein and a portable blood glucose analyzer
(Glutest Neo).

2.7. Hyperinsulinemic-euglycemic clamp study

Clamp studies were performed as described previously
[16-18]. Briefly, 2 to 3 days before the study, an infusion
catheter was inserted into the right jugular vein under general
anesthesia with sodium pentobarbital. Studies were per-
formed on mice under conscious and unstressed conditions
after a 6-hour fast. A primed continuous infusion of insulin
(Humulin R; Eli Lilly and Company, Indianapolis, IN, USA)
was given (5.0 mU/[kg min]), and the blood glucose
concentration, monitored every 5 minutes, was maintained
at 120 mg/dL through the administration of glucose (5 g of
glucose per 10 mL enriched to approximately 20% with [6,6-
2H2]glucose [Sigma, Tokyo, Japan]) for 120 minutes. Blood
was sampled via tail tip bleeds at 90, 105, and 120 minutes to
determine the rate of glucose disappearance (Rd). Rd was
calculated using non–steady-state equations, and endoge-
nous glucose production (EGP) was calculated as the
difference between Rd and the exogenous glucose infusion
rate (GIR).
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2.8. In vivo IRS-1/2 and Akt phosphorylation

The monoclonal antiphosphotyrosine antibody (anti-PY),
polyclonal anti–IRS-1 antibody (anti–IRS-1), and polyclon-
al anti–IRS-2 antibody (anti–IRS-2) were purchased from
Upstate Biotechnology (Lake Placid, NY, USA). Rabbit
polyclonal anti–phospho-Akt antibody (anti-pAkt) recog-
nizing phosphorylated Ser-473 of Akt1 and rabbit anti-Akt
antibody (anti-Akt) were purchased from Cell Signaling
Technology (Beverly, MA). Mice in the HF and HF + Ez
groups were starved for 24 hours, anesthetized with
pentobarbital, and injected with 15 units of regular human
insulin (Humulin R) or saline into the inferior vena cava.
Seventy seconds later, the livers were excised and homog-
enized in ice cold buffer A (25 mmol/L Tris-HCl [pH 7.4],
10 mmol/L Na3VO4, 10 mmol/L NaPPi, 100 mmol/L NaF,
10 mmol/L EDTA, 10 mmol/L EGTA, and 1 mmol/L
phenylmethylsulfonyl fluoride). Lysates were prepared by
centrifugation (15 000 rpm, 20 minutes, 4°C). Immunopre-
cipitation analyses for either IRS-1 or IRS-2 and Western
blot analyses for Akt and pAkt were then performed. To
detect the immunoprecipitation of either IRS-1 or IRS-2 and
their phosphorylation, liver extracts were incubated with
specific antibodies against either IRS-1 or IRS-2 at 4°C
overnight and then with protein G–Sepharose for 2 hours at
4°C. After washing 3 times with buffer A, the immunocom-
plexes were resolved on 7% sodium dodecyl sulfate
polyacrylamide gel electrophoresis. The phosphorylated or
total protein was then analyzed using immunoblotting with
specific antibodies against either IRS-1 or IRS-2 and a
phosphotyrosine antibody. Akt activity was expressed as the
ratio of the intensity of pAkt to Akt.

2.9. RNA preparation and microarray analysis of
messenger RNA levels in the liver

Mice in the HF and HF + Ez groups were subjected to
fasting for 24 hours. Total RNA was prepared from portions
of the liver using Isogen Reagent (NipponGene, Tokyo,
Japan) according to the manufacturer's instructions. RNA
was further purified using a NucleoSpin RNA II column
(Macherey-Nagel, Duren, Germany), and RNA quality was
assessed after electrophoresis in a 1% agarose gel. GeneChip
assays were then performed, as previously described [18].
Briefly, double-strand standard complementary DNA with a
T7 promoter was synthesized from 5 μg of total RNA using
the SuperScript choice system (Invitrogen-Life Technolo-
gies, Carlsbad, CA, USA). Approximately 50 μg of biotin-
labeled complementary RNA was synthesized using in vitro
transcription with T7 polymerase. After purification and
fragmentation, complementary RNA was hybridized to the
oligonucleotide microarray (Mouse Genome 430 2.0 Array;
Affymetrix, Santa Clara, CA, USA). The scanned images
were interpreted using GeneChip Operating Software 1.4
(Affymetrix) to generate a score representing the expression
level of each gene. The microarray data have been deposited
in the Gene Expression Omnibus public database.
2.10. Taqman polymerase chain reaction

