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Fig. 4. SHP2 is specifically involved in negative regulation of a-SKA gene downstream of
LIF-gp130 signaling. (A) Cardiomyocytes were stimulated with vehicle (—), LIF or ET-1
for 5 min. To measure the SHP2 activity, in vitro phosphatase assay was performed using
anti-SHP2 immunoprecipitates from the corresponding cell lysates as described under
“Materials and methods”. The results were expressed as fold activation over cells treated
with vehicle (—). Values are shown as means+ SEM for three separate myocyte
preparation. (**P<0.01 by one-way ANOVA.) (B) Cardiomyocytes were infected with
adenovirus vectors expressing 3-gal, SHP2WT, or SHP2%/® at an m.o.i. of 20 for 8 h and
serum-starved. At 24 h after infection, cells were treated with or without LIF for an add-
itional 24 h. Total RNA was isolated and subjected to northern blot analysis using a-SKA
and BNP cDNA probes. Equal loading was verified by GAPDH hybridization. (C and D)
Relative intensity of the bands for a-SKA (C) or BNP (D) was assessed as the ratio to the
intensity of GAPDH. The results were expressed as relative intensity over cells
overexpressing 3-gal without LIF stimulation. Values are shown as means + SEM for
three separate myocyte preparation. **P<0.01vs AdSHP2/S LIF (+); *P<0.05 vs LIF (—),
(n=3). AU,, arbitrary unit(s). (E) Cardiomyocytes were infected with adenovirus
vectors expressing 3-gal, SHP2WT, or SHP2/S as in (B). Cells were treated with or
without ET-1 for 24 h. Total RNA was isolated and subjected to northern blot analysis as
in (B). SHP2 was not involved in ET-1-dependent gene regulation of both a-SKA and BNP.

BNP

or SHP2%S (Fig. 4D). In addition, ET-1 also upregulated BNP mRNA
almost similarly in those overexpressing B-gal, SHP2WT, or SHP2</S
(Fig. 4E). These data suggest that SHP2 is specifically engaged in
negative regulation of a-SKA gene downstream of LIF-gp130 signaling.
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Fig. 5. SHP2 negatively regulates a-SKA gene expression via inhibition of RhoA signaling
pathway downstream of LIF-gp130 signaling pathway. (A) RhoA was activated upon
stimulation with LIF in the cardiomyocytes overexpressing SHP2%/S, but not in those
overexpressing 3-gal. Cardiomyocytes infected with adenovirus vectors expressing (3-gal
or SHP2/5, were treated with LIF for the indicated time. RhoA-GTP levels were determined
almost similarly as described in Fig. 2A. RhoA was activated in those overexpressing SHP2%/5,
but not in those expressing 3-gal. (B) RhoA-GTP was quantified by scanning densitometry
and was expressed relative to total RhoA. The results were expressed as relative intensity
over cells overexpressing [3-gal without LIF stimulation. Values are shown as means + SEM
for three separate myocyte preparation. (**P<0.01, by one-way ANOVA). (C and D)
Cardiomyocytes were subjected to dual infection of adenovirus vectors expressing either
{3-gal, C3, or RhoAN'® with SHP2/* at an m.o.i. of 10, respectively. At 24 h after infection, cells
were treated with or without LIF for an additional 24 h. Total RNA was isolated and
subjected to northern blot analysis (10 pg per each lane) almost similarly as described in
Fig. 5A. Co-overexpression of either C3 or RhoAN'® almost abrogated the effect of SHP2</S on
a-SKA induction. (E and F) Relative intensity of the band for a-SKA was assessed as the ratio
to the intensity of GAPDH. The results were expressed as relative intensity over cells co-
overexpressing >-gal and SHP2%/® without LIF stimulation. Values are shown as means +
SEM for three separate myocyte preparation. **P<0.01 vs LIF (—); tP<0.01 vs Adp-gal
(n=3). AU., arbitrary unit(s).

3.4. SHP2 negatively regulates o-SKA gene expression via inhibition of
RhoA signaling pathway

Several groups have reported that SHP2 negatively regulates RhoA
activity to date [14,16,29]. Therefore, we examined whether SHP2
negatively regulates a-SKA gene expression via inhibition of RhoA.
Serum-starved cardiomyocytes were infected with adenovirus vectors
expressing (3-gal or SHP2/5, and treated with LIF. Cell lysates were
subjected to pull-down assay to detect the GTP-bound RhoA. In
cardiomyocytes overexpressing SHP2/S, the activation of RhoA was
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detected from 60 to 90 min after stimulation with LIF, but not in those
overexpressing 3-gal, indicating that SHP2 might have the inhibitory
role for RhoA activation downstream of LIF-gp130 (Figs. 5A and B). In
addition, we examined the effect of overexpression of Gab145"2, which
cannot bind with SHP2, on the RhoA activation in response to LIF. In
cardiomyocytes overexpressing Gab145"2, the activation of RhoA was
detected at 60 min after stimulation with LIF, but not in those
overexpressing [3-gal, suggesting that SHP2 might exert the inhibitory
effect on RhoA through association with Gab1l in response to LIF
(Supplemental Fig. S1).

To corroborate the relevance of RhoA activation to «-SKA gene
upregulation, cells were subjected to dual infection of adenovirus vectors
expressing either B-gal, C3, or RhoAN'® with SHP2Y/S, LIF-induced
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upregulation of a-SKA in the myocytes overexpressing SHP2%/5 was
significantly repressed in those co-expressing C3 or RhoAN'® compared
with those co-expressing (3-gal (Figs. 5C-F). These data suggest that SHP2
negatively regulates a-SKA gene expression via inhibition of RhoA.

3.5. SHP2 is required for activation of ERK5 in response to LIF in
cardiomyocytes

It has been reported that LIF induces longitudinal elongation of
cardiomyocytes through activation of ERK5 [7,32]. Therefore, we
examined the activation of ERK5 in the myocytes overexpressing -
gal, SHP2YT, or SHP2%/5, LIF induced activation of ERK5 in cardiomyo-
cytes overexpressing [3-gal or SHP2YT, but not in those overexpressing
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Fig. 6. SHP2 is required for activation of ERK5 and cardiomyocyte elongation after stimulation with LIF. (A) Overexpression of dominant-negative SHP2 abrogated LIF-induced ERK5
activation in cardiomyocytes. Cardiomyocytes, infected with adenovirus vectors expressing (3-gal, SHP2"T, or SHP2%%, were stimulated with vehicle (—) or LIF for 15min. To
measure the ERKS5 activity, in vitro kinase assay was performed using anti-ERK5 immunoprecipitates from the corresponding cell lysates as described under “Materials and methods”.
32p-labeled substrates are shown at the top panel (GST-MEF2C). In parallel, cell lysates were subjected to immunoblotting with anti-SHP2 (middle panel) and anti-ERK5 (lower
panel) antibodies, to confirm the overexpression of SHP2 and the equal amount loading for in vitro kinase assay, respectively. (B) ERK5 activity was quantified by scanning
densitometry and was expressed relative to input ERKS5 (total cell lysate). The results were expressed as relative intensity over cells overexpressing 3-gal treated with vehicle. Values
are shown as means + SEM for three separate myocyte preparation. (**P<0.01, *P<0.05 by one-way ANOVA.) (C) Overexpression of either wild-type or dominant-negative SHP2
does not significantly affect activation of ERK1/2, AKT or STAT3 upon stimulation with LIF in cardiomyocytes. Cardiomyocytes infected with adenovirus vectors expressing -gal,
SHP2WT, or SHP2/S, were treated with LIF for the time indicated. Cell lysates were subjected to western blotting analysis with antibodies indicated at the left. Tyrosine-
phosphorylation of Gab1 is enhanced in the cardiomyocytes overexpressing SHP2C/S, compared with those overexpressing 3-gal or SHP2V", Experiments were repeated 3 times
with similar results. (D) SHP2 mediates the longitudinal elongation of cardiomyocytes in response to LIF. Cardiomyocytes purified by Percoll gradient method were infected with
adenovirus vectors expressing -gal, SHP2"T, or SHP2/S at an m.o.i. of 20 for 8 h and serum-starved. At 24 h after infection, cells were treated with vehicle or with LIF for an
additional 24 h before fixation. Representative data are shown. (E) A total of 150 cardiomyocytes were examined for the measurement of cell size. For each cardiomyocyte examined,
cell length to width ratio was calculated. Values are shown as means + SEM; *P<0.01 vs LIF (—); tP<0.01 vs AdB-gal; #P<0.01 vs AdSHP2W". Experiments were repeated 3 times
with similar results.
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SHP2/S (Figs. 6A and B). We examined the other intracellular signaling
pathways downstream of gp130. We could not detect the significant
difference in the phosphorylation of ERK1/2, AKT, and STAT3 among
these cells (Fig. 6C). These data suggest that the phosphatase activity of
SHP?2 is specifically required for activation of ERK5 in response to LIF in
cardiomyocytes.

