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doi:10.1152/ajpheart.00159.2013.—NF-«B, which is activated by the
inhibitor of NF-«B kinase (IKK), is involved in the progression of
inflammatory disease. However, the effect of IKK inhibition on the
progression of myocarditis is unknown. We examined the effect of
IKK inhibition on the progression of myocarditis. Lewis rats were
immunized with porcine cardiac myosin to induce experimental au-
toimmune myocarditis (EAM). We administered the IKK inhibitor
(IMD-0354; 15 mg-kg™'-day ™) or vehicle to EAM rats daily. Hearts
were harvested 21 days after immunization. Although the untreated
EAM group showed increased heart weight-to-body weight ratio, and
severe myocardial damage, these changes were attenuated in the IKK
inhibitor-treated group. Moreover, IKK inhibitor administration sig-
nificantly reduced NF-«xB activation and mRNA expression of IFN-y,
IL-2, and monocyte chemoattractant protein-1 in myocardium com-
pared with vehicle administration. In vitro study showed that the IKK
inhibitor treatment inhibited T-cell proliferation and Thl cytokines
production induced by myosin stimulation. The IKK inhibitor ame-
liorated EAM by suppressing inflammatory reactions via suppression
of T-cell activation.

myocarditis; inflammation; NF-kB kinase

ACUTE MYOCARDITIS IS A SERIOUS disease in humans; patients with
myocarditis may suffer from rapidly progressive heart failure,
shock, or severe arrhythmia. Although acute myocardial in-
flammation is an essential etiology for its progression, no
effective treatment has been elucidated (3, 13, 30, 49). Because
autoimmunity is important in myocarditis, a reaction to cardiac
myosin may contribute to the development (14). In the pathol-
ogy of myocarditis, T cells activated by antigen infiltrate into
the myocardium, which may lead to myocardial damage by
inflammatory reaction to myosin (23). Subsequently, the infil-
tration of CD4-positive T cells and macrophages into the
myocardium promotes inflammatory reactions in the myocar-
dium by releasing Th1 cytokines (e.g., IFN-y and IL-2) (7) and
chemokines [e.g., monocyte chemoattractant protein (MCP)-1]
(11). NF-kB, which is regulated by NF-kB kinase (IKK),
induces expression of genes that participate in the progression
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of inflammation (29, 41). Previously, we examined the effect
of decoy oligonucleotide against NF-«kB on ventricular remod-
eling after myocarditis (47). This report showed that NF-xB
activity increased markedly in experimental autoimmune myo-
carditis (EAM) rat myocardium and that NF-«B is a key
regulator in the progression of EAM. Activation of NF-kB
induces gene programs that lead to transactivation of factors
including Thl cytokines and chemokines, promoting the in-
flammatory status involved in myocarditis (12, 16, 20, 38).
Because NF-«B is the main factor in the development of
inflammation, inhibition of its activation may be an effective
therapy for myocarditis from the standpoint of preventing
inflammation.

Recently, we developed IMD-0354, a novel inhibitor of IKK
(19, 34, 41). This drug is a selective IKK-@ inhibitor, blocks
IkBa phosphorylation, and prevents NF-kB p65 nuclear trans-
location. Some previous studies reported the beneficial effects
of IMD-0354 and its prodrug on inflammation-related cardio-
vascular diseases (15, 34, 35, 42). Therefore, regulation of

"NF-kB activation by the IKK inhibitor might have a potent

effect on the treatment of myocarditis. However, the effect of
IKK inhibitor treatment on the progression of myocarditis is
unknown. Thus we assessed the hypothesis that IKK inhibitor
treatment attenuates cardiac inflammation in the progression of
myocarditis. EAM in a rat model is characterized by severe
myocardial damage and multinucleated giant cell infiltration.
This has been used as a disease model for human acute giant
cell myocarditis (8). We examined the effect of IKK inhibition
on EAM.

METHODS

Induction of EAM. Male Lewis rats (6-wk-old; body weights 150 to
200 g) were purchased from Charles River Laboratories Japan. They
were fed a standard diet and water and were maintained in compliance
with animal welfare guidelines of the Institute of Experimental Ani-
mals, Tokyo Medical and Dental University. Also, protocols were
approved by the Institutional Animal Care and Use Committee of the
Tokyo Medical and Dental University. Purified porcine cardiac my-
osin (Sigma Chemical, St. Louis, MO) was emulsified with an equal
volume of complete Freund’s adjuvant (Difco, Sparks, MD) supple-
mented with Mycobacterium tuberculosis H37TRA (Disco) at a con-
centration of 10 mg/ml. On day 0, rats were injected in the footpads
subcutaneously with 0.2 ml of emulsion, yielding an immunizing dose
of 1.0 mg/body of cardiac myosin per rat (9) anesthetized by intra-
peritoneal administration of pentobarbital sodium (25 mg/kg; Daini-
hon Chemical, Osaka, Japan). We also used unimmunized (normal)

H1761

—136—



H1762

rats parallel with the diseased protocol. Unimmunized rats were
injected saline instead of emulsion of myosin on day 0.

IKK inhibitor administration. The IKK inhibitor IMD-0354 was
provided by the Institute of Medicinal Molecular Design. The drug
was dissolved in 0.5% carboxy methyl cellulose (CMC) solution
immediately before use. In the EAM phase, cardiac inflammation
starts on approximately day I4, and the peak of inflammation is
expected to occur on day 21 (25). For this reason, we administered the
IKX inhibitor either from day I or from day 14, and harvested hearts
and spleens on day 21. Rats were assigned randomly to five groups:
1) daily CMC intraperitoneal injection to normal rats from day I to day
20 [normal + vehicle group; n = 6], 2) daily IMD-0354 intraperito-
neal injection (15 mg-kg™!-day 1) to normal rats from day 1 to day 20
[normal + IKKi(1-20); n = 5], 3) daily CMC intraperitoneal injection to
EAM rats from day [ to day 20 [EAM + vehicle; n = 18], 4) daily
IMD-0354 intraperitoneal injection (15 mgkg~!day~') to EAM rats
from day 1 to day 20 [EAM + IKKi(1-20); n = 13], and 5) daily
IMD-0354 intraperitoneal injection (15 mgkg™!day~!) to EAM rats
from day 14 to day 20 [EAM + IKKi(14-20); n = 10]. Administration
dose of the IKK inhibitor was calculated from that of previous articles
(17, 19, 31, 34, 35).

Echocardiogram. Transthoracic echocardiography was performed
on animals anesthetized by intraperitoneal administration of pento-
barbital sodium (25 mg/kg) on day 21. An echocardiography machine
with a 7.5-MHz transducer (Nemio; Toshiba, Tokyo, Japan) was used
for M-mode left ventricular (LV) echocardiographic recording. A
two-dimensional targeted M-mode echocardiogram was obtained
along the short-axis view of the LV papillary muscles (40). LV
posterior wall thickness at diastole (LVPWd), interventricular septal
thickness at diastole (IVSTd), and percent ejection fraction (EF) were
calculated from the M-mode recordings.

