Tg MOUSE GENERATION ON THE NOD/SCID BACKGROUND

Embryonic Stem Cells and Plasmid Transfection

We used the embryonic stem (ES) cell line TT2, as described previously
[12]. The ES cells (2 X 10° cells) were precultured for 24 h in gelatinized six-
well dishes under a feeder-free condition, and the plasmids were transfected
into ES cells using Lipofectamine 2000, in accordance with the manufacturer’s
instructions(Invitrogen).

Animals

NOD.CB17-Prkdc*™/J (NOD/SCID) mice, ICR mice, and CS7BL/6J mice
were obtained from Charles River Japan Ltd. The animals were housed in cages
(five animals per cage) and were provided access to water and food (LabDiet
5053; Purina Mills, Richmond, IN) ad libitum. The animal rooms were
maintained under a temperature-controlled (21°C~25°C) and light-controlled
(12L:12D cycle, lights-on at 0900 h) environment. All of the mice were bred
and maintained under specific pathogen-free conditions. The methods used for
animal care and the experimental procedures were approved by the Animal
Care Committee of the University of Tokyo.

In Vitro Fertilization

Female mice (age 4 wk) were superovulated by i.p. injection of 5.0 IU of
equine chorionic gonadotropin (Serotropin; ASKA Pharmaceutical Co. Ltd.) at

2000 h, followed by injection of 5.0 IU of human chorionic gonadotropin -

(Gonatropin 3000; ASKA Pharmaceutical) 48 h later. The oocytes were
collected 14 h after the human chorionic gonadotropin injection, according to
standard procedures [13]. The cumulus-oocyte complexes were isolated from
the oviducts in a 500-ul human tubal fluid (HTF) drop under mineral oil. The
‘cauda epididymides were dissected from 10- to 12-wk-old male mice, and the
sperm were isolated in a 500-ul HTF drop under mineral oil. The sperm were
activated in the HTF drop under mineral oil for 1 h. All 6f the oocytes were
added immediately to the appropriate fertilization dishes containing the activated
sperm samples. After 6 h of incubation (5% CO,, 37°C, and 95% humidity), the
oocytes were washed through a 200-p1 drop of M16.medium and incubated in a
CO, incubator in a 200-ul drop of M16 medium until the microinjection.

Pronuclear Microinjection and Transfer
of the Two-Cell-Stage Embryos

Transgene DNA was injected via needles pulled from 1-mm outer diameter,
0.75-mm inner diameter glass capillaries with intemal filaments (World
Precision Instruments) on a Suttér P-97 micropipette puller (Sutter Instrument
Co.). The P-97 was configured as follows: 4.5-mm trough filament, heat set to
730, pull set to 0, velocity set to 30, time set to 250, heat set to 730, pull set to
80, velocity set to 60, and time set to 200. The microinjection needles
containing the transgene DNA were connected to the pneumatic microinjector,
FemtolJet (Eppendorf Co. Ltd.). The micromanipulation workstation consisted
of a Leica DM IRB Inverted Research microscope (Leica Microsystems Inc.)
equipped with differential interference contrast optics and a Micromanipulator
5171 (Eppendorf). At 8 and 15 h after the IVF, fertilized eggs with visible
pronuclei were selected for the microinjection, and unfertilized eggs were
discarded. After the microinjection, the eggs were cultured overnight in a 200-
pl drop of M16 medium up to development of the two-cell-stage embryos. The
two-cell-stage embryos were transferred to the oviducts of pseudopregnant
recipients, and the egg recipients were housed in cages (two to three per cage).

PCR and Southern Blot Analysis

DNA extracted from the tail tips of the weaned pups was subjected to 30.

cycles of PCR amplification with primers for EGFP—forward, 5'-GACGGC
GACGTAAACGGCCA-3’, and reverse, 5'-GCCCCAGGATGTTGCCGTCC-
3'—to check for integration of the EGFP transgene(s). For Southern blot
analysis, genomic DNA (5 pg) was digested with Xhol, separated by
electrophoresis on a 0.6% agarose gel, and blotted onto a2 nylon membrane
* before hybridization with the 32P-random-prime-labeled, 361-bp integrated
EGFP fragment amplified by PCR.