Total RNA was prepared as mentioned above. The
messenger RNA levels in the liver were quantitatively
analyzed using fluorescence-based reverse transcriptase
polymerase chain reaction (PCR). The reverse transcription
mixture was amplified using specific primers and an ABI
Prism 7500 sequence detector equipped with a thermocycler.
The primers were purchased from Applied Biosystems
(Foster City, CA). The relative expression levels were
compared after normalization to β-actin [19].

2.11. Establishment of primary cultured hepatocytes and
in vitro Akt phosphorylation experiment

Mice were anesthetized by the intraperitoneal adminis-
tration of pentobarbital (40 mg/kg). Mouse hepatocytes were
then isolated by the perfusion of collagenase through the
abdominal vein, as previously described [20,21]. Briefly,
the liver was perfused with a calcium-free Hanks HEPES
buffer containing EGTA, followed by perfusion with Hanks
HEPES buffer containing collagenase (0.1%). The “soft-
ened” liver was then excised, and the hepatocytes were
separated from the connective tissue by filtering through
macroporous filters (150 mesh; Ikemoto Scientific Technol-
ogy, Tokyo, Japan). To remove nonparenchymal cells, the
hepatocytes were washed with Williams medium E in Hanks
buffer by repeated centrifugation for 3 minutes (each time) at
50g. The cell pellet was resuspended in Williams medium E
containing streptomycin (100 μg/mL), penicillin (100 U/mL),
and fetal bovine serum (10%); and the cell suspension was
seeded into 24-well collagen-coated plates. The cells were
cultured at 37°C under 5% CO2 humidified air. After over-
night incubation, the cells were washed with phosphate-
buffered saline (PBS); and the buffer was changed to glucose-
free Hanks solution, a substrate for gluconeogenesis, as
previously described [22]. The cells were washed with PBS
and then treated with ezetimibe (25 μmol/L) or dimethyl
sulfoxide in medium for 48 hours, followed by treatment with
insulin (10 nmol/L) or PBS for 5 minutes, as previously
described [4]. The cells were lysed and subjected to Western
blot analysis, as described above. Akt activity was expressed
as the ratio of the intensity of pAkt to Akt.

2.12. Preparations of small interfering RNA and small
interfering RNA treatment

Synthetic small interfering RNA (siRNA) was purchased
from Takara Bio (Shiga, Japan). Sequences of the sense and
anti-sense strands of siRNA were 5′-CGGACUUCCUUGC-
UUUGGATT-3′ and 5′-UCCAAAGCAAGGAACUCGTT-3′,
respectively. Synthetic siRNAs were delivered in vivo using
a modified hydrodynamic transfection method [23]. Mice
fed a high-fat chow for 10 weeks were fasted 12 hours
before hydrodynamic injection. Fifty micrograms siRNA
dissolved in 2 mL Ringer buffer was rapidly injected into
the tail vein, and then mice were immediately refed either



Fig. 1. Impact of ezetimibe on body weight, fat mass, and lipid metabolism in mice fed either a normal chow diet or a high-fat diet. A, Body weight and
epididymal fat weight after 12 weeks on either diet. Mice were fed NC (striped bar), NC + Ez (gray bar), HF (open bar), or HF + Ez (filled bar) (n = 9-13). B,
Cholesterol content in each lipoprotein in the HF (open bar) and HF + Ez (filled bar) groups (n = 6). The cholesterol contents in chylomicron, VLDL, LDL, and
high-density lipoprotein were determined. C, Triglyceride content in each lipoprotein in the HF and HF + Ez groups (n = 6). The TG contents in chylomicron,
VLDL, LDL, and high-density lipoprotein were determined. D, Cholesterol content in LDL fraction further analyzed in 6 subfractions according to particle size
(n = 6). E, Triglyceride content in VLDL further analyzed in 6 subfractions according to particle size (n = 6). Values are the means ± SE. ⁎P b .05. CM indicates
chylomicron; HDL, high-density lipoprotein.
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high-fat chow or high-fat chow containing 0.005% wt/wt
ezetimibe for 2 weeks. Body weight, fat mass, liver weight,
and fasting plasma glucose were measured at the indicated
time points after injection; and total RNA was prepared.
Insulin tolerance test was conducted at the indicated time
point: Mice were given free access to food and were then
intraperitoneally injected with 1.5 mU of insulin per gram
of body weight.