We previously reported that the complex formation of Gab1 with
SHP2 plays a critical role in gp130-dependent longitudinal elongation of
cardiomyocytes through activation of ERK5 [7]. Thus, we examined the
morphological effects of overexpression of either SHP2WT or SHP2/S on
cardiomyocyte elongation in response to LIF. LIF induced longitudinal
elongation of cardiomyocytes in cells overexpressing B-gal or SHP2'WT,
On the contrary, in the myocytes overexpressing SHP2¢/S, this
morphological change was significantly inhibited (Figs. 6D and E).
These findings suggest that SHP2 positively regulates longitudinal
elongation of cardiomyocytes through activation of ERK5 in response to
LIF. Taken together, SHP2 might regulate gp130-dependent cardiomyo-
cyte hypertrophy through both negative effect on the o-SKA gene
expression and positive effect on the ERK5 activation (Fig. 7).

4. Discussion

The present study revealed that ET-1, but not LIF, induced RhoA
activation, accompanied by a-SKA gene upregulation in cardiomyocytes.
We demonstrated that SHP2 negatively regulates a-SKA gene expres-
sion through inhibition of RhoA downstream of gp130 in cardiomyo-
cytes. These results are consistent with our previous results showing
that Gab1-SHP2 complex negatively regulates a-SKA gene expression
after stimulation with LIF [7]. In addition, we found that SHP2 is also
involved in longitudinal elongation of cardiomyocytes via ERK5
activation in response to LIF.

ET-1 induces a-SKA gene upregulation via RhoA in cardiomyocytes
(Figs. 2 and 3). Our results coincide with the previous report that
RhoA regulates both a-SKA gene promoter activity and skeletal
muscle differentiation through activation of transcriptional factor SRF

a-SKA

~

S

»
Cardiomyocyte hypertrophy

| Cardiomyocyte elongation l
with uniform enlargement

Fig. 7. Schematic illustrations of the roles of SHP2 in the cardiomyocyte elongation
downstream of gp130. (A) ET-1 stimulation induces activation of RhoA through Gq or
Gagqi2/13- The activation of RhoA induces a-SKA gene upregulation presumably through
SRF. Importantly, SHP2 is not involved in the ET-1-dependent cardiomyocyte
hypertrophy with uniform enlargement of cell size. (B) LIF stimulation induces
tyrosine-phosphorylation of both SHP2 and Gab1 through gp130/LIF receptor o
(LIFRB) heterodimer. Complex formation of SHP2 with Gab1 leads to activation of SHP2
and negatively regulates a-SKA gene expression through RhoA inactivation. Activation
of SHP2 is also required for activation of ERK5 and longitudinal elongation of
cardiomyocytes.
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[17]. In addition, the changes in cell size, protein production, gene
transcription, and myofibril organization induced by ET-1 stimulation
are blocked by C3-toxin, Rho-kinase inhibitor, or overexpression of
dominant-negative RhoA (RhoAN'®) [33,34]. Taken together, these
findings suggest that RhoA plays a critical role for both cardiomyocyte
hypertrophy and a-SKA gene upregulation in response to ET-1
(Fig. 7A).

SHP2 negatively regulates RhoA activity in response to LIF in
cardiomyocytes. Consistent with our data, the inverse correlation
between SHP2 and RhoA activity has been reported in several other
cells [14-16]. SHP2 mutant fibroblasts display enhanced stress fiber
formation and focal adhesions presumably ascribed to increased
RhoA activity [16]. In Mardin-Darby canine kidney (MDCK) cells,
overexpression of SHP2/S markedly increased the formation of
stress fibers and focal adhesions presumably through inactivation of
RhoA [15]. Similarly, increased expression of SHP2 is prerequisite for
nitric oxide-induced cell motility through inactivation of RhoA in
differentiated aortic smooth muscle cells [14]. Intriguingly, Kontar-
idis et al. have recently reported that cardiomyocyte-specific SHP2
knockout mice shows hyperactivation of the RhoA in the myocardi-
um [29], although the activators of SHP2 have not been fully clarified.
In this study, we demonstrated that LIF-gp130 signaling induces
activation of SHP2, which leads to RhoA inactivation in cardiomyo-
cytes (Fig. 7B). Since it was reported that a-SKA gene expression is
specifically increased in the human diseased hearts such as left
ventricular hypertrophy or valvular disease [5], the roles of SHP2 in
a-SKA gene regulation in the clinical setting should be addressed in
future studies.

SHP?2 regulates activation of ERKS5 in response to LIF (Figs. 6A and B).
In the present study, we confirmed that SHP2 is indeed activated after
stimulation with LIF, but not with ET-1 in cardiomyocytes. It was
reported that phosphatase activity of SHP2 is required for activation of
ERKS after stimulation of various RTKs such as platelet-derived growth
factor receptor and nerve growth factor receptor TrkA [35,36]. We
previously reported that Gab1-SHP2 complex formation is prerequisite
for LIF-induced activation of ERK5 [7]. SHP2 becomes activated through
a conformational change induced by binding of the SH2 domains of
SHP2 to phosphorylated tyrosine residues on docking proteins such as
Gab family proteins [13]. It has been reported that ERKS5 is central to LIF-
induced longitudinal elongation of cardiomyocytes [7,32]. Taken
together, these findings suggest that LIF induces activation of SHP2
through complex formation of SHP2 with Gab1, leading to longitudinal
elongation of cardiomyocytes via ERK5 activation (Fig. 7).

In summary, SHP2 negatively regulates «-SKA gene expression
through RhoA inactivation and positively regulates elongation of
cardiomyocytes through ERK5 activation downstream of gp130
(Fig. 7).
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Heart Failure

Ca**/Calmodulin-Dependent Kinase II6 Causes
Heart Failure by Accumulation of p53 in
Dilated Cardiomyopathy

Haruhiro Toko, MD, PhD; Hidehisa Takahashi, MD, PhD; Yosuke Kayama, MD; Toru Oka, MD, PhD;
Tohru Minamino, MD, PhD; Sho Okada, MD, PhD; Sachio Morimoto, PhD; Dong-Yun Zhan, PhD;
Fumio Terasaki, MD, PhD; Mark E. Anderson, MD, PhD; Masashi Inoue, MD, PhD;

Atsushi Yao, MD, PhD; Ryozo Nagai, MD, PhD; Yasushi Kitaura, MD, PhD;

Toshiyuki Sasaguri, MD, PhD; Issei Komuro, MD, PhD

Background—Dilated cardiomyopathy (DCM), characterized by dilatation and dysfunction of the left ventricle, is an
important cause of heart failure. Many mutations in various genes, including cytoskeletal protein genes and contractile
protein genes, have been identified in DCM patients, but the mechanisms of how such mutations lead to DCM remain

unknown.

Methods and Results—We established the mouse model of DCM by expressing a mutated cardiac a-actin gene, which has
been reported in patients with DCM, in the heart (mActin-Tg). mActin-Tg mice showed gradual dilatation and
dysfunction of the left ventricle, resulting in death by heart failure. The number of apoptotic cardiomyocytes and protein
levels of p53 were increased in the hearts of mActin-Tg mice. Overexpression of Bcl-2 or downregulation of p53
decreased the number of apoptotic cardiomyocytes and improved cardiac function. This mouse model showed a decrease
in myofilament calcium sensitivity and activation of calcium/calmodulin-dependent kinase 116 (CaMKII8). The
inhibition of CaMKIIS prevented the increase in pS3 and apoptotic cardiomyocytes and ameliorated cardiac function.

Conclusion—CaMKII$ plays a critical role in the development of heart failure in part by accumulation of p53 and
induction of cardiomyocyte apoptosis in the DCM mouse model. (Circulation. 2010;122:891-899.)

Key Words: apoptosis m CaMKII m cardiomyopathy m heart failure m genes, p53

Heart failure is an important cause of morbidity and
mortality in many industrial countries, and dilated car-
diomyopathy (DCM) is one of its major causes.! Although
treatments for heart failure have been progressed well in both
pharmacological and nonpharmacological aspects, mortality
of DCM patients remains high, and the only treatment for
DCM patients with severe symptoms is heart transplantation.
Because the number of hearts for transplantation is limited,
the development of novel therapies for DCM has been
awaited.