Microscopy

The transfected ES cells and the Tg mice generated as above were
examined using a macrofluorescence microscopy system (VB-G05; Keyence
Japan Inc.).
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FIG. 1. The fertility rate of the NOD/SCID mice was improved by IVF. A)
The rate of vaginal plug formation by natural mating in the NOD/SCID
mice was significantly lower than that in the C57BL/6) mice. Data are
presented as mean x SEM. *P < 0.01. B) The fertility rate of the NOD/
SCID mice obtained by natural mating was also significantly lower than
that of the C57BL/6) mice, whereas IVF improved the fertility rate in the
NOD/SCID mice to a level almost equal to that in the C57BL/6) mice. *P
< 0.01. n.s., not significant.
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Statistics

-Data were expressed as =SEM. Student ttest was used for statistical
analysis of the differences between two groups, and the statistical significance
of differences among multiple groups was determined by ANOVA and Tukey
r-test. '

RESULTS

Obtainment of a Sufficient Number of Fertilized Eggs
of the NOD/SCID Mice by IVF

We first attempted to obtain fertilized eggs from the NOD/
SCID and C57BL/6J mice by natural mating between 8-wk-old
female mice and 10- to 12-wk-old male mice, and experiments
of the rate of vaginal plug formation and fertility rate were
repeated a total of three times; then we used 10 stud males and
10 females in a one-time experiment; and then one male and
one female mated per cage.

The vaginal plug formation rate in the NOD/SCID mice was

-significantly lower (13.3%) than that in the C57BL/6] mice

(83.3%; Fig. 1A). In fact, the fertility rate by natural mating in
the NOD/SCID mice was also significantly lower (6.0%) than
that in the C57BL/6J mice (55.1%; Fig. 1B). These

observations prompted us to atternpt to collect the fertilized °

eggs by IVF. The fertility rate was markedly elevated by IVF in
the NOD/SCID mice (59.2%), to a level almost equal to that
obtained by natural mating of the C57BL/6J mice (Fig. 1B).
This result showed the possibility of obtaining a sufficient
number of fertilized eggs, even from NOD/SCID mice, by
using IVF instead of natural mating.

Construction of the CAG-EGFP Cassette

To examine the efficiency of the generation of the Tg mice,
we tried to generate CAG-EGFP mice, so that the expression of
the transgene in the whole body could be analyzed easily. We

‘also selected this construct because overexpression of EGFP,

even ubiquitously, has been reported to have no harmful effects
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FIG. 2. The Z/EG expression construct expressing EGFP under the CAG
promoter, whose size was 7.3 kbp. Primers for the PCR analysis and probe
for the Southern blot analysis were set within the coding region of EGFP.
Examination by a macrofluorescence microscopy system was employed to
* confirm EGFP expression in the ES cells after transfection. Puro” indicates
puromycin resistance gene. Bar =100 pm.

FIG. 3. Two-cell-stage embryos with or
without microinjection. A) A representative
fertilized egg of the C57BL/6) mouse at 8 h
" after the IVF. B and C) A representative two-
cell-stage embryo of the C57BL/6) mouse
obtained with (B) and without (C) microin-
jection at 24 h after the IVF. D) A
representative fertilized egg of the NOD/
SCID mouse at 8 h after the IVF. Eand F) A
representative two-cell-stage embryo of the
NOD/SCID mouse obtained with (E) and
without (F) microinjection at 24 h after the
IVF. G) A representative fertilized egg of the
NOD/SCID mouse at 15 h after the IVF. H
and 1) A representative two-cell-stage em-
bryo of the NOD/SCID mouse obtained
with (H) and without (I) microinjection at
24 h after the IVF. Original magnification
X520.
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on embryonic development. First, we produced the EGFP
expression vector under the strong CAG promoter by Cre
excision from the Z/EG plasmid, which consists of a loxP-
flanked Bgeo (lacZ/neomycin resistance) fusion gene and the
EGFP gene [11]. Then, we inserted the puromycin resistance
gene after the EGFP gene and linearized the plasmid, to obtain
the CAG-EGFP Tg cassette. By transfecting the construct into
murine ES cells, we found that the Tg cassette was actually
efficient, and validated its use for the generation of Tg mice
(Fig. 2).