2.13. Statistical analysis

Results were expressed as the means ± SEM. Statistical
differences were analyzed using the Student t test for
Fig. 2. Impact of ezetimibe on liver steatosis in mice fed a normal chow diet or a hig
9-13). The TG contents (n = 9-10) and cholesterol contents (n = 5) in the livers of t
NC, NC + Ez, HF, and HF + Ez groups are also shown (n = 9-13). B, Histologic an
and HF + Ez groups. The values are the means ± SE. ⁎P b .05.
unpaired comparisons and Scheffe test for comparisons
among the 3 or 4 groups of mice using StatView software,
version 5.0 (SAS, Cary, NC). A P value b .05 was con-
sidered statistically significant.
3. Results

3.1. No impact of ezetimibe on body weight or fat mass in
mice fed a normal chow or high-fat diet

A high-fat diet treatment significantly increased body
weight and fat mass, but the 2-week administration of
h-fat diet. A, Liver weights in the NC, NC + Ez, HF, and HF + Ez groups (n =
he NC, NC + Ez, HF, and HF + Ez groups are shown. The GPT levels in the
alysis of liver samples stained with hematoxylin and eosin (100×) in the HF

image of Fig. 2
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ezetimibe had no impact on body weight or fat mass in mice
fed either a high-fat diet or a normal chow diet (Fig. 1A).

3.2. Impact of ezetimibe on lipid metabolism in mice fed a
normal chow or high-fat diet

A high-fat diet significantly increased the serum LDL
cholesterol level, but not the TG level (data not shown).
Among animals fed a high-fat diet, the addition of ezetimibe
significantly lowered the serum cholesterol in the very low-
density lipoprotein (VLDL) and LDL fractions, and TG in
the VLDL fraction (Fig. 1B, C). The reduction in the
cholesterol content was prominent in the VLDL and LDL
fractions, especially for smaller-sized particles
corresponding to small dense LDL (Fig. 1D). The reduction
in the TG content was also prominent in the VLDL and LDL
fractions, especially for larger-sized particles corresponding
to VLDL1 (Fig. 1E). By contrast, the total cholesterol, LDL
cholesterol, and TG levels were unchanged between the NC
and NC + Ez groups (data not shown).

3.3. Impact of ezetimibe on liver steatosis in mice fed a
normal chow or high-fat diet

A high-fat diet significantly increased the liver weight, the
TG content in the liver, the cholesterol content in the liver,
and the glutamate pyruvate transaminase (GPT) level.
Among animals fed a high-fat diet, ezetimibe significantly
lowered the liver weight, the TG content in the liver, and the
cholesterol content in the liver, although no significant
effects on body weight or visceral fat accumulation were
observed (Fig. 2A). Histologic examination revealed that
ezetimibe improved high-fat-diet–induced lipid accumula-
tion in the liver (Fig. 2B). In contrast, the liver weights, GPT
levels, and hepatic TG contents were unchanged between the
NC and NC + Ez groups.

3.4. Impact of ezetimibe on glucose tolerance and insulin
sensitivity in mice fed a normal chow or high-fat diet

A high-fat diet significantly increased the fasting plasma
glucose level. Ezetimibe had no impact on the fasting plasma
glucose level of mice fed either a high-fat diet or a normal
chow diet. Of note, ezetimibe significantly strengthened the
hypoglycemic effect of insulin in animals fed a high-fat diet,
whereas it did not affect insulin sensitivity in animals fed a
normal chow diet (Fig. 3A). We next performed a glucose
tolerance test. A high-fat diet exacerbated glucose tolerance,
compared with a normal chow diet. Under our experimental
conditions, ezetimibe had no impact on fasting and
postprandial glucose levels in mice fed either a high-fat
diet or a normal chow diet but reduced the serum insulin
levels after glucose loading in animals fed a high-fat diet
(Fig. 3B). This result was consistent with the increase in
insulin sensitivity caused by ezetimibe in animals fed a high-
fat diet. A hyperinsulinemic-euglycemic clamp study
revealed that the administration of ezetimibe improved the
GIR and EGP in the liver but did not improve peripheral
insulin sensitivity (Fig. 3C). Because hyperinsulinemic-
euglycemic clamp studies have been used to investigate
insulin-suppressive effect on hepatic glucose production
under hyperinsulinemic conditions [24], our results (Fig. 3C)
suggest that ezetimibe reverses hepatic insulin resistance
under hyperinsulinemic conditions rather than under basal
conditions (low concentration of insulin).