Clinical Perspective on p 899

DCM, characterized by dilatation and impaired contraction
of the left ventricle, is a multifactorial disease that includes
both hereditary and acquired forms. The acquired forms of

DCM are caused by various factors.2 Twenty percent to 35%
of patients have hereditary forms,' and advances in molecular
genetic studies during the last decade have revealed many
mutations of various genes in DCM patients.>-

Several hypotheses have been reported on the mechanisms
of how gene mutations lead to DCM phenotypes. Mutations
in genes encoding cytoskeletal proteins such as desmin and
muscle LIM protein might disturb the interaction between the
sarcomere and Z disk, resulting in impaired force transmis-
sion from the sarcomere to the surrounding syncytium.*¢ On
the other hand, mutations in genes encoding contractile
proteins such as a-tropomyosin and cardiac troponin T have
been reported to induce the decrease in myofilament calcium
(Ca®*) sensitivity.” An increase in apoptotic cardiomyocytes
and/or destruction of membrane structure by calpain activa-
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tion have been reported to play a critical role in mutant
gene—induced cardiac dysfunction.®-'© However, the precise
mechanisms remain largely unknown as a result, at least in
part, of a lack of good animal models of DCM.

Several animal models of DCM have been reported.!!-13
The mdx mouse is a model of Duchenne muscular dystrophy,
which has mutations in the dystrophin gene.!! Unlike hu-
mans, mdx mice rarely show cardiac abnormality, which has
limited the utility of mdx mice as a model to examine the
pathogenesis of DCM. Although Golden Retriever—based
muscular dystrophy dogs show DCM phenotypes,'? the mus-
cular dystrophy dogs are very difficult to maintain and
handle. Although BIO 14.6 hamsters lacking é-sarcoglycan
are a good model of DCM, " it is difficult to apply genetic
approaches to the hamster. To elucidate the molecular mech-
anisms of how gene mutations cause DCM, appropriate
animal models, particularly mouse models, are necessary. We
established here a mouse model of DCM by expressing a
mutated cardiac a-actin gene (mActin-Tg), which has been
reported in patients with DCM, in the heart.> mActin-Tg mice
showed gradual dilatation and dysfunction of the left ventri-
cle, resulting in death by heart failure. These phenotypes of
mActin-Tg mice were quite similar to those of human DCM.
In this study, we examined the underlying mechanisms of
how this gene mutation leads to DCM using the new mouse
model of DCM.

Methods

Detailed experimental methods are described in the online-only
Data Supplement.

Mice

We generated transgenic mice (mActin-Tg) that expressed a mutated
cardiac a-actin (R312H) with an HA tag in the heart. This mutation
has been reported in patients with DCM.> Generation of transgenic
mice with cardiac-restricted overexpression of human Bcl-2, AC3-],
or nuclear factor of activated T cell (NFAT)-luciferase has been
described previously.!#-16 Heterozygous p53-deficient mice were
purchased from The Jackson Laboratory (Bar Harbor, Me).!?” Wild-
type littermates served as controls for all studies. KN-93 (10 wmol -
kg™! - /d~') was used to inhibit activation of Ca®*/calmodulin-
dependent kinase 11 (CaMKII). Echocardiography was performed on
conscious mice.

Histology

For detection of apoptotic cardiomyocytes, we performed terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining, along with immunostaining for dystrophin.

Western Blot Analysis

Whole-cell lysates were resolved by SDS-PAGE. Western blot
analyses were performed with some antibodies. The intensities of
Western blot bands were measured with NIH Imagel) software
(National Institutes of Health, Bethesda, Md).

Luciferase Assay
Left ventricles were homogenized in luciferase assay buffer as
described previously.!s

Force Measurements

A small fiber was dissected from the skinned left ventricular
papillary muscle, and isometric force was measured as described
previously.”
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RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction Analysis

Quantitative real-time polymerase chain reaction was performed
with the LightCycler with the Tagman Universal Probe Library and
Light Cycler Master. Relative levels of gene expressions were
normalized to the mouse GAPDH expression with the AACt
method.!®

Statistical Analysis

Data are shown as mean®SEM. Multiple-group comparison was
performed by 1-way ANOVA followed by the Bonferroni procedure
for comparison of means. The F test was used to assess equal
variances before comparison between 2 groups. Then, comparisons
between 2 groups were performed with the Student t test (when
P>0.05 in the F test) and the Welch ¢ test (when P<<0.05 in the F
test). Survival rates were analyzed with the log-rank test. Values of
P<0.05 were considered statistically significant.

Results

DCM Model Mouse

Because there are few useful DCM mouse models, we first
generated transgenic mice that expressed a cardiac a-actin
R312H mutant with an HA tag under the control of a-myosin
heavy chain promoter (mActin-Tg). We obtained 3 indepen-
dent founders of the transgenic mice (lines 301, 307, and
311). The protein levels of the cardiac a-actin R312H mutant
were 1.6-fold in line 301, 3.3-fold in line 307, and 2.2-fold in
line 311 compared with those of endogenous cardiac a-actin
(Figure IA in the online-only Data Supplement). To confirm
the expression of the transgene in cardiomyocytes, we per-
formed immunohistological analyses with antibodies against
HA and actinin. The mutated cardiac a-actin protein was
colocalized with actinin, suggesting that the cardiac a-actin
R312H mutant is incorporated into myofilaments (Figure IB
in the online-only Data Supplement). Cardiac systolic func-
tion was decreased in mActin-Tg mice at 10 months of age,
and the reduction was well correlated with protein levels of
the cardiac a-actin R312H mutant (Figure IC in the online-
only Data Supplement). To further investigate whether car-
diac expression of the cardiac a-actin R312H mutant led to
heart failure, we examined another transgenic mouse that
expressed cardiac a-actin A331P mutant with an HA tag in
the heart. This mutant has been reported to cause hypertro-
phic cardiomyopathy in human.!® We obtained 2 independent
founders of the transgenic mice that expressed almost the
same levels of the cardiac a-actin A331P mutant protein.
Although the protein levels of the mutant in the A331P
mutant transgenic mice were almost same as those of the
R312H mutant in line 307, which had the highest expression
(Figure II in the online-only Data Supplement), echocardiog-
raphy revealed that there were no significant differences in
cardiac systolic function, wall thickness, and left ventricular
dimension between cardiac a-actin A331P mutant transgenic
mice and their wild-type littermates (Table I in the online-
only Data Supplement). Although it is not known at present
why the expression of cardiac a-actin A331P mutant did not
induce hypertrophic cardiomyopathy, these results suggest
that cardiac dysfunction of mActin-Tg mice is due to cardiac
expression of the cardiac a-actin R312H mutant in the heart,
not to high-level expression of the cardiac a-actin protein
with the tag (lines 307 and 311).
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Figure 1. Mutated cardiac a-actin R312H transgenic mice. A, Gross morphology (top) and sections (bottom) of wild-type littermates
(WT) or mActin-Tg (Tg) hearts at 2, 5, and 10 months (M) of age. Scale bar=1 mm. B, Masson trichrome staining. Scale bar=100 pm.
C, Relative levels of collagen types | and lll in hearts were normalized to GAPDH expression. *P<0.05 vs WT mice. n=4 in each group.
D, Electron microscopic analyses. Cytoplasmic vacuolization (arrow) and lysis of myofibrils (arrowhead) were detected in the hearts of
Tg mice. Scale bar=10 um. E, Echocardiographic analysis. Scale bar=1 mm. LVDd indicates left ventricular end-diastolic dimension;
FS, fractional shortening. *P<0.05. F, Kaplan-Meier survival curve. *P<0.05 vs WT mice. WT, n=32; Tg, n=37.

We used line 307, which expressed the cardiac a-actin
R312H mutant at the highest levels, for further studies. The
hearts in mActin-Tg mice were larger than those of wild-type
littermates (Figure 1A), and heart weight and the ratio of
heart weight to body weight were much increased in
mActin-Tg mice (Table II in the online-only Data Supple-
ment). Marked cardiac fibrosis was observed in mActin-Tg
mice at 10 months of age, with increased expression of
collagen types I and III (Figure 1B and 1C). Electron
microscopic analyses showed that there were degenerated
cardiomyocytes with an increase in vacuolar formation and
lysis of myofibrils in mActin-Tg mice (Figure 1D). Echocar-
diography revealed that left ventricular dimension was grad-
ually increased and that fractional shortening was reduced in
mActin-Tg mice compared with wild-type littermates (Table
IT in the online-only Data Supplement and Figure 1E). The
expression levels of ANP and SERCA2a were gradually
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increased and decreased in mActin-Tg mice, respectively
(Figure III in the online-only Data Supplement). There was
no significant difference in blood pressure, but heart rate was
increased in mActin-Tg mice (Table II in the online-only
Data Supplement), suggesting that the sympathetic nervous
system is activated. Surface ECG monitoring showed low
amplitude of the R wave in mActin-Tg mice (Table II in the
online-only Data Supplement), which is often observed in
human DCM patients. Many mActin-Tg mice died by 35
weeks of age (Figure 1F). Although telemetric ECG record-
ing did not show life-threatening arrhythmia in mActin-Tg
mice (data not shown), spontaneous Ca®" sparks and Ca®"
waves were significantly increased in the cardiomyocytes of
mActin-Tg mice (Table III in the online-only Data Supple-
ment), suggesting that not only cardiac pump failure but also
arrhythmia could be the cause of death. These phenotypes of
mActin-Tg mice were quite similar to those of human DCM.