Improved Rate of Development to the Two-Cell Stage
by Delayed Timing of Microinjection

To compare the efficiency of the microinjection into the
NOD/SCID eggs compared with that into the C57BL/6]J eggs,
we first injected the EGFP construct into the eggs of both
strains at 8 h after the IVF, the usual interval employed for the
C57BL/6J mice, and analyzed the efficiency by morphologic
examination. Although the fertilized eggs of the C57BL/6J
mice developed efficiently to two-cell-stage embryos (Fig. 3,
A—C), clear formation of the pronuclei was not observed in the
fertilized eggs of the NOD/SCID mice, and most of the eggs
did not develop normally into two-cell-stage embryos, with a
high incidence of apparent morphological abnormalities (Fig.
3, D-F). This result suggests that the embryo development of
the NOD/SCID mice was slower than that of the C57BL/6J
mice. It has been reported previously that the embryos of some

24 h after the IVF

With microinjection Vthout microinjeston

15 hafter the IVF
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TABLE 1. The tolerance of the NOD/SCID embryos to microinjection.

Interval between No. of injected No. of 2-cell

IVF and microinjection fertilized eggs stage embryos* Ratio
8h 364 116 - 31.9%
15h 382 312 81.7%

* Developmental status was examined 9 h after the microinjection.

TABLE 2.  The birthrate of microinjected cells.

Interval between IVF  No. of 2-cell stage embryos

and microinjection 9 h after microinjection Newborns  Ratio
8h 116 0 0.0%
15h 312 83 26.6%

mouse strains develop more slowly than those of other strains
of mice [14], and the pronuclei have been shown to become
well defined only by 16-20 h after fertilization in some strains
[15]. Therefore, we delayed the microinjection to 15 h after the
IVF, and found clear pronuclei in the fertilized eggs of the
NOD/SCID mice. Moreover, a sufficient number of the eggs
developed into two-cell-stage embryos without any morpho-
logical abnormalities (Fig. 3, G-I).

Following the microinjection at 8 h after the IVF, 116
(31.9%) of the 364 injected fertilized eggs developed into two-
cell-stage embryos. By contrast, following the microinjection at
15 h after the IVF, 312 (81.7%) of the 382 injected fertilized
eggs successfully developed into two-cell-stage embryos
(Table 1).

Improved Birth Rate with Delayed Timing
of the Microinjection

To examine the effect of delayed timing of the microinjec-
tion on development after the two-cell stage, we compared the
birth rate between the early and delayed injections. Following
the microinjection at 8§ h after the IVF, no newborns were
obtained from 116 injected fertilized eggs (0.0%). By contrast,
following the microinjection at 15 h after the IVF, 83 newborns
were successfully obtained from 312 injected fertilized eggs
(26.6%; Table 2). This result showed that delaying the timing
of the microinjection—i.e., to 15 h after the IVF—markedly
improved the efficiency of the microinjection in the NOD/
SCID mice.

Generation of CAG-EGFP Tg Mice
on an NOD/SCID Background

To examine the integration of the injected gene fragment
into the genomic DNA, we first performed PCR analysis. As
expected, a 361-bp band from EGFP was detected from the
genomic DNA in 7 of 83 newborns (Fig. 4A). We then
performed Southern blotting after digestion with Xhol. Again,
as expected, a 2.1-kbp band from EGFP was detected (Fig.
4B). Actually, examination by the macrofluorescence micros-
copy system revealed the expression of EGFP throughout the
body (Fig. 4C), confirming that these newbormns were definitely
CAG-EGFP Tg mice.

Examination of the Tg mice by the macrofluorescence
microscopy system revealed expression of EGFP in various
organs (Fig. 5). These results showed that CAG-EGFP Tg mice
were successfully generated on the NOD/SCID background by
means of microinjection.
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FIG. 4. Generation of CAG-EGFP Tg mice on an NOD/SCID back-
ground. The position of the PCR primers and the probe for the Southern
blot analysis are indicated in Figure 2. A) A PCR analysis of the genotype.
Wi, non-Tg mice; No. 1, No. 2, No. 3, No. 4, No. 5, No. 6, and No. 7,
CAG-EGFP Tg mice showing a 361-bp band amplified by PCR; PC, the
construct used for the positive control. B) Southern blot analysis after
digestion with Xhol. Wt, non-Tg mice; No. 1, No. 2, No. 3, No. 4, No. 5,
No. 6, and No. 7, CAG-EGFP Tg mice showing a 2.1-kbp band. C)
Microscopic examination of the F(0) mice (left) and detection of EGFP
(right). Bar =10 mm.