To confirm the increased insulin action in mice treated
with ezetimibe, we injected insulin into the inferior vena
cava and examined insulin-stimulated IRS-1, IRS-2, and Akt
phosphorylation. Under basal conditions (low concentration
of insulin), phosphorylation of these molecules was
indistinguishable between the 2 mouse groups. Ezetimibe
significantly enhanced insulin-stimulated Akt phosphoryla-
tion and tended to increase insulin-stimulated IRS-2
phosphorylation, although the latter change was not
significant (Fig. 3D). Thus, in animals fed a high-fat diet,
ezetimibe improved hepatic insulin resistance in association
with an increase in IRS-2 and Akt phosphorylation and
suppressed hepatic glucose production under hyperinsuline-
mic conditions.

3.5. Impact of ezetimibe on changes in gene expression
profiles in the livers of mice fed a high-fat diet

To identify genes that likely affect glucose and lipid
metabolism, we performed a DNAmicroarray. Of the 45,101
genes examined, 609 were significantly overexpressed and
888 were underexpressed in the livers of the HF + Ez group
compared with the livers of the HF group. Interestingly, the
lower expression of SREBP-1, ACC, SCD-1, CYP7A1, and
liver CPT1 and the higher expression of SREBP2, SHP,
HMG-CoA synthase, HMG-CoA reductase, LDL receptor,
IRS1, and STAT3 were observed in the livers of the HF + Ez
group compared with the livers of the HF group (Table 2). A
Taqman PCR analysis confirmed the up-regulation of
SREBP-2 and SHP and the down-regulation of SREBP-1c
in the livers of the HF + Ez group compared with the livers of
the HF group (Fig. 4A, B). The expressions of genes
involved in fatty acid β-oxidation and inflammatory reac-
tions were mostly unaltered between the HF and HF + Ez
groups, except for the expression of CPT-1 (Table 2).
Expression of G6Pase was significantly decreased in the
HF + Ez group compared with the HF group, but expressions
of glucokinase and PEPCK were unaltered between the 2
groups (Fig. 4C).

Expression of SHP was down-regulated and that of
SREBP-1c was up-regulated in the livers on the HF diet
compared with those on the normal chow (Fig. 4A).

3.6. No impact of ezetimibe on insulin sensitivity in primary
cultured hepatocytes

To examine the ability of ezetimibe to ameliorate hepatic
insulin resistance directly in vitro, we established primary
cultured hepatocytes and examined insulin-stimulated Akt
phosphorylation in the presence of 25 μmol/L of ezetimibe



Fig. 3. Impact of ezetimibe on glucose tolerance and insulin sensitivity in mice fed a normal chow or high-fat diet. A, Blood glucose levels during insulin
tolerance test in the HF (open circles), HF + Ez (filled circles), NC (open triangles), and NC + Ez (filled triangles) groups (n = 9). B, Blood glucose and plasma
insulin levels during an oral glucose tolerance test conducted after 18 hours of fasting in the HF (open circles), HF + Ez (filled circles), NC (open triangles), and
NC + Ez (filled triangles) groups (n = 9). C, Glucose infusion rate, EGP, and Rd in the HF (open bar) and HF + Ez (filled bar) groups in a hyperinsulinemic-
euglycemic clamp study conducted after 6 hours of fasting (n = 8). D, Insulin-stimulated phosphorylation of Irs1, Irs2, and Akt in the livers of the HF (open bar)
and HF + Ez (filled bar) groups (n = 4). The values are the means ± SE. ⁎P b .05. HF vs HF + Ez.