Histopathological examination. Hearts and spleens were harvested
immediately after all rats were killed by the cutting of the abdominal
aorta under anesthesia after the echocardiographic examination on day
21. After heart weights were measured, hearts were divided into apex,
midventricular, and basal level slices. Apex level slice was frozen by
liquid nitrogen, and it was stored at —80°C until before use. This slice
was used as the sample for Westem blotting or real-time RT-PCR.
Midventricular level slices and spleens were fixed by formalin or em-
bedded by optimum cutting temperature compound (Sakura Finetek,
Tokyo, Japan). OCT compound-embedded slices were frozen by liquid
nitrogen. These slices were used for histopathological or immunohisto-
chemical examination. Formaldehyde-fixed paraffin sections were
stained with hematoxylin and eosin or the Mallory method. The extent of
inflammatory cell infiltration and myocardial necrosis was estimated
using hematoxylin and eosin staining. The degree of fibrosis was esti-
mated using Mallory staining. The cell infiltration area ratio (cell infil-
tration area/total area expressed as a percentage) and the fibrosis area ratio
(the Mallory stained area/total area expressed as a percentage) were
calculated by a computer-assisted analyzer (Scion Image beta 4.0.2) as
described previously (1, 9, 28).

Immunohistochemistry. Immunohistochemistry was performed to
detect CD4- or CD8-positive T cells, macrophages, NF-«B p653, and

Table 1. Echocardiographic parameters

IKK INHIBITOR SUPPRESSES MYOCARDITIS

phospho-NF-«B p635 in the heart or the spleen on day 21. Paraffin or
frozen sections were incubated with primary antibodies against CD4
(10BS5; Abcam, Cambridge, UK), CD8 (OX8; BD PharMingen Cali-
fomnia), CD68 (as a marker of macrophage; ED1; Santa Cruz Bio-
technology, Santa Cruz, CA), and NF-«B p65 (Abcam) for 8 h at 4°C
and washed in PBS followed by biotinylated secondary antibodies
(Nichirei, Tokyo, Japan) at 5 mg/mi for 30 min at room temperature.
Finally, each section was reacted with AEC (aminoethylcarbazole
complex) solution (Nichirei) for 5 to 30 min. Sections were counter-
stained with hematoxylin solution. We counted the number of positive
cells against CD4, CD8, and CD68 in randomly selected five random
microscopical fields (original magnification, X200) per sample sec-
tion, and averaged it (10). Immunofluorescence double staining was
performed to identify colocalization of CD4 positive cells and phos-
pho-NF-xB p65 in the heart and spleen. Antibodies against CD4
(0X35; mouse- monoclonal; Abcam) and phospho-NF-kB p65
(Ser536; 93H1; rabbit- monoclonal; Cell Signaling Technology) were
co-incubated and detected with Alexa 488 anti-mouse antibody (Life
Technologies Japan) and Alexa 568 anti-rabbit antibody (Life Tech-
nologies), respectively. Nuclei were stained with 4’,6-diamidino-2-
phenylindole.

Extraction of proteins from hearts. To extract tissue protein, frozen
cardiac tissues from an apex level heart slice was homogenized in
lysis buffer of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 2 mM EGTA, 10 mM EDTA, 100 nM NaF containing
protease inhibitor cocktail tablets (Roche Diagnostic, Basel, Switzer-
land) and phosphatase inhibitor cocktail tablets (Roche Diagnostic).
Nuclear and cytosolic proteins were isolated from frozen cardiac
tissues from the same apex level heart slice using Nuclear Extraction
Kit (Epigentek Group). Protein concentrations were measured with a
BCA protein assay (Bio-Rad, Milan, Italy) to equalize the protein
concentrations of all samples. Protein samples were stored at —80°C
until they were used.

Western blotting. Equal amounts of proteins were separated by
SDS-PAGE, transferred to a nitrocellulose membrane, and incubated
overnight with antibodies to IxB (Abcam), phospho-IkB (Cell Sig-
naling Technology), GAPDH (Cell Signaling Technology), NF-«xB
p65 (Abcam), phospho-NF-«B p65 (Ser536; Cell Signaling Technol-
ogy), and Lamin A/C (Cell Signaling Technology) at 4°C. The
membranes were incubated with a secondary antibody (Amersham
Biosciences, Piscataway, NJ) for 2 h and developed with ECL reagent
(Amersham Biosciences). Enhanced chemiluminescence was detected
with an LAS-1000 (Fujifilm, Tokyo, Japan). The value was calculated
using ImageJ [National Institutes of Health (NIH)].

Real-time RT-PCR. Total RNA was isolated from frozen apex level
heart slice tissues using TRIsure (Bioline, London, UK), and cDNA
was prepared with the high capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real-time PCR in a Step One real-time PCR
system (Applied Biosystems) was used to determine the mRNA
expression of TFN-y (Assay ID: Rn99999014_m1), IL-2 (Assay ID:
Rn00587673_m1l), and MCP-1 (Assay ID: Rn00580555_m1) and 18s
rRNA (Assay ID: Hs99999901_s1) as a control. cDNA was run in
duplicates, quantitative data were calculated using the comparative

LV Diameter at LV Diameter at Ejection Interventricular Septal LV Posterior Wall
n Diastole, mm Systole, mm Fraction, % Thickness at Diastole, mm Thickness at Diastole, mm
Normal + vehicle 6 6.3 = 0.26 3.0 =0.17 89 =05 1.8 £0.16 22+022
Normal + IKKi(1-20) 5 6.5 =£0.21 3.4 +0.09 85*x14 1.6 = 0.09 2.1 £0.35
EAM + vehicle 11 6.0 £0.28 3.6 £0.33 75 +47 2.5 = 0.20# 29029
EAM + IKKi(1-20) 12 6.6 £0.15 4.0 = 0.27 76 3.9 1.7 = 0.11* 1.9 =0.12*%
EAM + IKKi(14-20) 7 6.1 £0.11 38 £0.16 74 £22 1.6 +0.09* 2.5*0.14

Values are means = SE. Early IKK inhibitor treatment [experimental autoimmune myocarditis (EAM) + IKKi(1-20)] suppressed an increase of
interventricular septal thickness at diastole and left ventricular (L.V) posterior wall thickness at diastole values, whereas late IKK inhibitor treatment [EAM +
IKKi (14-20)] only suppressed an increase of interventricular septal thickness at diastole value compared with vehicle treatment [EAM + vehicle] on day 21.

#P < 0.05 vs. normal + vehicle; *P < 0.05 vs. EAM + vehicle.
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Fig. 1. Representative M-mode echocardiograms on day 21. Arrows indicate anterior and posterior walls of left ventricle. Scale bars: 2 millimeter (vertical) and

0.1 s (horizontal).

CT (AACt) method, and the mRNA expression was normalized by
normal rat hearts (28, 32).

T-cell proliferation assay. Cells were isolated from spleen in the
EAM + vehicle group on day 21. Cells (5 X 108/well) were cultured
in 96-well culture plates with 50 wg/ml purified porcine heart myosin.
The IKK inhibitor was added to each well at various concentrations.
In vitro dosage of the IKK inhibitor was determined according to that
in previous articles (34, 35). Cultures were incubated at 37°C under
5% CO. for 3 days. Cells were centrifuged at 1,200 rpm for 5 min, and
the supernatants were stored at —80°C until before use. T-cell pro-
liferation was assessed with the Cell Counting Kit-8 (Dojindo, Tokyo,
Japan) with the use of cells of the precipitation. Cell proliferation was
expressed as the optical density (9).