894

Circulation

August 31, 2010

B * *
- § D03 2y =4 1 0. M
25 o0 g 2 40
A I 'c 2 -
= g 001 2 2 20
) -
gg B0 O () g g
i &3 - — B2 () (O® Bel-2 () (H (O®
WT  Tg WT Tg WT Tg

Figure 2. Increase in Bcl-2 preserves cardiac function in mActin-Tg mice. A, Double immunostaining for TUNEL (black) and dystrophin
(red) of the heart (left). The graph indicates quantitative analyses of TUNEL-positive cardiomyocytes. Scale bar=100 wm. n=4 in each
group. *P<0.05. B, Echocardiographic analyses at 5 months of age. *P<0.05. WT/Bcl-2(—), n=5; WT/Bcl-2(+), n=10; Tg/Bcl-2(-),
n=10; Tg/Bcl-2(+), n=5. WT indicates wild-type littermates; Tg, mActin-Tg mice; LVDd, left ventricular end-diastolic dimension; and

FS, fractional shortening.

Apoptotic Cardiomyocytes Are Increased in
mActin-Tg Hearts

It has been reported that apoptosis of cardiomyocytes is
observed in hearts of human DCM!? and that cardiomyocyte
death might cause cardiac dysfunction.2 We thus examined
apoptosis of cardiomyocytes by TUNEL labeling in left
ventricular sections of wild-type littermates and mActin-Tg
mice at 5 months of age. The number of TUNEL/dystrophin
double-positive cardiomyocytes was significantly larger in
mActin-Tg mice compared with wild-type littermates (Figure
2A). To examine whether the increase in apoptotic cardio-
myocytes causes cardiac dysfunction in mActin-Tg mice, we
generated double-transgenic mice by crossing mActin-Tg
mice and the transgenic mice, which overexpress the antiapo-
ptotic protein Bcl-2 in cardiomyocytes [mActin(+)/Bcl-
2(+)-DTg].'* The number of apoptotic cardiomyocytes in
mActin(+)/Bcl-2(+)-DTg mice was significantly less com-
pared with mActin-Tg mice (Figure 2A). Echocardiography
revealed that the left ventricular dimension was smaller and
fractional shortening was better in mActin(+)/Bcl-2(+)-DTg
mice than in mActin-Tg mice at 5 months of age (Figure 2B),
suggesting that the increase in apoptotic cardiomyocytes
causes cardiac dysfunction in the DCM mouse model.

pS3 Is Involved in Cardiomyocyte Apoptosis in
mActin-Tg Mice

To clarify the mechanisms of how the cardiac a-actin R312H
mutant induces apoptosis of cardiomyocytes, we examined

expression levels of apoptosis-related proteins by Western
blot analyses. The protein levels of p53 and Bax were higher
in mActin-Tg mice compared with wild-type littermates
(Figure 3A). Several key proapoptotic genes have been
reported to be positively regulated by p53,2' and increased
expression of p53 induces left ventricular dilatation and
dysfunction in several types of mice.?22 To determine the
role of p53 in gene mutation—induced DCM, we crossed
mActin-Tg mice and heterozygous p53-deficient mice
[p53(+/—)]. Because many of homozygous p53-deficient
mice [p53(—/—)] died of tumors before 5 months of age,'” we
used heterozygous pS53-deficient mice [p53(+/—)] for this
study. Echocardiography revealed that left ventricular dimen-
sion was smaller and fractional shortening was better in
mActin-Tg/p53(+/—) mice than in mActin-Tg/p53(+/+)
mice at 5 months of age (Figure 3B). Loss of a single p53
allele attenuated the increase of Bax (Figure 3C) and reduced
the number of apoptotic cardiomyocytes in mActin-Tg mice
(Figure 3D). These results suggest that p53-induced cardio-
myocyte apoptosis induces dilatation and dysfunction of the
left ventricle in the DCM mouse model.

Myofilament Calcium Sensitivity Is Decreased and
Calcium-Dependent Enzymes Are Activated in
mActin-Tg Mice

Many gene mutations associated with DCM have been
reported to induce the decrease of myofilament Ca>* sensi-
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Figure 3. Inhibition of p53 preserves cardiac function in mActin-Tg mice. A, Western blot analyses in the hearts of wild-type littermates
(WT) or mActin-Tg (Tg) mice at 5 months of age. The graph indicates relative protein levels of p53 (n=8 in each group) or Bax (n=10 in
each group). *P<0.05. B, Echocardiographic analyses at 5 months of age. WT/p53(+/+), n=12; WT/p53(+/—), n=10; Tg/p53(+/+),
n=19; Tg/p53(+/-), n=14. *P<0.05. C, Western blot analyses in the hearts. The graph indicates relative protein levels of Bax. n=6 in
each group. “P<0.05. D, Quantitative analyses of TUNEL-positive cardiomyocytes. n=5 in each group. *P<0.05.
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tivity.” We examined myofilament Ca’* sensitivity in
mActin-Tg mice. The force-pCa relationship was shifted
rightward in mActin-Tg mice compared with wild-type lit-
termates (Figure 4A). The pCa value at half-maximal force
generation (pCaS0, an index of Ca®" sensitivity) was signif-
icantly lower in mActin-Tg mice (Figure 4B), suggesting that
skinned cardiac muscle fibers prepared from mActin-Tg mice
show a decrease in Ca*>" sensitivity of force generation. The
degree was the same between 2 and 10 months of age (Figure
4B), suggesting that the reduction in Ca®" sensitivity is not a
result of cardiac dysfunction. Despite the reduced Ca®*
sensitivity, there was no significant difference in maximum
force-generating capabilities between wild-type littermates
and mActin-Tg mice (Figure 4C). The decrease in myofila-
ment Ca®" sensitivity is expected to influence intracellular
Ca®" handling in cardiomyocytes of mActin-Tg mice. To
clarify whether intracellular Ca** levels in cardiomyocytes
are changed in mActin-Tg mice, we examined the activity of
Ca?*-dependent enzymes such as calcineurin and calpain.
We generated double-transgenic mice by crossing mActin-Tg
mice and the transgenic mice carrying a luciferase reporter
driven by a cluster of NFAT binding sites, which is activated
by calcineurin-dependent NFAT proteins.'s The NFAT-lucif-
erase reporter activity was higher in mActin-Tg mice than in
wild-type littermates at 5 months of age (Table IV in the
online-only Data Supplement and Figure 4D). Furthermore,
the ratio of the calpain-induced cleaved forms of talin and
caspase-12 to total proteins was significantly increased in
mActin-Tg mice compared with wild-type littermates (Figure
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4E). We next examined Ca®" transients in cardiomyocytes
using fluo-3AM (Figure IVA in the online-only Data Supple-
ment). Although the time to peak amplitude of Ca>* was
significantly slower in mActin-Tg mice than in wild-type
littermates (Figure IVB in the online-only Data Supplement),
there was no significant difference in peak amplitude between
wild-type littermates and mActin-Tg mice at 2 and 10 months
of age (Figure IVC in the online-only Data Supplement). The
expression levels of SERCA?2a, but not N a"/Ca®* exchanger,
were decreased in mActin-Tg mice (Figure III in the online-
only Data Supplement).