623T. Muraoka et al. / Metabolism Clinical and Experimental 60 (2011) 617–628

image of Fig. 3


Table 2
Changes in gene expression levels in the liver based on a DNA microarray
analysis

SREBP pathway
SREBP1 D −0.5
SREBP2 I 0.9
Nuclear receptors
SHP I 0.5
LXRα, FXR, LRH-1 NS
Fatty acid and TG biosynthesis
ACC D −0.4
SCD-1 D −0.5
FAS, ME NS
Cholesterol homeostasis and bile acid biosynthesis
HMG-CoA synthase I 0.4
HMG-CoA reductase I 1.4
LDL receptor I 0.4
CYP7A1 D −0.9
CYP8B1, ABCA, ABCG5 NS
Fatty acid β-oxidation
CPT-1 D −0.9
MCAD, LCAD NS
Insulin signaling
IRS1 I 0.3
STAT3 I −1.0
IRS2, CREB, TORC2, CBP, FOXO1, PGC1α NS
Inflammatory reactions
NF-κB, JNK, TNF-α, IKKB, MCP-1, MIP-1α, IL-6 NS

Log ratios are based on comparisons of HF + Ez vs HF. I indicates increase;
D, decrease; NS, no significant change.

Fig. 4. Impact of ezetimibe on changes in gene expression profiles in the
liver. A, Results of Taqman PCR analyses of the expression levels of
SREBP-c and SHP in the livers of the NC (gray bar), HF (open bar), and
HF + Ez (filled bar) groups (n = 4-6). B, Results of Taqman PCR analyses of
the expression levels of SREBP2 in the livers of the HF (open bar) and HF +
Ez (filled bar) groups (n = 6). The values are the means ± SE. ⁎P b .05.
C, Results of Taqman PCR analyses of the expression levels of Gck,
G6Pase, and PEPCK in the livers of the HF (open bar) and HF + Ez (filled
bar) groups (n = 8-9). The values are the means ± SE. ⁎P b .05.

Fig. 5. No impact of ezetimibe on insulin sensitivity in primary cultured
hepatocytes. The hepatocytes were incubated with or without ezetimibe
(25 μmol/L) for 48 hours, followed by stimulation with insulin (10 nmol/L)
for 5 minutes. An immunoblotting analysis was then performed (n = 3). The
values are the means ± SE. ⁎P b .05.
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or dimethyl sulfoxide, followed by treatment with 10 nmol/L
of insulin. Ezetimibe did not enhance insulin-stimulated Akt
phosphorylation in murine cells (Fig. 5), indicating that the
improvement in insulin sensitivity induced by ezetimibe in
vivo (Fig. 3C, D) cannot be explained by a direct effect on
the liver.

3.7. Total bile acid in the serum and liver

The total bile acid concentrations in the serum were very
low and indistinguishable among the 4 groups (Fig. 6A). A
high-fat diet treatment drastically decreased the total bile
acid content in the liver, and ezetimibe significantly
increased the total bile acid content in the livers of animals
fed a high-fat diet (Fig. 6B).

3.8. RNA interference targeting SHP

To examine the role of SHP in hepatic insulin sensitivity,
we performed RNA interference targeting SHP (SHP
siRNA). Intravenous injection of siRNA silenced gene
expression posttranscriptionally mainly in the liver [25-27]
(Fig. 7A). SHP siRNA reduced SHP messenger RNA levels
in the liver 24 hours after an injection, but the effects
diminished by day 14. SHP siRNA did not significantly
affect SREBP-1c expression in the liver under fasting
conditions. At day 14, SHP siRNA significantly exacerbated
the hypoglycemic effect of insulin in animals fed a high-fat
diet (Fig. 7B), whereas it did not affect body weight, fat
mass, or liver weight (Fig. 7C). Meanwhile, ezetimibe
protected against SHP siRNA-mediated worsening of insulin
resistance (Fig. 7B). These results suggest that SHP silencing
mainly in the liver worsened insulin resistance and ezetimibe

image of Fig. 4
image of Fig. 5


Fig. 6. Total bile acid in the serum and liver. A, Total bile acid levels in the
NC, NC + Ez, HF, and HF + Ez groups (n = 5). B, Total bile acid content in
the liver of the NC, NC + Ez, HF, and HF + Ez groups (n = 8). The values are
the means ± SE. ⁎P b .05.
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protected mice from insulin resistance associated with the
reduction of SHP.
4. Discussion