Enzyme-linked immunosorbent assay. We performed enzyme-
linked immunosorbent assay (ELISA) to examine the production of
Th1 cytokines from T cells using the supernatants of cell culture in
T-cell proliferation assays. Concentrations of IFN-y and IL-2 in cell
culture supemnatant were determined with the Rat IL-2 quantikine
ELISA kit (R & D Systems, Minneapolis, MN) and rat IFN-y ELISA
KIT (Gen-Probe, San Diego, CA) according to the manufacturer’s
instructions.

Statistical analysis. All data are expressed as means = SE. Statis-
tical analyses were performed with statistical software (Stat View;
SAS Institute). Student’s -test was used to compare data between the
two groups. Data differences between multiple groups were subjected
to ANOVA followed by a Bonferroni-Dunn test. Differences were
considered statistically significant at a value of P < 0.05.

RESULTS

Echocardiographic parameters. On day 21, the values of LV
diameter at diastole, LV diameter at systole, and EF did not
show any statistical difference among all groups. Regarding
IVSTd and LVPWd values, no significant difference was ob-
served between the normal + vehicle group and the normal +
IKKi(1-20) group. IVSTd values significantly increased in the
EAM + vehicle group compared with the normal + vehicle
group. IVSTd and LVPWd values in the EAM + IKKi(1-20)
group were reduced compared with those of the EAM + vehicle
group. Additionally, IVSTd value was reduced in the EAM +
IKKi(14-20) group compared with that of the EAM + vehicle
group, although LVPWd value was not changed. There was no
significant difference regarding IVSTd and LVPWd values be-
tween the EAM + IKKi(14-20) group and the EAM -+ IKKi(1-20)
group (Table 1 and Fig. 1).

The IKK inhibitor suppressed heart weight gain by cardiac
inflammation. The normal + IKKi(1-20) group did not show any
change in heart weight compared with the normal + vehicle

group. The EAM + vehicle group hearts demonstrated an in-
crease of the heart-to-body weight ratio compared with that of the
normal + vehicle group. This ratio in the EAM + IKXKi(1-20)
group was significantly smaller than that of the EAM + vehicle
group, whereas the EAM -+ IKKi(14-20) group was not statisti-
cally different compared with the EAM + vehicle group. There
was no significant difference of this ratio between the EAM +
IKKi(14-20) group and the EAM + IKKi(1-20) group (Fig. 2).

The IKK inhibitor reduced myocardial damage character-
ized by cell infiltration and fibrosis in EAM. Histopathologi-
cally, the heart of the EAM + vehicle group showed severe
myocarditis lesions that were composed of extensive inflamma-
tory cell infiltration and myocardial fibrosis on day 21. However,
the cell infiltration area ratios in the EAM + IKKi(1-20) group
(12.9 % 3.6%; P < 0.05) and the EAM + IKKi(14-20) group
(22.5 *= 2.9%; P < 0.05) were significantly fewer than those in
the EAM + vehicle group (36.5 * 3.4%) (Fig. 3, A~C). Similarly,
the fibrosis area ratios in the EAM + IKKi(1-20) group (15.8 =
4.0%; P < 0.05) and the EAM + IKKi(14-20) group (21.4 =

7 I NS. W %
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IKXKi (1-20)
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vehicle

Fig. 2. Heart-to-body weight ratio. The experimental autoimmune myocarditis
(EAM) + IKXi(1-20) group had a smaller the heart-to-body weight ratio than
the EAM + vehicle group. The EAM + IKKi(14-20) group did not show the
effect of the heart-to-body weight ratio compared with that of the EAM +
vehicle group on day 21 [normal + vehicle, n = 5; normal + IKKi(1-20),
n = 5; EAM + vehicle, n = 12; EAM + IKKi(1-20), n = 12; EAM +
IKKi(14-20), n = 10]. *P < 0.05. NS, not significant.
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Fig. 3. Histopathological findings. Representative low-power (magnification, X10; scale bars = 1 millimeter; A) and high-power (magnification, X400; scale
bars = 100 pm; B) photomicrographs of hematoxylin and eosin-stained cross-sections are shown. C: quantitative data of cell infiltration area. IKK inhibitor
treatment significantly suppressed cell infiltration into myocardium on day 21 [normal + vehicle, n = 5; normal + IKKi(1-20), n = 5; EAM -+ vehicle, n =
14; EAM + IKKi(1-20), n = 12; EAM + IKKi(14-20), n = 10]. *P < 0.05. D: representative photomicrographs (magnification, X200; scale bars = 100 jum)
of Mallory-stained cross-sections. E: quantitative data of fibrosis area. IKK inhibitor treatment significantly suppressed cardiac fibrosis on day 21 [normal +
vehicle, n = 5; nommal + IKKi(1-20), n = 5; EAM + vehicle, n = 14; EAM + IKKi(1-20), n = 12; EAM + IKKi(14-20), n = 10]. *P < 0.05.
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2.9%; P < 0.05) were significantly lower than those in the EAM +
vehicle group (37.9 = 4.7%), respectively (Fig. 3, D and E).
There was no significant difference regarding these histopatho-
logical changes between the EAM + IKKi(1-20) group and the
EAM + IKKi(14-20) group. Hearts from the normal + IKKi(1—
20) group did not show abnormal histopathological change com-
pared with the normal + vehicle group.

The IKK inhibitor attenuated inflammatory cell infiltration
in EAM hearts. After histopathological examination, we ana-
lyzed the effect of IKK inhibitor treatment on each inflamma-
tory infiltrating cell. Hearts from the EAM + vehicle group
showed massive infiltrations of CD-4 positive T cells and
CD68-positive macrophages, and moderate infiltration of CD8-
positive T cells on day 21. However, the EAM + IKKi(1-20)
group showed significant reductions of CD4-, CDS§-, and
CD68-positive cell numbers compared with the EAM + vehi-
cle group (Fig. 4, A-D).

Localization of NF-kB activation in EAM. To investigate
NF-kB activity in EAM, we performed immunohistochemical
analysis. On day 21, NF-kB p65 was expressed in the cyto-
plasm of cardiac tissues from the normal + vehicle group. In
contrast, strong expression of NF-kB p65 was observed mainly
in the nucleus of the infiltrating cells in the myocardium as
shown by arrows in the hearts from the EAM + vehicle group
(Fig. 5A). On this occasion, NF-«kB p65 phosphorylation (as a

>

CDs8

EAM + vehicle

H1765

marker of NF-kB activation) was detected in CD4-positive T
cells that infiltrated the myocardium in the EAM -+ vehicle
group (Fig. 5B). CD4-positive T cells play a critical role in the
development of EAM. The spleen is a major source of immune
cells, including CD4-positive T cells. Immune cells derived
from the spleen migrate to the inflammatory affected area
through the blood stream (37). Hence, we examined NF-kB
activation in the spleen during the development of EAM. In the
spleen obtained from the EAM + vehicle group, we observed
enhanced colocalization of phospho-NF-«B p65 and CD4-
positive T cells compared with that of the normal + vehicle
group (Fig. 5C).