CaMKII® Is Activated in mActin-Tg Mice
It has been reported that among Ca’*-dependent proteins,
expression of CaMKIIS is increased in human DCM hearts?*
and that overexpression of CaMKII$ induces heart failure in
mice.2526 We thus examined the expression and phosphory-
lation of CaMKIIS and phosphorylation of its target protein,
phospholamban (Thr17). The protein levels of total (both
CaMKII8B and CaMKII8C) and phosphorylated CaMKII8&
and of phosphorylated phospholamban (Thrl7) were in-
creased in mActin-Tg mice compared with wild-type litter-
mates (Figure 5A and Figure VA in the online-only Data
Supplement), suggesting that CaMKIIS8 is activated in
mActin-Tg mice. The protein levels of phosphorylated phos-
pholamban (Ser16), which is activated by protein kinase A,
were also increased in mActin-Tg mice (Figure 5A).
Because it has been reported that the sympathetic nervous
system is activated in failing hearts and that -adrenergic
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Figure 5. CaMKII§ is activated in mActin-Tg mice. A, Western blot analyses in the hearts of wild-type littermates (WT) or mActin-Tg (Tg)
mice at 5 months of age. The graph indicates relative protein levels of total and phosphorylated CaMKII5 (p- CaMKII8) or phosphorylat-
ed phospholamban (p-PLB). Arrow and arrowhead indicate CaMKIISB and CaMKIISC, respectively. n=6 in each group. *P<0.05. B,
Western blot analyses in the hearts at 5 months of age. The graph indicates relative protein levels of p-PLB (Thr17). n=4 in each group.
*P<0.05. C and D, Echocardiographic analyses at 5 months of age. WT/KN-93(—), n=11; WT/KN-93(+), n=7; Tg/KN-93(-), n=8;
Tg/KN-93(+), n=6; WT/AC3-I(—), n=8; WT/AC3-I(+), n=18; Tg/AC3-I(—), n=10; Tg/AC3-I(+), n=14. KN indicates KN-93; LVDd, left
ventricular end-diastolic dimension; and FS, fractional shortening. *P<0.05.

receptor signal activates CaMKII§,2” we treated mActin-Tg
mice with the B-blocker bisoprolol to clarify the relationship
between [-adrenergic receptor signal and activation of
CaMKIIS. The treatment with bisoprolol ameliorated cardiac
dysfunction of mActin-Tg mice, and there was no significant
difference in cardiac function between wild-type littermates
and mActin Tg mice with bisoprolol treatment (Figure VB in
the online-only Data Supplement). Furthermore, the increase
in CaMKIIS levels in mActin-Tg mice was prevented by
bisoprolol treatment (Figure VC in the online-only Data
Supplement), suggesting that the activation of CaMKIIS in
mActin-Tg mice might be due to activation of B-adrenergic
receptor signaling.

To test whether activation of CaMKII$ induces cardiac
dysfunction, we first treated mActin-Tg mice with KN-93, a
CaMKII inhibitor. Levels of both phosphorylated phospho-
lamban (Thr17) and phospholamban (Ser16) were decreased
by KN-93 treatment in mActin-Tg mice (Figure 5B and
Figure VD in the online-only Data Supplement). Echocardi-
ography revealed that KN-93 treatment prevented left ven-
tricular dilatation and preserved cardiac function in
mActin-Tg mice (Figure 5C). On the other hand, KN-92, an
inactive derivative of KN-93, did not show any effects
(Figure VE in the online-only Data Supplement). To confirm
the role of CaMKII§ in mActin-Tg mice, we crossed
mActin-Tg mice and AC3-I mice, which expressed the
CaMKII-inhibitory peptide AC3-I in the heart [mActin(+)/
AC3-1(+)-DTg].'e Echocardiography revealed that fractional
shortening was better in mActin(+)/AC3-I(+)-DTg mice
than in mActin(+)/AC3-I(—)-Tg mice (Figure 5SD), suggest-
ing that the activation of CaMKII$ in the DCM mouse model
induces left ventricular dilatation and contractile dysfunction.

We next examined the relation between CaMKII§ activa-
tion and p53. The increase in p53 was attenuated by treatment
with KN-93 or overexpression of AC3-I (Figure 6A and
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Figure VIA in the online-only Data Supplement). Further-
more, KN-93 treatment inhibited the increase in Bax expres-
sion and TUNEL-positive cardiomyocytes (Figure 6A and
6B). It has been reported that CaMKIISC, but not CaMKIISB,
induces cardiomyocyte death.?’-2° To clarify the mechanism
of how CaMKIIS increases protein levels of p53 and which
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Figure 6. CaMKII3 regulates expression of p53 in cardiomyo-
cytes. A, Western blot analyses in the hearts of wild-type litter-
mates (WT) or mActin-Tg (Tg) mice. The graph indicates relative
protein levels of p53 or Bax. n=4 in each group. *P<0.05. B,
Quantitative analyses of TUNEL-positive cardiomyocytes. n=5
in each group. *P<0.05.
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CaMKII$, 6B or 8C, plays an important role in apoptosis of
cardiomyocytes, we transfected constitutively active forms of
CaMKII3 (caCaMKII8) into cardiomyocytes. Only
caCaMKIISC, not caCaMKII8B, increased protein levels of
p53 (Figure VIB in the online-only Data Supplement).
Furthermore, p53 protein levels in caCaMKIISC-transfected
cardiomyocytes did not increase with MGI132 treatment
compared with MOCK-treated cardiomyocytes (Figure VIC
in the online-only Data Supplement). These results suggest
that activation of CaMKIISC increases apoptotic cardiomyo-
cytes at least in part via stabilization of p53 in the DCM
mouse model.

Discussion

In the present study, we established a novel mouse model of
DCM to clarify the mechanisms of how mutant genes lead to
DCM (Table II in the online-only Data Supplement and
Figure 1). The mice expressing cardiac a-actin R312H
mutant in the heart, which has been reported to cause DCM in
humans,’ showed dilatation and dysfunction of left ventricle
with an increase in ANP messenger RNA levels, which is
consistent with human heart failure (Figure 1A and 1E and
Table II and Figure III in the online-only Data Supplement).
Higher heart rate and hyperphosphorylated phospholamban
(Serl6) (Table II in the online-only Data Supplement and
Figure 5A) suggest the activation of the sympathetic nervous
system to compensate for reduced cardiac systolic function,
resulting in an increase in spontaneous Ca”* sparks and Ca®*
waves (Table III in the online-only Data Supplement). Myo-
filament Ca®" sensitivity was decreased in mActin-Tg mice
even at 2 months of age (Figure 4B), when cardiac pheno-
types such as left ventricular dilatation and cardiac fibrosis
were not recognized (Table II in the online-only Data
Supplement and Figure 1). These results suggest that the
decrease in myofilament Ca®* sensitivity is a primary cause
of, not a secondary result from, cardiac dysfunction. Because
these phenotypes were quite similar to those of human DCM,
mActin-Tg mice are useful for examining the underlying
mechanisms of how gene mutations lead to DCM.

There was no significant difference in the peak amplitude
of Ca’" transients between wild-type littermates and
mActin-Tg mice (Figure IVC in the online-only Data Sup-
plement), suggesting that global Ca?* levels underlying each
contractile cycle do not differ between the 2 groups. It has
been reported that the peak amplitude of Ca®* transients,
which is associated with decreased Ca®" sensitivity and
systolic dysfunction, is higher in another mouse model of
DCM, 7 suggesting that Ca>* transients are augmented to
compensate for decreased myofilament Ca®* sensitivity in
this model. In mActin-Tg mice, despite the preserved Ca®™
transients (Figure IVC in the online-only Data Supplement),
global cardiac function was gradually impaired (Table II in
the online-only Data Supplement). Local Ca?* concentration
has been reported to be important for the activation of
Ca®*-dependent enzymes such as calcineurin, calpain, and
CaMKII in cardiomyocytes.? The activation of these mole-
cules in mActin-Tg mice (Figures 4D, 4E, and 5A) might be
attributed to an increase in local Ca®* levels. It still remains
to be determined whether local Ca®* levels are really in-
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creased and, if so, how the decrease in Ca®* sensitivity
increases local Ca”" levels.

Recent reports have shown that CaMKII$ plays a crucial
role in cardiovascular diseases.'s3! The transgenic mice that
overexpressed CaMKII$ showed heart failure with systolic
dysfunction and left ventricular dilatation.2526 In this study,
CaMKII$ was activated in the hearts of mActin-Tg mice
(Figure 5A), and inhibition of CaMKII3 by KN-93 or AC3-1
ameliorated cardiac dysfunction in mActin-Tg mice (Figure
5C and 5D), suggesting that CaMKII$ also plays an important
role in gene mutation-induced cardiac dysfunction.

It has been reported that apoptosis of cardiomyocytes is
observed in hearts of human DCM!? and that cardiomyocyte
death could cause cardiac dysfunction.2’ However, it remains
unclear whether apoptosis of cardiomyocytes causes cardiac
dysfunction and how cardiomyocyte apoptosis is induced in
hearts of DCM. In this study, there were more apoptotic
cardiomyocytes in mActin-Tg mice (Figure 2A), and cardiac
function was improved by protecting cardiomyocytes from
apoptosis through overexpression of Bcl-2 (Figure 2B). These
results suggest that cardiomyocyte apoptosis plays a crucial
role in the development of DCM. Several key proapoptotic
and antiapoptotic genes have been reported to be positively or
negatively regulated by p53, and increased expression of p53
induces left ventricular dilatation and dysfunction in mice
deficient in MDM4, an E3 ligase for p53.2% Furthermore, we
have recently demonstrated that p353 is critically involved in
pressure overload-induced cardiac dysfunction.? The protein
levels of p53 were increased in mActin-Tg mice (Figure 3A),
and loss of a single p53 allele reduced the number of
apoptotic cardiomyocytes (Figure 3D) and improved cardiac
function (Figure 3B). These results suggest that p53 is
critically involved in induction of cardiomyocyte apoptosis,
resulting in left ventricular dysfunction in the mouse model of
DCM.