Previous studies have revealed a potential effect of
ezetimibe on insulin sensitivity and glucose metabolism
[4,10], but the mechanism responsible for the reversal of
insulin resistance has remained unclear. Here, we attempted
to reveal the mechanism to explain the effect of ezetimibe on
insulin sensitivity and glucose metabolism using C57BL/6
mice with high-fat-diet–induced obesity. We here report 6
findings that link ezetimibe to the reversal of hepatic insulin
resistance. First, a euglycemic-hyperinsulinemic clamp
study revealed that ezetimibe improved the GIR and EGP
in the liver but did not improve peripheral insulin sensitivity
(Fig. 3C). Second, ezetimibe improved insulin signaling in
the liver, as evidenced by an increase in Akt phosphorylation
and a tendency to increase IRS-2 phosphorylation in animals
fed a high-fat diet (Fig. 3D). Third, ezetimibe up-regulated
SREBP-2 and SHP expression and down-regulated SREBP-
1c expression in the liver (Fig. 4). Consistent with these
alterations, fatty acid and TG synthesis was suppressed,
despite the up-regulation of cholesterol synthesis (Table 2).
Fourth, ezetimibe had no impact on insulin sensitivity in
primary cultured hepatocytes (Fig. 5). Fifth, a high-fat diet
decreased the total bile acid content in the liver; and
ezetimibe partially increased it (Fig. 6B). Sixth, SHP
silencing mainly in the liver worsened insulin resistance;
and ezetimibe protected mice from insulin resistance
associated with the reduction of SHP (Fig. 7B). These
findings led to our presumption that ezetimibe reverses
hepatic insulin resistance via a pathway involving SHP and
SREBP-1c in animals fed a high-fat diet.

Unlike rat and human NPC1L1 protein, which is
abundantly expressed in the liver, mouse NPC1L1 is
predominantly expressed in the intestine [1]. Although it
was reported that ezetimibe directly enhanced insulin
signaling in HepG2 cells [4], the mechanism seems unlikely
to be responsible for the effect of ezetimibe in mice. Thus,
NPC1L1 is hardly expressed in murine liver [1]. Consistent
with this assumption, ezetimibe had no impact on insulin
sensitivity in primary cultured murine hepatocytes (Fig. 5).

Ezetimibe improved insulin signaling in the liver, as
evidenced by the increase in Akt phosphorylation, the up-
regulation of SHP expression, and the down-regulation of
SREBP-1c expressions. What is the molecular link between
the up-regulation of SHP, the down-regulation of SREBP-
1c, and the reversal of hepatic insulin resistance? The central
role of SHP in the process of inhibiting the LXR-SREBP-1c
cascade has been reported in studies using SHP knockout
mice and pharmacologic experiments [28]. SREBP-1c
directly represses the transcription of IRS-2 and inhibits
hepatic insulin signaling by inhibiting the downstream PI3K/
Akt pathway, leading to a reduction in glycogen synthesis
[29]. On the other hand, Yamagata et al [30] reported that
bile acids suppress hepatic glucose production in an SHP-
dependent fashion, suggesting a potential effect of SHP in
the amelioration of insulin resistance via a non–SREBP-1c
pathway. This result is consistent with our result that SHP
siRNA did not affect SREBP-1c expression in the liver under
fasting conditions. However, because expression of SREBP-
1c under refed conditions is extremely different from that
under fasting conditions [31], further studies are needed to
determine whether SHP lowing worsens insulin resistance
via SREBP-1c or non–SREBP-1c pathway. Nevertheless,
these studies [28-30] support our presumption that ezetimibe
reverses hepatic insulin resistance via a pathway involving
SHP and SREBP-1c in animals fed a high-fat diet.
Furthermore, the presumption is consistent with our result
that SHP silencing mainly in the liver worsened insulin
resistance and ezetimibe protected mice from SHP-lowing–
mediated insulin resistance (Fig. 7B).

It should also be noted that expression of SHP was down-
regulated and SREBP-1c was highly up-regulated in the
livers of mice fed a high-fat diet compared with the livers of
mice fed a normal chow diet. This fact could be one
explanation why ezetimibe had no impact on insulin
sensitivity in mice fed a normal chow diet, although it
reversed hepatic insulin resistance in mice fed a high-fat diet.
To sum up, ezetimibe may down-regulate SREBP-1c by up-
regulating SHP in the liver and reverses hepatic insulin
resistance in mice that have highly expressed SREBP-1c
level in the liver.