IKK inhibitor suppressed NF-«B activation in EAM hearts.
To examine the effect of IKK inhibitor treatment on NF-kB
activity in the heart of EAM, we analyzed nuclear NF-kB p65
protein expression, NF-xB p65 phosphorylation level, and
cytosolic phospho-IkB-to-IkB ratio (35). The EAM + vehicle
group showed enhanced nuclear NF-«B p65 protein expression
compared with the normal + vehicle group. However, nuclear
NF-kB p65 protein expression was significantly reduced in the
EAM + IKKi(1-20) group compared with the EAM + vehicle
group on day 21 (Fig. 6, A and B). Phosphorylation level of
NF-«kB p65 (as shown by phospho-NF-kB-to-total NF-xB
ratio) was reduced by IKK inhibitor administration (Fig. 6, C
and D). Moreover, the level of cytosolic phospho-IkBa-to-IkB
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Fig. 4. Infilrations of inflammation-related cells
on day 21. A: representative CD4 staining, CD8
staining, and CD68 staining photomicrographs
(magnification, X200; scale bars = 100 pm).
Quantitative results of immunohistochemistry for
CD4-positive T cell [EAM + vehicle, n = §;
EAM + IKKi(1-20), n = 7; B], CD8-positive T
cell [EAM + vehicle, n = 7; EAM + IKKi(1-
20), n = 8; C], and CD68-positive macrophage
[EAM + vehicle, n = 7; EAM + IKKi(1-20),
n = 6; D] are shown. IKK inhibitor treatment
reduced numbers of CD4-, CD8-, and CD68-
positive infiltrating cells in EAM hearts on day
21. *P < 0.05.
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ratio in EAM hearts increased in the EAM + vehicle group
compared with the normal + vehicle group. However, it de-
creased by IKK inhibitor administration (Fig. 6, E and F).
Altered inflammation-related gene expression by IKK inhi-
bition in EAM hearts. Thl cytokines and chemokines are known
to promote myocardial inflammation during EAM (7, 11). There-

fore, we examined the effect of IKK inhibitor treatment on mRNA
expression of a chemokine and Th1 cytokines in hearts on day 2/
using real-time RT-PCR. In the EAM + vehicle group, mRNA
expressions of IFN-vy, IL-2, and MCP-1 were enhanced compared
with the normal + vehicle group. However, mRNA expressions
of these genes were significantly suppressed in the EAM +

Fig. 5. Localization of NF-kB activation in EAM on day 2/. A: representative immunohistochemistry of hearts from the normal + vehicle group and the
EAM + vehicle group (magnification, X400; scale bars = 50 pm). In EAM hearts (EAM + vehicle), NF-kB p65 was expressed in the nucleus of infiltrating
cells (as shown by arrows). B: representative immunofluorescence double staining findings of the myocardium in the EAM + vehicle group on day 2/
(magnification, X400; scale bars = 50 um). Phospho (P)-NF-kB p65 was detected on CD4-positive infiltrating cells (as shown by arrows) in the EAM + vehicle
group. C: representative immunofluorescence double staining findings of the spleen from the normal + vehicle group and the EAM + vehicle group on day 2/
(magnification, X400; scale bars = 50 jum). Colocalization of phospho-NF-kB p65 and CD4-positive cells (as shown by arrows) were observed in the spleens

from the EAM + vehicle group. DAPI, 4',6-diamidino-2-phenylindole.
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Fig. 7. mRNA expression of inflammation-
related genes. Results of real-time RT-PCR for
IFN-y (A), IL-2 (B), and monocyte chemoat-
tractant protein (MCP-1; C). IKK inhibitor
treatment significantly suppressed mRNA ex-
pressions of IFN-y, IL-2, and MCP-1 on day 21
[normal + vehicle, n = 3; EAM + vehicle, n =
12; EAM + IKKi(1-20), n = 9]. *P < 0.05.

Normal +
vehicle

MCP-1 mRNA expression (%)
(Fold change vs. Normal)

IKKi(1-20) group compared with the EAM + vehicle group
(Fig. 7, A-C).

Suppression of antigen-induced T-cell proliferation by IKK
inhibitor treatment. Our present Study revealed that NF-«B
activation was observed in CD4-positive T cells in the heart
and spleen during the development of EAM. Additionally,
previous studies reported that EAM is transferable to other
individuals via T cells derived from the spleen of EAM (21,
46). T cells activated by antigen mediate the development of
EAM. Therefore, we performed a T-cell proliferation assay to
examine the effect of IKK inhibitor on antigen-induced T-cell
proliferation using splenocytes of EAM. As a result, T-cell
proliferation was significantly increased by myosin restimula-
tion. IKK inhibitor treatment suppressed myosin-induced T-
cell proliferation in a dose-dependent manner (Fig. 8).

Effect of IKK inhibitor on the production of Thl cytokines in
vitro. It is known that Thl cytokines released from CD4-
positive T cells mediate the progression of EAM (33). Thus, to
examine the effects of IKK inhibitor on the production of Thl

25

~
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Myosin

IKK inhibitor (uM)

Fig. 8. The effect of IKK inhibitor treatment on antigen-induced T-cell
proliferation. The IKK inhibitor suppressed antigen-induced T-cell prolifera-
tion in a dose-dependent manner (n = 10 each). *P < 0.05.
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cytokines from T cells activated by antigen, we performed
ELISA using supernatants collected from T-cell proliferation
assays. In consequence, productions of IFN-y and IL-2 were
significantly increased by myosin restimulation. However, IKK
inhibitor treatment suppressed the production of these thl
cytokines in a dose-dependent manner (Fig. 9, A and B).

DISCUSSION

NF-«B is a key factor for the progression of inflammation
(35, 47). Our previous articles showed that inhibition of NF-«B
activation by the IKK inhibitor significantly suppressed pro-
inflammatory mediators in myocardial ischemia model (34,
45). Inflammation is an essential pathological feature of acute
myocarditis. Although the effectiveness of the IKK inhibitor
on cardiac diseases associated with inflammation was shown,
the effect of the IKK inhibitor on myocarditis remains un-
known.