Confirmation of Germ-Line Transmission

To confirm the germ-line transmission in the Tg mice, we
generated F(1) mice by natural mating. We succeeded in
obtaining F(1) mice, and all PCR analysis (Fig. 6A), Southern
blot analysis (Fig. 6B), and macrofluorescence microscopy
(Fig. 6C) confirmed the germ-line transmission to the Tg mice.

DISCUSSION

In this study, transgenic immunodeficient mice were
obtained within 3 mo, at physical containment level P1, by
means of IVF to obtain a sufficient number of fertilized eggs of
the NOD/SCID mice, and then delayed microinjection of the
transgene into the fertilized eggs.

To analyze the biological functions of foreign genes in vivo,
many investigators have generated transgenic mice by the
microinjection technique. In this technique, a construct is
injected into the pronucleus of a fertilized egg by insertion of a
microinjection pipette. By transferring these fertilized eggs into
pseudopregnant recipient females (0.5 days after coitus)
previously mated with vasectomized males, Tg newborms are
obtained by natural birth or cesarean delivery [16-18]. This
method does not require the use of infectious virus vectors, and
can thus be completed at physical containment level P1. The
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FIG. 5.

Expression of EGFP in various organs. Examination macrofluorescence microscopy system revealed expression of EGFP in the brain (A), heart (B),

lung (C), liver (D), spleen (E), muscle (F), pancreas (G), kidney (H), white adipose tissue (), jejunum (J), bladder (K), and testis (L). Bar =10 mm.

efficiency of Tg mouse generation by microinjection, however,
depends on the mouse strain, and it is difficult to generate Tg
mice from some strains of mice [14]; for instance, there has
been no report to date of the generation of transgenic mice on
an NOD/SCID background by microinjection.

Although NOD/SCID mice are potentially among the most
powerful tools for generating humanized mice because of their
immune tolerance, generation of Tg mice on this background is
known to be extremely difficult. Three methods have mainly
been reported until now: the lentiviral vector method;
backcrossing already generated Tg mice on a wild-type

FIG. 6. Confirmation of the germ-line transmission in the F(0) mice. All
of the PCR analysis (A), Southern blot analysis (B), and macrofluorescence
microscopy (C) indicated that among the five F(1) mice, nos. 1 and 3 were
Tg mice. NC, negative control; PC, positive control. Bar = 10 mm.

background with an NOD/SCID strain, which could be
combined with the speed congenics method for period
shortening; and backcrossing already generated Tg mice on
an NOD background with the NOD/SCID strain. Lentivirus is
one of the retroviruses, and it has the distinct characteristic of
being capable of infecting both dividing and nondividing cells;
this is the reason a lentiviral vector containing a strong
promoter has become one of the most popular gene delivery
vehicles [19, 20]. After infecting zygotes with a lentivirus
expressing the gene of interest, the zygotes are cultured
overnight in medium drops (37°C, 5% CO,). Two-cell-stage
embryos are then transferred into the ampullae (oviduct
transfer) of pseudopregnant recipient females (0.5 days after
coitus) previously mated with vasectomized males. Newborns
are obtained by natural birth or cesarean delivery [9]. The
lentiviral vector infection method can generate Tg within 3 mo,
almost as quickly as the microinjection system. All of the
manipulations using the lentivirus, however, need to be
performed at physical containment levels P2 or P3, because
of the high potential of the virus to infect human cells.
Moreover, the Tg mice, including the offspring, generated by
this method also néed to be maintained at physical containment
level P2 or P3. Furthermore, genetic mosaicism has been
reported to occur when viral constructs are used [20-25]. By
contrast, in the method used in this study, the manipulations are
performed at physical containment level P1, and the Tg mice,
including the offspring, can also be maintained at physical
containment level P1, showing that the microinjection system
can overcome the most important drawback of the lentiviral
infection method.