What is the mechanism for the ezetimibe-induced up-
regulation of SHP? SHP is induced in a bile acid–dependent
manner in the presence of FXR [32,33] and functions as a
direct regulator, consistent with a negative feedback loop in
which increased bile acid levels result in a compensatory
decrease in the rate of bile acid synthesis [34]. In fact,
Watanabe et al [28] demonstrated that bile acids prevent
hepatic TG accumulation and VLDL secretion via a pathway
involving the up-regulation of SHP and the down-regulation
of SREBP-1c in mice fed a high-fat diet. They suggested that

image of Fig. 6


Fig. 7. Impact of intravenous injection of SHP siRNA on body weight, fat mass, liver weight, fasting blood glucose, and insulin sensitivity in mice fed a high-fat
diet. A, Results of Taqman PCR analyses of the expression levels of SHP and SREBP-1c in the livers obtained from mice that were injected with saline (open
bar), injected with SHP siRNA (filled bar), or treated with ezetimibe after injection of SHP siRNA (gray bar) (n = 3-4). B, Blood glucose levels during insulin
tolerance test in mice fed a high-fat diet that were injected with saline (open circle), injected with SHP siRNA (asterisk), or treated with ezetimibe after injection
of SHP siRNA (filled square) (n = 4-5). The values are the means ± SE. ⁎P b .05 compared with SHP siRNA + Ez. ⁎⁎P b .05 compared with saline. C, Body
weight, fat mass, liver weight, and fasting blood glucose of mice fed a high-fat diet that were injected with saline (open bar), injected with SHP siRNA ( filled
bar), or treated with ezetimibe after injection of SHP siRNA (gray bar) (n = 4-5). The values are the means ± SE. ⁎P b .05.
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a diet-induced increase in the bile acid content in the liver
might lead to the up-regulation of SHP. Importantly,
ezetimibe increased the total bile acid content in the liver
in vivo, despite the down-regulation of CYP7A1 and the
absence of any changes in the expressions of CYP8B1,
LRH-1, ABCA, or ABCG5 (Table 2). These results suggest
that the increased total bile acid content in liver cannot be
explained by either an increase in bile acid synthesis or a
decrease in the secretion of bile acid in the bile. In fact, it was
reported that ezetimibe had no effect on bile acid synthesis in
humans or in animal models [3,35,36]. Because the primary
effect of ezetimibe is the inhibition of NPC1L1-mediated
cholesterol absorption in the intestine, ezetimibe may up-
regulate a compensatory uptake of micelle components
containing cholesterol, a process that is bile acid dependent
but NPC1L1 independent [1,33]. Further research is required
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to elucidate how ezetimibe appears to increase the total bile
acid content in the liver of C57BL/6 mice fed the types of
diets used in the present studies.

What is the relevance of our results to clinical practice in
human subjects with insulin resistance? The results of our
study indicate that ezetimibe might be effective for
ameliorating hepatic insulin resistance under hyperinsuline-
mic conditions. By contrast, ezetimibe had no substantial
impact on insulin sensitivity in animals fed a normal chow
diet. This fact suggests that the effectiveness of ezetimibe on
improving hepatic insulin sensitivity is dependent on the
expression level of SREBP-1c in the liver. Ezetimibe
lowered the serum LDL cholesterol level in mice fed a
high-fat diet, but failed in mice fed a normal chow diet. The
cholesterol content in the normal chow diet was larger than
in the high-fat diet (Table 1), but cholesterol absorption can
also be affected by body weight and serum cholesterol level
itself [37,38]. We therefore assume that high-fat-diet–
induced obesity and hypercholesterolemia markedly in-
creased cholesterol absorption in mice fed a high-fat diet
and that ezetimibe was more effective under such conditions.

In conclusion, the results of our study support the concept
that ezetimibe may ameliorate hepatic insulin resistance as
well as dyslipidemia and hepatic steatosis via a pathway
involving SHP and SREBP-1c in high-fat-diet–induced
obese mice.
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