IKK inhibitor treatment did not change the value of EF
compared with vehicle treatment on day 21. However, the
EAM + IKKi(1-20) group exhibited an antihypertrophic ef-
fect, as shown by suppression of increases of LVPWd and
IVSTd values. This effect was consistent with the result that
IKK inhibitor treatment suppressed heart weight gain. The
increased wall thickness is considered to be owing to intersti-
tial edema associated with progression of myocardial inflam-
mation. In contrast, the EAM + IKKi(14-20) group sup-
pressed the increase of IVSTd value; however, it did not affect
LVPWd value and heart weight gain. Earlier IKK inhibitor
treatment may be more effective. The severity of histological
myocardial damage characterized by cell infiltration and fibro-
sis was significantly reduced in both the EAM + IKKi(14-20)
group and the EAM -+ IKKi(1-20) group compared with the
EAM + vehicle group. Additionally, it should be noted that
there was no significant difference regarding this effect be-
tween the EAM + IKKi(14-20) group and the EAM +
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Fig. 9. The effect of IKK inhibitor treatment
on antigen-induced production of Thl cyto-
kines. Results of enzyme-linked immunosor-
bent assay for IFN-y (A) and IL-2 (B) are
shown. The production of Th1-type cytokines,
including IFN-y (n = 10 each) and IL-2 (n =
10 each), was significantly reduced by IKK
inhibitor administration in vitro. *P < 0.05.
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IKXKi(1-20) group. We revealed that even when IKK inhibitor
administration began from day 14, IKK inhibitor treatment
suppressed myocardial damage and it was not inferior to the
early IKK inhibitor treatment group [EAM + IKKi(1-20)].
Thus our results suggest that the treatment effect of IMD-0354
was due to the suppression of the inflammatory reaction that
was caused around day 14. In a clinical setting, time lag occurs
before patients are diagnosed with myocarditis and receive
medical treatment. Therefore, IKK inhibitor treatment from
day 14 to day 21 [EAM + IKKi(14-20)] was a trial to inspect
utility as a therapeutic medicine of myocarditis. Meanwhile,
there was no significant difference in echocardiographic pa-
rameters and histopathological findings between the normal +
vehicle group and the normal + IKXKi(1-20) group. These
results suggest that the IKK inhibitor IMD-0354 does not affect
normal hearts.

We observed massive infiltrations of CD4-positive T cells
and CD68-positive macrophages, and moderate infiltration of
CD8-positive T cells in the EAM + vehicle group hearts
tissue. Infiltration cells into myocardium consist of mainly
macrophages and CD4-positive T cells in EAM, and this result
is consistent with those of previous studies (14, 22). These
inflammatory cell infiltrations were suppressed by IKK inhib-
itor administration. NF-kB induces activation of inflammatory
cells such as T cells and macrophages (2, 18). During the
inflammatory phase of EAM, Th1 cytokines are enhanced and
they mediate interaction between CD4-positive T cells and
macrophages, which lead to cardiac damages (8, 14, 33). In
particular, CD4-positive T cells proliferate oneself by releasing
. IL-2 and activate macrophages by releasing IFN-y. Subse-
quently, activating macrophages damage myocardium (33).
MCP-1 is known as a chemotactic factor and plays essential
role in the inflammatory reaction involved in the progress of
myocarditis by having an influence on the recruitment of
inflammatory cells (11). Many inflammation-related genes in-
cluding IFN-vy, IL-2, and MCP-1 are expressed by NFE-«kB (5,
43, 44), and its suppression prevents the development of EAM
(11, 27, 36). Our in vivo studies revealed that mRNA expres-
sion of IFN-y, IL-2, and MCP-1 were suppressed by IKK
inhibitor treatment through inhibition of NF-«B activation in
EAM heart tissues. Therefore, inhibition of NF-kB activation
by IKK inhibitor treatment to suppress expression of inflam-
mation-related genes may prevent harmful inflammatory cell
infiltration in myocarditis.

In the process of EAM, CD4-positive T cells were activated
by cardiac myosin and then recruited to the target organ (heart)
(39). 1t is known that this cell play a particularly significant
role in the pathophysiology of EAM. We demonstrated that
NF-«B activation was observed mainly in CD4-positive T cells
infiltrating the myocardium in EAM. A major source of in-
flammatory cells, including CD4-positive T cells, is the spleen
(37). Therefore, we examined NF-«kB activity in CD4-positive
T cells of the spleen during EAM. We also detected NF-xB
activation of CD4-positive T cells in spleens in EAM. A recent
study reported that immune cells derived from the spleen reach
the myocardium via the blood stream and induced inflamma-
tory reaction during inflammation-related cardiac disease (24).
Moreover, some previous studies reported that splenocytes
play a role of the pathogen and transferred myocarditis (21, 26,
46). Therefore, we investigated the direct effects of the IKK
inhibitor on T cells, which were activated by antigen and
derived from the spleen. Our in vitro study revealed that IKK
inhibitor treatment suppressed myosin induced T-cell prolifer-
ation and production of Thl cytokines. NF-xB activation is
necessary for T-cell activation, differentiation, and prolifera-
tion (4). Activated T cells secrete various cytokines and
chemokines via NF-kB activation, which activate other inflam-
matory cells or cardiomyocytes in the myocardium and cause
further recruitment of inflammatory cells (34, 48). Antigen-
induced T-cell proliferation and subsequent production of Th1
cytokines from T cells are an essential response for the devel-
opment of EAM (8). This evidence demonstrates that the IKK
inhibitor suppressed the activation of T cells and attenuated the
development of EAM. Therefore, our results suggested that
IMD-0354 attenuated the severity of EAM by targeting NF-«B
of T cells during the inflammatory phase in EAM.

The present study showed for the first time that the IKK
inhibitor IMD-0354 reduces the severity of EAM. This effect is
associated with the reduction of inflammatory-related gene
expression by inhibition of NF-kB activation. Some previous
studies reported that administration of pharmacological agents
indirectly inhibited NF-kB activation and suppressed the pro-
gression of EAM (1, 14, 40). Therefore, the IKK inhibitor
IMD-0354, which directly inhibits NF-kB activation, may be
promising as a therapeutic drug for the treatment of myocar-
ditis. Tt is noteworthy that the IKK inhibitor will be clinically
available in the near future. IMD-1041, which is a prodrug of
IMD-0354, also inhibits IKK-B in vivo and in vitro (6).
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Because this compound is an investigational drug, it is not yet
on the market. To prove the clinical effect of IMD-1041, we
started an interventional, randomized, placebo control and
double blind clinical trial. Thus the IKK inhibitor will be used
to treat myocarditis and other cardiovascular diseases in clin-
ical settings in the future. Our data clearly indicate that IKK is
critical for EAM development and its inhibition has significant
effects for treating myocardial inflammation. In conclusion,
IKK regulation is promising in the treatment of clinical acute
myocarditis.
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Abstract

The m.3302A>G mutation in the mitochondrial tRNAMYYVR) gene hag been identified in only 12 patients from 6 families, all
manifesting adult-onset slowly progressive myopathy with minor central nervous system involvement. An 11-year-old boy presented
with progressive proximal-dominant muscle weakness from age 7 years. At age 10, he developed recurrent stroke-like episodes.
Mitochondrial myopathy, encephalopathy, lactic acidosis, plus stroke-like episodes (MELAS) was diagnosed by clinical symptoms
and muscle biopsy findings. Mitochondrial gene analysis revealed a heteroplasmic m.3302A>G mutation. Histological examination
showed strongly SDH reactive blood vessels (SSVs), not present in previous cases with myopathies due to the m.3302A>G mutation.
These findings broaden the phenotypic spectrum of this mutation.

© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: MELAS; Myopathy; m.3302A>G mutation

1. Introduction

The m.3302A>G mutation in the mitochondrial
tRNAMUUUR) gene was identified in 6 families including
12 patients with adult-onset slowly progressive myopa-
thy and minor central nervous system complications
including hearing disabilities and oculomotor symptoms
[1-4]. In contrast, we experienced a child harboring the
same mutation who showed the mitochondrial encepha-
lopathy, lactic acidosis, plus stroke-like episodes
(MELAS) phenotype. Approximately 80% of MELAS

* Corresponding author. Address: Department of Child Neurology,
National Center Hospital, National Center of Neurology and Psychi-
atry (NCNP), 4-1-1 Ogawahigashi-cho, Kodaira, Tokyo 187-8551,
Japan. Tel.: +81 42 341 2711; fax: +81 42 344 6745.