The present study indicates that p53 might be a therapeutic
target for DCM. In this study, CaMKII& was activated in the
hearts of mActin-Tg mice (Figure 5A), and the inhibition of
CaMKII$ attenuated the increase in p33 protein levels (Fig-
ure 6A and Figure VIA in the online-only Data Supplement),
suggesting that CaMKII& regulates protein levels of pS3 in
the DCM model mice. Although it remains to be determined
how CaMKIIé regulates protein levels of p53, inhibition of
CaMKII8 may become a new therapeutic strategy for DCM
patients by reducing p53 protein levels in the heart.

Limitations

This study has a couple limitations. First, we cannot com-
pletely rule out the nonspecific effects of overexpression of
cardiac a-actin gene with tag because of a lack of transgenic
mice that overexpress wild-type cardiac a-actin gene. How-
ever, we think the cardiac dysfunction observed in mActin-Tg
was due to cardiac expressions of the cardiac a-actin R312H
mutant in the heart, not to high-level expressions of the
cardiac a-actin protein with tag because of the following
reasons: We obtained 3 independent founders of the trans-
genic mice, and the reduction in cardiac function was well
correlated with protein levels of the cardiac a-actin R312H
mutant (Figure I in the online-only Data Supplement). An-
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other transgenic mouse that expressed cardiac a-actin A331P
mutant with an HA tag in the heart did not show cardiac
dysfunction (Table I in the online-only Data Supplement),
although the protein levels of the mutant in the A331P mutant
transgenic mice were almost same as those of the R312H
mutant in line 307, which had the highest expression (Figure
II in the online-only Data Supplement). Second, we found
that CaMKIISC increases p53 protein levels mainly by its
stabilization, but the underlying mechanisms remain to be
determined.
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CLINICAL PERSPECTIVE

Heart failure is an important cause of morbidity and mortality in many industrial countries, and dilated cardiomyopathy
(DCM) is one of its major causes. Molecular genetic studies over the last 2 decades have revealed many mutations of
various genes in DCM patients, but the precise mechanisms of how such mutations lead to DCM remain largely unknown
partly because of a lack of good animal models of DCM. Here, we established the mouse model of DCM by expressing
a mutated cardiac a-actin gene, which has been reported in patients with DCM, in the heart. The transgenic mice showed
gradual dilatation and dysfunction of the left ventricle, resulting in death by heart failure. These phenotypes of the
transgenic mice were quite similar to those of human DCM. The number of apoptotic cardiomyocytes and protein levels
of p53 were increased in the hearts of the DCM mice. Overexpression of Bcl-2, an antiapoptotic factor, or downregulation
of p53 decreased the number of apoptotic cardiomyocytes and improved cardiac function. The DCM mice showed
activation of CaMKIIS. The inhibition of CaMKIIS prevented the increase in p53 and apoptotic cardiomyocytes and
ameliorated cardiac function. These results suggest that CaMKII3 plays a critical role in the development of heart failure
in part by accumulation of p53 and induction of cardiomyocyte apoptosis in the DCM mouse model. The inhibition of
CaMKII$ may become a new therapeutic strategy for DCM patients.
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Aém: Postprandial hypertriglyceridemia (PHTG) has been shown repeatedly to be associated with
metabolic syndrome and atherosclerotic cardiovascular diseases. We have recently reported that ezeti-
mibe inhibits PHTG in patients with type IIb hyperlipidemia. Ezetimibe was also reported to atten-
uate PHTG in combination with low-dose statins in patients with obesity or metabolic syndrome.
We reported CD36-deficient (CD36KO) mice as a new model for PHTG, in which the synthesis of
chylomicron (CM) in the small intestines is enhanced. In the current study, we investigated the effect
of ezetimibe on PHTG in this mouse model of metabolic syndrome.

Methods: Wild-type (WT) mice fed a western diet, and CD36KO mice fed a normal chow diet,
respectively, were treated for 3 weeks with and without ezetimibe, followed by an evaluation of tri-
glyceride (TG) concentrations by enzymatic method and by high performance liquid chromatogra-
phy (HPLC) as well as those of and apolipoprotein (Apo) B-48 in plasma and intestinal lymph after
oral fat loading with olive oil. Intestinal mucosa was also harvested to evaluate the transcriptional
regulation of the genes involved in the intestinal production of ApoB-containing lipoproteins.
Results: Fzetimibe dramatically reduced PHTG in both WT and CD36KO mice. HPLC analysis of plasma
showed that the decrease in TG content in CM and CM remnants-sized particles contributed to this sup-
pression, suggesting that CM production in the small intestines might be reduced after ezetimibe treatment.
Intestinal lymph was collected after oral fat loading in ezetimibe-treated and non-treated mice. Both TG
content and ApoB-48 mass were decreased in ezetimibe-treated mice. The quantitative RT-PCR of intesti-
nal mucosa showed down-regulation of the mRNA expression of FATP4 and ApoB in both groups along
with FABP2, DGAT 1, DGAT2 and SCD1 in WT mice at postprandial state after ezetimibe treatment.
Conclusion: Ezetimibe alone reduces PHTG by blocking both the absorption of cholesterol and the
intracellular trafficking and metabolism of long-chain fatty acids in enterocytes, resulting in the
reduction of the formation of ApoB-48 which is necessary for the ApoB48-containing lipoprotein
production in the small intestines.
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metabolism and atherogenic dyslipidemia?, including
elevated triglyceride (TG) in the fasting state.

Besides the early hours of the day before break-
fast, we are constantly in a non-fasting state. Accumu-
lating evidence concerning nonfasting TG levels as a
predictor of cardiovascular diseases? and stroke? sug-
gest atherosclerosis as a postprandial phenomenon in
which intestine-derived TG-rich lipoproteins, such as
chylomicron (CM) and CM remnants, would play
an important role*®, which Zilversmit stated three
decades ago”.

CD36, or fatty acid translocase, is an 88 kD
scavenger receptor class B that is expressed in many
cells, such as monocytes, macrophages, microvascular
endothelial cells, adipocytes, skeletal and cardiac myo-
cytes and enterocytes. It binds multiple ligands,
including long-chain fatty acids (FAs) and oxidized
low density lipoprotein®. Patients with CD36 defi-
ciency present with increased remnant lipoproteins
and decreased high density lipoprotein (HDL)-choles-
terol, as well as impaired glucose metabolism based
upon insulin resistance. All these findings suggest that
CD36 deficiency may be considered a monogenic
form of MetS?. CD36 knockout (CD36KO) mice
present with an excessive postprandial plasma TG and
FA response after acute oral fat loading compared to
wild-type (WT) mice'?. Previous studies in our labo-
ratory using CD36KO mice reported a postprandial
increase in plasma CM and CM remnants with
enhanced TG synthesis in the small intestines, sug-
gesting that the main cause of postprandial hypertri-
glyceridemia (PHTG) in CD36KO mice was the
increased de novo synthesis of small CM in entero-
cytes'?. These findings established CD36KO mice as
a model to evaluate PHTG in a MetS environment.

Ezetimibe, a cholesterol absorption inhibitor that
acts by blocking the sterol-induced internalization of
the key cholesterol transporter, Niemann-Pick C1
Like 1 (NPC1L1), in enterocytes'? has been demon-
strated to lower total and LDL-cholesterol levels sig-
nificantly in patients with primary and mixed hyper-
cholesterolemia as a coadjuvant therapy to either
statins'® or fibrates'?. In these studies, ezetimibe was
also found to decrease other important atherogenic
factors significantly, such as fasting TG and total apo-
lipoprotein B (ApoB) levels in plasma. Moreover, ezet-
imibe has been demonstrated to reduce PHIG in
combination with low-dose statins in patients with
obesity and metabolic syndrome comparable to high-
dose statins alone'?.