In the second method, Tg mice are generated on a wild-type
background by microinjection in advance, followed by
backcrossing with an immunodeficient strain [10]. Although
this method can be performed at physical containment level P1,
backcrossing by natural mating requires around 2 yr: 90 days
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(period of Tg generation) + ([20 days {period between mating
and birth} + 20 days {period between birth and weaning} +
40 days {period between weaning and reaching the breeding
age}] X 8 [mating times for backcrossing]). Even if this method
were combined with the speed congenics method, which
enables generation of mice on a certain background in an
accelerated manner, it would still take four backcrossings and
require at least about 1 yr [26, 27]. In this study, the Tg mice
generated by direct microinjection into fertilized eggs of the
NOD/SCID mice needed no backcrossing. The microinjection
system again has an advantage over backcrossing, in that Tg
mice with an immunodeficient background can be generated
directly within 3 mo.

Third, it may also be possible to generate Tg mice directly
on an NOD background, followed by backcrossing with NOD/
SCID mice, which are homozygous for the scid mutation on an
NOD background. This strategy, however, still requires two
backcrossings. Furthermore, insulitis occurring at the age of 4
wk causes severe diabetes in the NOD mice [28, 29], which is
considered to be a potential barrier against backcrossing,
although the NOD/SCID mice do not develop diabetes. By
contrast, the microinjection system can also overcome this
drawback.

.In our newly developed method, one of the key factors that
enabled us to efficiently generate Tg mice directly on the NOD/
SCID background mice was IVF. In fact, a sufficient number of
fertilized eggs were successfully obtained, even from the NOD/

SCID mice. Another important factor was the delayed timing of’

the microinjection. Previous studies.suggest that the genetic
background of the egg donor has an influence on the overall
efficiency of production of Tg mice. The FVB/N inbred mice
and the B6D2/F2 hybrid mice have consistently been
demonstrated to show the highest efficiency [14, 30-34]. It is
speculated that slower development of pronuclei may be
associated with a reduced efficiency in some strains, because
less visible pronuclei are difficult to inject, and the zygotes can
be damaged by the injector. These considerations suggest that
delaying of the timing of the microinjection may be required in
such strains [14]. In fact, pronuclei of the NOD/SCID eggs
developed much slower than those of the C57BL/6J eggs; it
took as long as 15 h until they became clearly visible after the
IVF. Moreover, although most of the fertilized eggs in NOD/
SCID mice injected at 8 h after the IVF did not develop
normally into two-cell-stage embryos with morphological
abnormalities, the eggs injected at 15 h after the IVF efficiently
developed into two-cell-stage embryos without morphological
abnormalities.

In conclusion, we have established an improved strategy,
based on the conventional microinjection technique, to
generate stable Tg mice on an NOD/SCID background. The
technique, involving a combination of IVF and delayed timing
of the microinjection, enabled us to generate Tg mice at
physical containment level P1 within 3 mo, thereby overcom-
ing the problems associated with the previously described
methods of lentiviral infection and backcrossing. This strategy
is expected to greatly confribute to improved efficiency of
generation of humanized mice.
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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 Tagman 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 Cl-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-

* Corresponding author. Tel.: +81 45 787 2639.
E-mail address: tcrauchiteyokobama-cu.acjp (Y. Terauchi).

0026-0495/$ — see front matter © 2011 Elsevier Inc. All rights reserved.
doi: 10.1016/1.metabol.2010.06.008

terol in hamsters [3]. Recently, potential consequences of
ezetimibe reélative 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
NPCI1L1-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 (/100 g) 7.8 6.9
Content of crude protein (g/100 g) 23.8 25.0
Content of crude fat (g/100 g) 37 324
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) s 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-um 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 infision
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 gof
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 Aktl 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-HCI [pH 7.4],
10 mmol/L Na;VO,, 10 mmol/L NaPPi, 100 mmol/L. NaF,
10 mmol/I. 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 ug of total RNA using
the SuperScript choice system (Invitrogen-Life Technolo-
gies, Carlsbad, CA, USA). Approximately 50 ug 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. Tagman 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 B-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 pg/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% CO, 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 pmol/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
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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 <.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 ¢ test for

Liver weight

(%)

[ )