E-mail address: komakih@ncnp.go.jp (H. Komaki).

cases are caused by an A-to-G transition mutation at
position 3243 in the mitochondrial tRNAMUUUR)
(MTTL1) gene [5] The relationship of this mutation
to the MELAS phenotype is noteworthy.

2. Case report

A 7-year-old boy presented with gait disturbance and
progressive proximal-dominant muscle weakness. He
had normal psychomotor development until the devel-
opment of the symptoms. His maternal members includ-
ing his mother did not have symptoms associated with
mitochondrial diseases such as short stature, diabetes
mellitus, hearing loss, mental retardation, and cardiac
complication. Generalized seizures emerged at age
10 years, subsequently occurring 8 times within one
year. Electroencephalography revealed sporadic sharp

0387-7604/$ - see front matter © 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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Table 1

Laboratory data.

Serum (Normal range)

Creatine kinase 716 (57-197) Iu/L
Lactate 63.4 (3.0-17.0) mg/dL
Pyruvate 1.60 (0.3-0.94) mg/dL
Cerebrospinal fluid

Lactate 44.0 (8.4-16.6) mg/dL
Pyruvate 1.92 (0.63-1.27) mg/dL

waves at mid-frontal areas. On physical examination at
age 11 years, he showed winged scapulas and proximal
muscle weakness necessitated Gowers’ maneuver to
stand. His deep tendon reflexes were decreased.
Cranial nerve findings were unremarkable. I1Q testing
(WISC-III) revealed borderline mental retardation (full
IQ 76). Serum creatine kinase, lactate and pyruvate, as
well as cerebrospinal lactate and pyruvate, were elevated
(Table 1).

Histological examination of biopsied muscle showed
30% of muscle to be ragged-red fibers (RRFs) by mod-
ified Gomori-trichrome staining. Succinate dehydroge-
nase (SDH) staining revealed strongly SDH reactive
blood vessels (SSVs). Cytochrome c oxidase (COX)
staining demonstrated variable enzyme activities from
strongly positive to negative. Both RRFs and SSVs
showed variable COX activities.

Respiratory chain enzyme activities in biopsied tis-
sues were measured using previously reported methods
[6]. The ratio of muscle complex I/I1 activities was mark-
edly reduced to 12% of control values. Those of complex
III/TII and IV/II activities were 43% and 40%, respec-
tively. In myoblasts and fibroblasts, these ratios were
all within control ranges (Table 2).

Mitochondrial gene analysis was conducted as
described elsewhere [7], and identified the m.3302A>G
mutation located within the coding sequence of
tRNAMWUUR) - The heteroplasmy proportion of the
m.3302A>G mutation was determined for each tissue
by real-time PCR method using Tag-Man® probe on
ABI 7700 according to the manufacturer. Mutation
loads were 89.5 4 0.3% in biopsied muscle, 85.8 £

Fig. 1. Brain magnetic resonance imaging of the patient (fluid-
attenuated inversion recovery imaging). Bilateral occipital lesions with
high signal intensity are noted, whose distribution in not conforming
to that of vascular territories.

0.7% in myoblasts, 86.9 +0.8% in fibroblasts and
36.1 4 2.3% in white blood cells.

After MELAS was diagnosed, the patient experi-
enced stroke-like episodes with headache, vomiting,
and occasionally cortical blindness. Brain magnetic
resonance imaging (MRI) showed bilateral occipital
lesions, confined to the cortical ribbon and not conform-
ing to the distribution of vascular territories, with high
signal intensity on fluid-attenuated inversion recovery
images (Fig. 1). During the follow-up period, repeated
MRI examinations never had basal ganglia lesions. At
age 12years, he became wheelchair-bound, and was
nocturnal mask-medicated ventilator dependent due to
chronic respiratory insufficiency.

Table 2
Respiratory chain enzyme activities.
Complex Skeletal muscle Myoblasts Fibroblasts

Patient Control (n=15) Patient Control (n=15) Patient Control (n=4)
I/ 0.09 0.26-1.2 3.2 1.3-5.6 2 1.6-3.4

12% (0.76 £ 0.39) 3.0£1.7 (2.0+0.9)
/11 0.39 0.72-1.8 3.4 3.2-74 5.3 1.9-5.6

43% (0.91 £0.41) (424 1.6) (3.5+18)
v/ 0.35 042-1.3 3.7 2.1-9.1 2.8 2.2-5.0

40% (0.88 £0.36) (4.7£3.1) (3.3+12)

Complex I, III and IV activities are shown as psoportions to that of complex II. Control values are expressed as mean =+ standard deviation.
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3. Discussion

Our patient initially manifested muscle weakness,
developing epilepsy and stroke-like episodes years later.
Elevated cerebrospinal lactate and pyruvate and
bilateral occipital lesions with high signal intensity on
MRI characterize the MELAS phenotype, and an
m.3302A>G mutation was 1dentified for the first time.
The mutation was in a heteroplasmic state, a common
feature of pathogenic mtDNA mutations. The signifi-
cant tissue-to-tissue variability and inability to quantify
the tissue specific mutational burden for the brain make
it difficult to determine a prognosis for individuals har-
boring this mutation. Although the percentage of muta-
tion load in differ little from those of in myoblast and
fibroblast, the degree of the enzymatic deficiency in mus-
cle, myoblasts, and fibroblasts are diverse in our patient.
The threshold effects of this mutation might be different
between muscle, fibroblasts and myoblasts.

However, the proportion of mutated mtDNA was
highest in leptomeningeal and cortical blood vessel walls
in all brain regions in a patient with severe COX defi-
ciency [8]. Since mitochondrial dysfunction in vessels is
assumed to be essential in the pathogenesis of stroke-like
episodes in MELAS, such heteroplasmy may have been
present in our patient. Moreover, although some cases
with adult-onset slowly progressive mitochondrial
myopathy with m.3302A>G mutations had hearing loss,
recurrent headaches, ptosis, progressive external oph-
thalmoplegia, and depression [3], muscle biopsy revealed
RRFs but no SSVs in these cases. Since SSVs represent
an increased proportion of mutant mtDNA in vessel
walls and are characteristic of MELAS [9,10], the SSVs
in muscle tissue might be linked to the brain lesions
through abundant mutated mtDNA in blood vessels in
the central nervous system in our patient.

His maternal members including his mother did not
have symptoms associated with mitochondrial diseases.
It would have been useful that we analyze their hetero-
plasmic conditions, however, we could not obtain the
samples of his maternal members because of the disap-
proval of providing the samples.