Recently, our group reported that ezetimibe alone
significantly reduced PHTG in Japanese subjects with
type b hyperlipidemia'®, suggesting that ezetimibe
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might also play a role in regulating the production of
TG-rich lipoproteins in addition to act as a cholesterol
absorption inhibitor. Since investigations concerning
ezetimibe and its mechanism of action on lipid metab-
olism have primarily focused on sterol metabolism, we
prioritized the need to establish molecular mechanisms
that participate in the TG-lowering effect of ezetimibe
in the postprandial state. For that purpose, we per-
formed oral fat loading in ezetimibe-treated and non-
treated wild-type (WT) mice fed a western diet and
CD36KO mice fed a chow diet as an animal model
of PHTG. We demonstrated that ezetimibe reduces
PHTG by decreasing the absorption of both choles-
terol and long-chain FAs through enterocytes, which
affected intestinal FA transport, TG production, and
CM formation in both mice strains.

Materials and Methods

Animals

Male C57BL6/] WT and CD36KO mice created
on a C57BL6/] background (kindly provided by
Mason. W. Freeman, M.D., Ph.D., Professor of Har-
vard Medical School)'”, 8-10 weeks of age were used
for this experiment. Each mouse strain was separated
into two groups in the following manner: CD36KO
mice were fed a chow diet (MF; Oriental BioLabora-
tories, Chiba, Japan) either with or without supple-
mentation of 10 mg/kg ezetimibe (Schering-Plough,
USA), and WT mice were fed a western diet either
with or without supplementation of 10 mg/kg ezeti-
mibe. The animals were housed in a temperature-con-
trolled environment at 12-hour dark-light cycles with
free access to food and water. After 3 weeks of treat-
ment, mice in each group were divided into 2 sub-
groups. One subgroup was euthanized after fasting for
12 h and the other was fasted for 12 h followed by
acute ingestion of 17 pL/g body weight of olive oil
(Nacalai Tesque, Kyoto, Japan) by intragastric gavage,
and then euthanized 3 h after initiating oral fat load-
ing, Plasma, intestinal lymph and tissues were col-
lected from both subgroups at the time of euthaniza-
tion. Additionally, WT mice fed a standard chow diet
were used as controls for the TG determination study.
The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of
Osaka University Graduate School of Medicine
(IEXAS).

Lipid Determination and Lipoprotein Analysis of
Plasma and Intestinal Lymph

Cholesterol and TG concentrations in plasma
and intestinal lymph for each mouse were measured



916

Sandoval et al.

using an enzymatic method (Wako Pure Chemical
Industries, Tokyo, Japan) according to the manufac-
wurer’s protocol. Plasma and lymph lipoprotein pro-
files were analyzed by an online dual enzymaric
method using high performance liquid chromatogra-
phy (HPLC) at Skylight Biotech Inc. (Akita, Japan)'®,
Two hundred microliters of plasma or lymph were dis-
solved in loading buffer and loaded onto TSK gel
Lipopropak XL columns; TG concentrations in the
flow-through were measured continuously and simul-
taneously. The correspondence of the size of lipopro-
tein fractions (CM, very low density lipoprotein
(VLDL), LDL, and HDL-sized fractions) and the elu-
tion time were; CM (particle diameter >80 nm, elu-
tion time: 15-17 min}, VLDL (particle diameter:
30-80 nm, elution time: 17-22 min), LDL (particle
diameter: 16-30 nm, elution time: 22-28 min), and
HDL (particle diameter: 8-16 nm, elution time: 28~
37 min).

Collection of Intestinal Lymph in Postprandial State

Five mice from each group, previously fasted for
12 h, were gavaged with olive oil (17 pL/g body
weight). Three hours later, the animals were anesthe-
tized and the intestinal lymphatic trunk was cannu-
lated with a 27-gauge needle connected to a polyeth-
ylene tube (PE-50), which was pretreated with EDTA-
containing water. The procedure was performed in
accordance with the modified method described by
Bollman e al.'. The collected intestinal lymph was
used for HPLC and protein detection by western blot.

Determination of Labeled Triolein Absorption

Mice from each group were fasted for 12 h and
gavaged with 3 pCi of [9,10°H(N)] triolein (Perki-
nElmer, MA, USA) mixed into 17 pL/g body weight
of olive oil. Three hours after fat loading, the mice
were euthanized and blood samples were collected
from the inferior vena cava. The activity of radio-
labeled tritium in 250 pL plasma was determined by
scintillation counting using a WALLAC Winspec-
tral™ 1414 Liquid Scintillation Counter.

Protein Detection by Western Blot

One microliter of sample (plasma or lymph) was
subjected to 4-12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE; TEFCO, Tokyo, Japan), later
transferred onto an Immobilon-P transfer membrane
(Millipore Co., USA), and blocked by Blocking One
(Nacalai Tesque, Kyoto, Japan). The blotted mem-
brane was then incubated with anti-mouse ApoB-48/
B-100 antibody (BIODESIGN International, ME,
USA) and anti-rabbit IgG as a secondary antibody
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(NA934V; GE Healthcare Backinghamshire, UK).
Bands corresponding to ApoB-48 were detected with
the ECL Advance Detection Kit (GE Healthcare, UK).

RNA Extraction, cDNA Synthesis and Quantitative
Real-Time PCR

Mice were fasted for 12 h, gavaged with olive oil
as previously stated, and their small intestines were
removed, flushed with ice-cold phosphate-buffered
saline and divided into three sections of equal length;
the proximal two-thirds of mucosa were gently scraped
and stored in RNAlater RNA stabilization reagent
(QIAGEN GmbH, Germany) at -20C.

Total RNA from tissue samples were extracted
and purified using the RNeasy Plus Mini Kit (cat.
74134; QIAGEN GmbH, Germany). Two micro-
grams of total RNA were primed with 50 pmol
anchored-oligo (dT)1s and transcribed with the Tran-
scriptor First Strand ¢DNA Synthesis Kit (Roche
Diagnostics, Germany), according to the manufac-
turer’s protocol. Quantitative RI-PCR was performed;
DNA polymerase and SYBR Green I (Finnzymes Oy,
Espoo, Finland) were set in a reaction volume of 20
pL containing gene-specific primers (5 pM) and
cDNA (corresponding to ~50 ng total RNA). The
reaction was performed using the DNA engine Opti-
con 2 real-time PCR detection system (Bio-Rad Labo-
ratories, Hercules, CA). The 27T method of relative
gene expression was employed and standard deviation
with a ct value of <0.3 was accepted. Results are
expressed as arbitrary units in comparison with the
expression of GAPDH.

Primers Used for This Study
The sequence data of the genes were found with
GenBank and the sequences of primers were designed
with Primer3 (http:/frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). GAPDH was used as a housekeep-
ing gene. The sequence and information for primers
used in this study are as follows: CD36 (GenBank
accession number NM_001159558): 5’-gagcaactggtg-
gatggttt-3’ and 5’-geagaatcaagggagagcac-3’, FATP-4
(NM_011989): 5’-atcaacaccaaccttaggeg-3’ and 5-aacc-
cregtcrgggtgactg-3’, FABP1 (NM_017399): 5’-catccag-
ca-3’ and 5’-ttttccecagteatggtetc-3', FABP2
(NM_007980): 5’-ttgctgtcegagaggttict-3’ and 5°-getrt-
gacaaggctggagac-3’, FAS (NM_007988): 5’-gctgcggaaa-
cttcaggaaat-3’ and 5’-agagacgtgtcactectggactt-3’, SCD1
(NM_009127): 5’-ccttceecttegactactetg-3’ and 5°-geca-
tgeagtcgatgaagaa-3’, DGAT-1 (NM_010046): 5’-gtg-
cacaagtggtgcatcag-3’ and 5’-cagtgggatctgagcecatc-3’,
DGAT-2 (NM_026384): 5’-agtggcaatgctatcatcatcgt-3’
and 5’-aaggaataagtgggaaccagatca-3’, MGAT-2 (NM_
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Fig. 1. Ezetimibe Reduces Postprandial Hypertriglyceridemia in Both CD36KO

and WT Mice.