+Ez

621

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 < .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
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Fig. 2. Impact of ezetimibe on liver steatosis in mice fed a normal chow diet or a high-fat diet. A, Liver weights in the NC, NC + Ez, HF, and HF + Ez groups (n=
9-13). The TG contents (n = 9-10) and cholesterol contents (n = 5) in the livers of the NC, NC + Ez, HF, and HF + Ez groups are shown. The GPT levels in the
NC, NC + Ez, HF, and HF + Ez groups are also shown (n = 9-13). B, Histologic analysis of liver samples stained with hematoxylin and eosin (100x) in the HF

and HF + Ez groups. The valucs are the means + SE. *P < .05.
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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 DNA microarray. 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, CYP7AI, 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
Tagman 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 f-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 umol/L of ezetimibe
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Table 2
Changes in gene expression levels in the liver based on a DNA microarray
analysis

SREBP pathway

SREBPI D —0.5
SREBP2 I 0.9
Nuclear receptors

SHP I 0.5
LXRa, 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 1 0.4
HMG-CoA reductase 1 1.4
LDL receptor I 0.4
CYP7A1 D -0.9
CYP8BI1, ABCA, ABCG5 NS

Fatty acid S-oxidation

CPT-1 D -0.9
MCAD, LCAD NS

Insulin signaling o

IRS1 I 0.3
STAT3 1 -1.0
IRS2, CREB, TORC2, CBP, FOXO1, PGCla NS
Inflammatory reactions

NF-&B, JNK, TNF-a, IKKB, MCP-1, MIP-1¢, IL-6 NS

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

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
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Fig. 4. Impact of ezetimibe on changes in gene expression profiles in the
liver. A, Results of Tagman 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 Tagman 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 < .05.
C, Results of Tagman PCR analyses of the expression levels of Gek,
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 < .05.

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
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Fig. 5. No impact of ezetimibe on insulin sensitivity in primary cultured
hepatocytes. The hepatocytes were incubated with or without ezetimibe
(25 pmol/L) for 48 hours, followed by stimulation with insulin (10 nmol/L)
for 5 minutes. An inumunoblotting analysis was then performed (n = 3). The
values arc the means + SE. *P < .05.
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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 < .05.

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 glicose 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 NPCIL1 protein, which is
abundantly expressed in the liver, mouse NPCILI is
predominantly expressed in the intestine [1]. Although it
was reported that ezetimibe directly enhanced insulin

_signaling in HepG2 cells [4], the mechanism seems unlikély

to be responsible for the effect of ezetimibe in mice. Thus,
NPCI1L1 is hardly expressed in murine liver [1]. Consistent
with this assumption, ezetimibe had no impact on insulin
sensitivity in primary cultured murine hepatocytes (Fig. 3).

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-
lc, and the reversal of hepatic insulin resistance? The central
role of SHP in the process of inhibiting the LXR-SREBP-1¢
cascade has been reported in studies using SHP knockout
mice and pharmacologic experiments [28]. SREBP-lc
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-
lc 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-lc 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-Ic
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
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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 Tagman 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 < .05 compared with SHP siRNA + Ez. **P < .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 < .05,

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 CYP8BI,
LRH-1, ABCA, or ABCGS (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 NPCIL1 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-Ic 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-lc in high-fat-diet—induced
obese mice.
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Loss of Adiponectin Promotes Intestinal Carcmogenesns in Min and
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BACKGROUND & AIMS: Metabolic syndrome- and
obesity-associated cancers, including colon cancer, are
common in Western countries. Visceral fat accumulation
and decreased levels of plasma adiponectin (APN) have
been associated with development of human colorectal
adenoma. We investigated the function of APN in intes-
tinal carcinogenesis. METHODS: APN*/*, APN*/~, or
APN~/~ mice (CS7BL/6]) were given injections of azoxy-
methane (AOM), which led to development of intestinal
tumors; these strains of mice were also crossed with Min
mice to assess polyp formation. Adipocytokine levels and
phosphorylation/activation of AMP-activated protein ki-
nase (AMPK) were evaluated to investigate the mecha-
nisms of APN in tumor growth. RESULTS: The total
number of polyps in the intéstines of male APN'/~ Min
and APN~/~Min mice increased 2.4- and 3.2-fold, respec-
tively, by the age of 9 weeks and 3.2- and 3.4-fold, respec-
tively, by 12 weeks, compared with those of APN*/*Min
mice. Similar results were obtained from female mice.
AOM induced colon tumor formation in 40% of APN*/*,
50% of APN*/~ and 71% of APN~/~ (P <'.05) mice,
respectively; mean values for tumor multiplicity of each
genotype were 0.5, 0.6, and 1.1 (P < .05), respectively.
Phosphorylation of AMPK decreased in intestinal epithe-
lial cells of APN™/~ mice compared with APN*/* mice.
Among serum adipocytokines, plasminogen activator in-
hibitor—1 levels increased in APN/"Min mice and
APN~/~ mice that received injections of AOM. Activation
of AMPK suppressed expression of plasminogen activator
inhibitor—1 in Min mice. CONCLUSIONS: Mice with
disruptions in APN develop more intestinal tumors
and have decreased activation (phosphorylation) of
AMPK and increased levels of plasminogen activator
inhibitor—1, compared with wild-type mice. APN and
its receptor might be developed as targets for cancer
chemopreventive agents.