In conclusion, our case suggested the m.3302A>G
mutation to cause the clinical MELAS phenotype. We
should pay attention to headache, convulsion and other
symptoms suggesting MELAS in patients with mito-
chondrial myopathies, particularly those with SSVs on
muscle pathology.
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Monji A, Mitsui T, Bando YK, Aoyama M, Shigeta T, Murohara
T. Glucagon-like peptide-1 receptor activation reverses cardiac remod-
eling via normalizing cardiac steatosis and oxidative stress in type 2
diabetes. Am J Physiol Heart Circ Physiol 305: H295-H304, 2013. First
published May 24, 2013; doi: 10.1152/ajpheart.00990.2012.—Glucagon-
like peptide-1 receptor (GLP-1R) agonist exendin-4 (Ex-4) is a rem-
edy for type 2 diabetes mellitus (T2DM). Ex-4 ameliorates cardiac
dysfunction induced by myocardial infarction in preclinical and clin-
ical settings. However, it remains unclear whether Ex-4 may modulate
diabetic cardiomyopathy. We tested the impact of Ex-4 on two types
of diabetic cardiomyopathy models, genetic (KK and acquired T2DM
induced by high-fat diet [diet-induced obesity (DIO)], to clarify
whether Ex-4 may combat independently of etiology. Each type of
mice was divided into Ex-4 (24 nmol-kg~'-day™! for 40 days;
KK-ex4 and DIO-ex4) and vehicle (KK-v and DIO-v) groups. Ex-4
ameliorated systemic and cardiac insulin resistance and dyslipidemia
in both T2DM models. T2DM mice exhibited systolic (DIO-v) and
diastolic (DIO-v and KK-v) left ventricular dysfunctions, which were
restored by Ex-4 with reduction in left ventricular hypertrophy. DIO-v
and KK-v exhibited increased myocardial fibrosis and steatosis (lipid
accumulation), in which were observed cardiac mitochondrial remod-
eling and enhanced mitochondrial oxidative damage. Ex-4 treatment
reversed these cardiac remodeling and oxidative stress. Cytokine array
revealed that Ex-4-sensitive inflammatory cytokines were ICAM-1
and macrophage colony-stimulating factor. Ex-4 ameliorated myocar-
dial oxidative stress via suppression of NADPH oxidase 4 with
concomitant elevation of antioxidants (SOD-1 and glutathione perox-
idase). In conclusion, GLP-1R agonism reverses cardiac remodeling
and dysfunction observed in T2DM via normalizing imbalance of
lipid metabolism and related inflammation/oxidative stress.

diabetes mellitus; mitochondria; oxidative stress; glucagon-like pep-
tide-1; insulin resistance

GLUCAGON-LIKE PEPTIDE-1 RECEPTOR (GLP-1R) agonist is one of
the remedies for type 2 diabetes mellitus (T2DM) used for
patients at an advanced stage in which refractory cases to oral
hypoglycemic reagents (4). In addition to its therapeutic action
on diabetic condition, accumulating evidence demonstrated
that GLP-1R agonism ameliorates systolic dysfunction in pre-
clinical (2, 22) and clinical heart failure after ischemic heart
disease (3, 20). Furthermore, recent reports have demonstrated
the GLP-1 analog liraglutide ameliorates liver (19) and cardiac
steatosis via modulation on the endoplasmic reticulum (ER)
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stress (24) in diet-induced obesity (DIO) mice. However, to our
knowledge, it remains unclear whether the GLP-1R agonism
may ameliorate cardiac remodeling and dysfunction observed
in T2DM.

Suggested cardiac remodeling observed in overnutrition,
such as obesity and T2DM, is illustrated by the histologic
characteristics, i.e., cardiac fibrosis, myocardial hypertrophy,
and steatosis of myocardium (29), at least in part, because of
lipotoxity to heart (36). The presence of overnutrition results in
alterations in not only systemic but also cardiac insulin resis-
tance (6), fatty acid transport/storage/oxidation, oxygen con-
sumption, and redox status, leading to the mitochondrial dam-
ages and subsequent maladaptive cardiac remodeling and dys-
function (5, 6, 36); however, it remains unclear whether
systemic intervention by GLP-1R agonism for the overnutri-
tion state may concomitantly reverse the relevant cardiac
remodeling and dysfunction.

Accordingly, we hypothesized whether the GLP-1R activa-
tor exendin-4 (Ex-4) may mitigate cardiac dysfunction and
remodeling occurred in T2DM by ameliorating cardiac oxida-
tive stress that was presumably induced by concomitant ste-
atosis and/or enhanced insulin resistance. To elucidate this
notion more universally, we tested the impact of Ex-4 on
diabetic heart by used of 2 distinct T2DM models, genetic and
acquired T2DM induced by high-fat diet (HFD; DIO).

METHODS

Mice models. All procedures involving mice were approved by the
Institutional Animal Care and Use Committee of Nagoya University.
Two types of T2DM models were allocated: genetic T2DM model
(KKAy) (14, 35) and age- and sex-matched (male)-acquired T2DM
mice fed with high-fat diet (HFD60, Oriental Yeast, Tokyo, Japan)
(32). Mice were allocated into experimental groups as follows: Ex-4
(24 nmol-kg~'-day ™!, subcutaneously administrated by osmotic
pump for 40 days; KK-ex4 and DIO-ex4; Sigma-Aldrich) and vehicle
groups (KK-v and DIO-v). The overview of experimental protocol
regarding mice feeding and drug treatment that applied to the present
study was displayed in Fig. 1. The food consumption was measured
by weighing new and remaining food three times weekly according to
the previous report (19). Changes in food intake of individual mouse
was expressed as the average value of food intake that was calculated
from daily food intake for the whole experimental course. Oral
glucose tolerance test was performed as follows: mice were subjected
6 h fasting, and glucose (2 g/kg body wt) was orally administered.
Changes in blood glucose level were measured using the handy
glucometer system (Sanwa-Kagaku, Nagoya, Japan) at the time point
of 0, 30, 60, and 120 min after the glucose loading.

Blood chemistry. Blood glucose level was measured through a tail
nick using a handheld glucometer. Plasma cholesterol and triglyceride
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levels were measured using each blood specimen collected at the time
of euthanizing from heart puncture of each mouse. Plasma insulin
levels were determined by radioimmunoassay (Mouse Insulin RIA
Kit; Millipore, MA).

Echocardiography. Cardiac function of each mouse was assessed
using a complete two-dimensional and M-mode and Doppler echo-
cardiogram [ACUSON Sequoia 512 system with a 15-MHz high-
frequency transducer (Microson 15L8), Siemens]. Mice were anes-
thetized using a combination of ketamine (75 mg/kg) and xylazine (10
mg/kg) anesthesia to avoid any influence of the type of anesthesia on
heart rate or left ventricular (LV) function (33).

Immunoblotting. Each heart tissue sample was subjected to frost
shattering using Cryopress (Microtech Nichion, Chiba, Japan). Pro-
teins were extracted in radioimmunoprecipitation assay buffer con-
taining protease and phosphatase inhibitor cocktails. Equal amounts
(10 wg) of protein from each group were electrophoresed and sub-
jected to immunoblotting. Protein bands were detected using the
following specific antibodies: phospho-insulin receptor substrate 1
(IRS-1) (Millipore), phospho-cAMP response element binding protein
(CREB), GAPDH (Cell Signaling Technology), SOD-1 (Santa Cruz),
and NADPH oxidases 4 (Nox4) and 2 (Nox2), glutathione peroxidase
(GPx), and thioredoxin (TRx) (Abcam). The density of each protein
band was analyzed using an image analysis software (Imagel).