CD36KO mice fed a standard chow diet and WT mice fed a western diet, respecrively,
showed significantly higher plasma TG levels than WT fed a standard chow diet in the
postprandial state (white bars) in non-treated groups. Administration of ezetimibe (black
bars) decreased plasma TG concentrations at postprandial state in both CD36KO and
WT fed a western diet but not in WT mice fed a standard chow diet (A). Ezetimibe also
reduced the postprandial concentration of total cholesterol in plasma of both study

groups (B). (*p<0.05)

177448): 5’-gaagaagcagcatcagggac-3’ and 5’-gtgtgggatt-
agggggactt-3’, ApoB (NM_009693): 5’-tgggattccatct-
gecatctegag-3” and  5’-gtagagatccatcacaggacaatg-3’,
Apobecl (NM_031159): 5’-accacaacggatcagcgaaa-3’
and 5’-tcatgatctggatagtcacaccg-3’, ACF (NM_
001081074): 5’-agccagaatcctgeaatcc-3’ and 5’-agcata-
cetcttegettcatee-3’, ACSL1(NM_007981): 5’-tgacctc-
tccatgcagtcag-3’ and 5’-agcctatgeactcagegage-3’,
HMGCR (NM_008255): 5’-ctggaattatgagtgccecaaa-3’
and 5’-acgactgtactgaagacaaagc-3’, ACAT2 (NM_
009338): 5°-tgtcacagaacagggcagag-3’ and 5’-tgacagttcc-
tgtcocatca-3° MTTP (NM_008642): 5’-catgtcagecatcct-
gtttg-3" and 5’-crcgegataccacagactga-3’, and GAPDH
(NM_008084): 5’-actccactcacggcaaattc-3’ and 5’-tcte-
catggtggtgaagaca-3'.
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Statistical Analysis

The values were expressed as the means+S.D.
Statistical significance was assessed by Student’s z-test
for paired values and set at p<0.05.

Resuits

Ezetimibe Reduces Postprandial Hypertriglyceridemia
in Both CD36KO and Wild Type Mice

CD36KO mice fed a standard chow diet and
WT mice fed a western diet showed significantly
higher plasma TG levels than WT fed a standard chow
diet in the postprandial state without ezetimibe treat-
ment (CD36KO 457+ 114 mg/dL, WT western diet
376+ 41 mg/dL vs WT chow diet 26781 mg/dL.

n=25). Administration of ezetimibe decreased plasma
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Fig.2. Ezetimibe Reduces Postprandial CM- and VLDL-sized Particles As Well As ApoB48
Mass in Plasma of WT and CD36KO Mice.

Plasma lipoprotein profile was analyzed by HPLC. Ezetimibe (dotted line) reduced the average
postprandial TG levels in both CD36KO (A) and WT mice (B) in CM- and VLDL-sized subfrac-
tions, which corresponded 1o CM remnants. Moreover, ezetimibe decreased the ApoB48 mass in
plasma in both groups (representative sample). These results support the idea that czetimibe might

have some modulating effect on intestinal CM production.

TG concentrations in the postprandial state in both
CD36KO and WT fed a western diet but not in WT
mice fed a standard chow diet (Fig.1A) as well as
plasma total cholesterol concentrations in plasma in
both study groups (Fig. 1B). The selective decrease in
both postprandial TG levels suggests that the ezeti-
mibe action on plasma TG concentrations is enhanced
by a postprandial MetS environment, since both
affected groups are indeed animal models of postpran-
dial hyperlipidemia.

Ezetimibe Reduces Postprandial CM and VLDL-
Sized Particles as Well as ApoB48 Mass in Plasma
of WT and CD36KO Mice

Plasma lipoprotein profile was analyzed by HPLC
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using five samples for each group. The highest peak
corresponded to CM- and VLDL-sized fractions in
both czetimibe-treated and non-treated mice in both
groups. We found that ezetimibe reduced postprandial
TG levels in both WT and CD36KO mice mainly
in CM- and VLDL-sized subfractions, which corre-
sponded to CM remnants (Fig.2A and 2B). More-
over, ezetimibe decreased the ApoB48 mass in plasma
in both groups. These results support the idea that
ezetimibe might have some modulating effect on
intestinal CM production. Thus, we further investi-
gated lipoproteins in the intestinal lymph, the intesti-
nal absorption of tritium-labeled FAs, and intestinal
mRNA expression of a variety of genes involved in
CM synthesis in both strains of mice in the postpran-
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Fig.3. Ezetimibe Reduces Postprandial TG and ApoB48 Mass in Intestinal Lymph of WT

and CD36KO Mice.

HPLC analysis showed that ezetimibe (dotted lines) reduced significantly the average postprandial
TG concentration in the intestinal lymph of CD36KO (A) and WT (B} mice in the postprandial
state; this reduction was accompanied by a decrease in ApoB48 mass. Ezetimibe decreased the CM
peak in boch groups, suggesting that it might act by lowering the production of intestine-derived

lipoproteins in the postprandial state.

dial state with and without ezetimibe treatment.

Ezetimibe Reduces Postprandial TG and ApoB48
Mass in Intestinal Lymph of WT and CD36KO Mice

Ezetimibe reduced the postprandial TG concen-
tration significantly in intestinal lymph of both study
groups in the postprandial state; this reduction was
accompanied by a decrease in apoB48 mass in lymph.
The highest peak in TG levels corresponded to the
CM fraction in treated and non-treated mice in both
groups. Ezetimibe decreased the CM peak, suggesting
that it might act by lowering the production of intes-
tine-derived lipoproteins in the postprandial state in
both groups of mice (Fig. 3A and 3B).
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Ezetimibe Reduces the Intestinal Absorption of
Radio-Labeled Triolein

To investigate the possible mechanisms by which
ezetimibe reduced the intestinal TG secretion, we
evaluated intestinal FA absorption. Ezetimibe-treated
and non-treated mice from both strains were loaded
with 17 pL/g olive oil containing 3 uCi of {9,10-*H(N)]
triolein. At 3 h after oral fat loading, ezetimibe signifi-
cantly reduced *H radioactivity in the plasma of both
strains (Fig.4A and 4B), establishing that there is a
reduction in intestinal FA absorption associated with
the administration of ezetimibe.
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Fig.4. Ezetimibe Reduces the Intestinal Absorption of
Labeled Triolein.

Treated and non-treated mice from CD36KO (A) and WT mice (B)
were loaded with 17 pL/g body weight of olive oil containing 3
pCi of [9,10-°H(N)] triolein. Three hours after oral fat loading,
ezetimibe reduced significantly *H radioactivity in plasma of both
groups. (*p<0.05)

Effect of Ezetimibe on the Transcriptional Regulation
of Genes Involved in Fatty Acid Transport, TG
Formation and CM Assembly in the Intestinal Cells
in the Postprandial State

To determine the molecular mechanisms
involved in the attenuation of PHTG by ezetimibe,
qRT-PCR using total mRNA isolated from the small
intestines was performed, and the expression of genes
associated with FA transport, TG formation and CM
assembly in the intestine of both strains treated and
non-treated with ezetimibe was examined.

In CD36KO mice, the mRNA levels of fatty acid
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transport protein 4 (FATP4), the only FATP in the
intestine, were significantly reduced by the adminis-
tration of ezetimibe, whereas the mRNA levels of fatty
acid binding protein 1 (FABP1) and FABP-2, which
are also associated with the transport of long-chain
FAs, were not changed significantly in the treated
groups. The mRNA expression of stearoyl-coenzyme
A desaturase 1 (SCD1), diacyl glycerol acyl transferase
1 (DGAT1), DGAT-2, and monoacyl glycerol acyl
transferase 2 (MGAT?2), all involved in the intracellu-
lar formation of TG in intestinal epithelial cells, did
not change significantly in the presence of ezetimibe.
Interestingly, ApoB mRNA was found to be decreased
in mice treated with ezetimibe; this reduction might
be associated with a decrease in the expression of
apobec-1 mRNA, one of the important factors and
components of the protein complex involved in the
mRNA edition of ApoB. The expression of microsome
triglyceride transfer protein (MTP), which has an
important role in CM assembly in intestinal cells, did
not change significantly in the presence of ezetimibe.
These results suggest that reduction in the hypertri-
glyceridemic response of ezetimibe in CD36KO mice
might be associated with a decrease in cholesterol
absorption, fatty acid transport and apo B48 synthe-
sis, resulting in the attenuated formation of CM by a
reduction of apoB48 mRNA (Fig. 5A).

In WT mice fed a western diet, the mRNA levels
of FATP4 and FABP2 were found to be reduced by
the administration of ezetimibe, while FABP1 and
CD36 were unaffected by this treatment; we also
found that SCD1, DGAT1 and DGAT2 were
decreased in treated mice. Moreover, in this group, we
also found that apoB mRNA was decreased, and this
reduction might be associated with a decrease in ACF
(apobec-1 complementary factor), a component of the
apoB mRNA editing complex. These results suggest
that ezetimibe reduces PHTG in WT mice by decreas-
ing fatty acid transport, TG formation and CM assem-
bly in intestinal epithelial cells (Fig.5B).

We also identified an upregulation of fatty acid
synthase (FAS), and acetyl-Coenzyme A acetyltrans-
ferase 2 (ACAT?2) in both groups, which might be due
to compensatory responses to the reduction of fatty
acid transport and CM production.

Discussion

In the present study, we have investigated the
inhibitory effect of ezetimibe on PHTG in MetS using
two different animal models: WT mice fed a western,
high fat, high cholesterol diet; and CD36KO mice,
which is considered as a model of PHTG and a mono-