Keywords: Apc-Deficient Mice; Adipokine; Colorectal Can-
cer; Chemoprevention

he criteria for metabolic syndrome include obesity,

hyperlipidemia, type 2 diabetes, and hypertension.
Several cancers, including colon cancer, are demonstrated
to be associated with metabolic syndrome.!S Obesity-
associated cancers are common in Western countries,and
they are currently increasing in Eastern countries as well.
However, the mechanisms underlying how metabolic syn-
drome is associated with carcinogenesis remain to be
fully understood. Insulin resistance, with hyperinsulin-
emia, hyperlipidemia, and hyperglycemia, are suggested
to be involved in the promotion of colon cancer growth.
In addition, dysregulation of adipocytokines, such as
adiponectin (APN), leptin, plasminogen activator inhibi-
tor-1 (PAI-1), and tumor necrosis factor—a (TNF«) has
been shown to play a crucial role in the pathogenesis of
the metabolic syndrome and postulated to promote car-
cinogenesis.® In human clinical studies, it has been re-
ported that the amount of visceral fat positively corre-
lates with colon adenoma risk, and serum APN levels
show a negative correlation.”

APN is present at high levels in plasma (range, 3—30
pg/mL) as multimers. Both plasma APN and APN mes-
senger RINA (mRNA) in adipose tissue are inversely cor-
related with body mass index and whole-body adipose
mass. Purthermore, a decrease in plasma APN levels is
associated with insulin resistance, type 2 diabetes, and
coronary artery disease. Physiological functions of APN
are elicited through 2 isoforms of its receptor, Adipo-R1
and Adipo-R2, stimulating AMP-activated protein kinase

Abbreviations used in this paper: ACF, aberrant crypt foci; AMPK,
AMP-activated protein kinase; AOM, azoxymethane; APN, adiponectin;
CK2p, casein kinase 28; iL-18, interleukin-13; MCP-1, monocyte che-
motactic protein-1; mRNA, messenger RNA; Pai-1, plasminogen acti-
vator inhibitor—1; PCR, polymerase chain reaction; RACK1, receptor
for activated protein C kinase 1; TG, triglyceride; TNFa, tumor necrosis
factor—a.
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(AMPK) and peroxisome proliferator—activated recep-
tor-a, respectively.®

Recently, we reported an age-dependent hypertriglyc-
eridemic state with low expression levels of hepatic and
intestinal lipoprotein lipase mRNA in Apc-deficient Min
and Apc1309 mice, animal models of familial adenoma-
tous polyposis.®!1® Lipoprotein lipase catalyzes the hydro-
lysis of triglyceride (TG). Moreover, adipocytokines in-
cluding plasminogen activator inhibitor—1 (Pai-1) were
found to be remarkably overexpressed in the livers of Min
mice as compared to wild-type mice.!! In addition, he-
patic’ APN mRNA levels were down-regulated in Min
mice. Administration of Pai-1 blockers, SK-216 or SK-
116, demonstrated the involvement of Pai-1 in the pro-
duction of number of intestinal polyps.

It is assumed that adipocytokines have an impact on
carcinogenesis. However, little is known about how their
altered regulation is related to the development and pro-
gression of colon cancers. Thus, in the present study, we
mated APN-deficient C57BL/6] mice with Min mice to
investigate the effect of genetic inactivation of APN on
intestinal carcinogenesis. APN deficiency resulted in in-
creased intestinal polyp development. Moreover, a similar
contribution was evident when APN-deficient C57BL/6]
mice were treated with azoxymethane (AOM) to induce
colon cancer. Reduced phosphorylated(p)-AMPK levels
and increased p-Akt levels were suggested to be involved
in the accelerated development of intestinal tumors.
Moreover, the mechanistic consequences derived from
the altered adipicytokines, APN and Pai-1, were demon-
strated.

Materials and Methods

Animals

APN-deficient mice (C57BL/6] mice background)
were generated as described previously and their geno-
types were confirmed by polymerase chain reaction
(PCR).12 Both sexes were used at 6 weeks of age. Female
C57BL/6-Apc™™/* mice (Min mice), 5 weeks of age, were
purchased from The Jackson Laboratory (Bar Harbor,
ME) and genotyped by the method reported previously.
Heterozygotes of the female Min mice were mated with
APN~/= CS7BL/6] males to generate APN™/~Min mice.
Such males were crossed again with APN*/~ C57BL/6]
females to give APN™/~Min mice. Offspring were geno-
typed by PCR.® In all the animal experiments in the
present study, a maximum of 5 animals were housed per
plastic cage, with sterilized softwood chips as bedding, in
a barrier-sustained animal room, air-conditioned at 24 *
2°C and 55% humidity, on a 12-hour light-to-dark cycle.
AIN-76A powdered basal diet (CLEA Japan, Tokyo, Ja-
pan) and water were available ad libitum. The animals
were observed daily for clinical signs and morbidity, and
body weights and food consumption were measured
weekly. At the sacrifice time point, mice were anesthe-
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tized with ether, and blood samples were collected from
the abdominal vein. The experiments were conducted
according to the Guidelines for Animal Experiments in
the National Cancer Center and were approved by the
Institutional Ethics Review Committee for Animal Exper-
imentation in the National Cancer Center.

Experimental Protocol for APN-Deficient

Min and C57BL/6JMice

Both sexes of Min mice (n = 7) with APN*/¥,
APN*/~, and APN~/~ genotypes or C57BL/6] mice (n =
4) with APN*/*, APN*/~, and APN~/~ genotypes were
used for examination at the ages of 9 and 12 weeks. The
levels of serum TG and total cholesterol were measured
as reported previously.!® The liver, kidneys, heart, and

spleen were weighed and tissue samples from the liver

and intestine were rapidly deep-frozen in liquid nitrogen
and stored at —80°C.

The stomach and intestinal tract were removed,
filled with 10% buffered formalin, and separated into
the stomach, small intestine, cecum, and colon. The
small intestine was divided into the proximal segment
(4 cm in length), and proximal (middle) and distal
halves of the remainder. All segments were opened
longitudinally and fixed flat between filter paper in
10% buffered formalin. The numbers and sizes of pol-
yps, and cheir distributions in the intestine were as-
sessed with a stereoscopic microscope. Slices of the
liver, kidneys, heart, and spleen were embedded in
paraffin, sectioned, and stained with H&E.

Experimental Protocol for APN'/~Min Mice

With APN Treatment

Recombinant full-length murine APN was pro-
duced and purified as described previously''# and dis-
solved in saline at a concentration of 300 wg/mL for use.
APN*/~Min mice of both sexes were divided into an
APN-injected group (n = 10 each) and saline-injected
control group (n = 10 each). Their body weight was
measured and 1.5 mg/kg APN or the same volume of
saline was intraperitoneally injected once a week from the
age of 6 weeks to 12 weeks (6 times) following the
method used in the previous report.tS The numbers and
sizes of polyps, and their distributions in the intestine
were examined.

AOM-Induced Colon Tumor Development in

APN-Deficient C57BL/6] Mice

Six-week-old male APN*/*, APN*/~, and APN~/~
C57BL/6] mice (n = 30 each) received AOM at a dose of
10 mg/kg body weight intraperitoneally once a week for
6 weeks. Male APN*/* and APN™/~ C57BL/6] mice (n =
10 each) without AOM treatment were used for evaluat-
ing sporadic colorectal cancer development. After lapa-
rotomy at 55 weeks of age, the entire intestines were
resected and opened longitudinally and the contents