Cytokine array. A proteome profiler array was performed accord-
ing to the manufacturer’s instructions [Mouse Cytokine Array, Panel
A (ARY006); R&D system, Minneapolis, MN]. In brief, after a 1-h
membrane-blocking step, the preincubated mouse plasma-biotinylated

antibody mixture was added, and the membrane was incubated over-
night. After a series of washes, the membrane was incubated with
horseradish peroxidase-conjugated streptavidin, and the signal was
detected by using X-ray film. Average protein expression levels were
measured by densitometry (Imagel).

Immunohistochemistry and microscopic analysis. Frozen sections
of heart tissue (8 wm) were subjected to immunohistochemistry and
examined under a fluorescence microscope (Axio Observer Z1, Carl
Zeiss MicroImaging). The cell surface area and ceramide accumula-
tion in cardiomyocytes were detected using the following specific
antibodies: dystrophin (Novocastra) and ceramide (Sigma), respec-
tively. Each result was quantified by use of the Imagel software as
described previously (33).

Cardiac cAMP concentration. Frost-shattered heart samples using
the Cryopress were subjected to cAMP concentration measurement
using commercially available kit according to the manufacturer’s
protocols (Promega, WI).

Cardiac superoxide detection. For detection of cardiac superoxide
radical levels, we used specific fluorescence dye dihydrothidium
(DHE) as a probe (Invitrogen Molecular Probes). The sources of
reactive oxygen species (ROS), including superoxide, are derived
from mitochondrial respiratory chain and nonrespiratory chain origins
(5, 28). To dissect out the source of ROS originated from mitochon-
drial respiratory chain, each heart section was pretreated with rote-
none (100 wM), the inhibitor for mitochondrial electron chain com-
plex I, and subjected to DHE staining (1 wM). To detect the mito-
chondria-specific oxidative stress level, each heart section was loaded

Table 1. Effects of exendin-4 on body weight, heart weight, and glucose metabolism

KK-v KK-ex4 DIO-v DIO-ex4 CTL-v
BW, g 54+ 1 52+2 44 = 1 35=x1 29 =1
HW, mg 223 x7 204 =8 140 = 8 11521 136 =2
HW/BW 42 =02 37x0.1 33 =01 33*0.1 48 +0.1
BS, mg/dl 452 = 114 468 + 82 159 = 14 143 =6 154 £23
Ins, pgfl 59+05 2.9 + 0.4* 31x203 1.7 = 0.4%* 1.6 0.3

Values are means * SE; n = 3-10 for congenital type 2 diabetes mellitus mice (KK), and n = 3-9 for diet-induced obese mice. KK and DIO mice with vehicle
treatment (KK-v and DIO-v, respectively) and the exendin-4 treated KK and DIO mice (KK-ex4 and DIO-ex4, respectively) and lean control mice (CTL) are
shown. BW, body weight; BS, nonfasting blood sugar concentration; Ins, nonfasting plasma insulin concentration. **P < 0.01 and *P < 0.05 ves. vehicle
counterpart.

AJP-Heart Circ Physiol » doi:10.1152/ajpheart.00990.2012 - www.ajpheart.org

—151—



IMPACT OF GLP-1R ACTIVATION ON DIABETIC CARDIOMYOPATHY

with mitochondrial fluorescence probes mirotracker red (100 nM
MTR; CM-H2XRos) in the presence of 200 nM mitotracker green,
which is a carbocyanine-based mitochondrion-specific probe and
detects all mitochondria by covalently binding to the inner mitochon-
drial membrane independently of membrane potential. MTR is non-
fluorescent at baseline, and it becomes fluorescent once MTR is
oxidized by ROS within mitochondria.

Transmission electron microscopy. Small pieces of LV myocar-
dium were obtained from the LV free wall of adult male mice; fixed
in Kamovsky’s solution consisting of 2% paraformaldehyde, 2.5%
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glutaraldehyde, and 0.1 M phosphate buffer; and processed until
embedding into epon plastic. Ultrathin sections were stained with 1%
(wt/vol) uranyl acetate followed by Reynold’s lead citrate. Micro-
graphs were collected using a JEM-1400 transmission electron mi-
croscope (JEOL, Tokyo, Japan) at 100 kV and lower (X1,000) and
higher (X5,000 and X8,000) magnification. Scanned micrographs
were analyzed using Imagel] software for the calculation of mitochon-
drial area and total mitochondrial number.

Mitochondrial fractionation. Frost-shattered heart samples using
the Cryopress were subjected to mitochondrial fractionation using

Fig. 2. Exendin-4 (Ex-4) ameliorated systemic and myo-
cardial insulin resistance without affecting food intake.
A and B: effect of Ex-4 treatment on impaired glucose
tolerance in KKAy (4) and DIO (B) mice. Mice were
subjected 6 h fasting, and glucose (2 g/kg body wt) was
orally administered. Changes in blood glucose level
were measured at the time point of 0, 30, 60, and 120
min after the glucose loading. Ex-4 ameliorated glucose
tolerance both of KKAy (P = 0.003 by ANOVA) and
DIO (P = 0.048 by ANOVA). C and D: mean of daily
food intake of each mouse remain unchanged by admin-
istration of Ex-4. E and F: changes in cardiac insulin
sensitivity were assessed by the phosphorylation level of
insulin receptor substrate 1 (IRS-1). Increased IRS-1
phosphorylation levels indicates the impaired insulin
sensitivity. Left: cardiac IRS-1 phosphorylation level of
KKAy mice treated with vehicle (KK-v) and with Ex-4
(KK-ex4). Right: DIO with vehicle (DIO-v) and Ex-4
(DIO-ex4). Each panel of representative blot represents
the results of 2 independent specimens obtained from
the same group. GAPDH, internal control. G and
H: effect of Ex-4 on cardiac cAMP concentrations in
KKAy mice. The cAMP levels (in nM) were measured
using each heart extract. I: changes in protein kinase A
activity exhibited by the phospho-cAMP response ele-
ment binding protein (CREB) level in DIO mouse
hearts. **P < 0.01 vs. vehicle counterpart (n = 710 for
KK; n = 4-9 for DIO). ns, not significant.

DIO-ex4

-+ p-IRS1
(Ser307)

GAPDH

DIO-ex4
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density gradient procedure with commercially available kit (Pierce,
Thermofisher Scientific), and each fraction was subjected to immu-
noblot analysis using antibodies of anti-Parkin (Abcam), anti-PTEN-
induced kinase 1 (PINK1) (MerckMillipore, MA), anti-voltage-de-
pendent anion channel (Abcam), anti-mitofusin-1 (Mfn1) (Santa Cruz,
CA), and anti-Mfn2 (Sigma).

Statistical analyses. Data are expressed as means = SE. Data
analyses were performed using commercially available JMP software
(JMP, version 8.0, SAS Institute). For comparisons between two
groups, we employed Student’s r-tests and ANOVA as appropriate.
Values of P < 0.05 were considered statistically significant.

RESULTS

Ex-4 ameliorated systemic and myocardial insulin resis-
tance and cardiac function without affecting food intake. Pre-
vious reports demonstrated GLP-1 analog liraglutide mitigates
glucose intolerance and reduced heart mass without affecting
body weight in mice (19, 24). We first examined the effects of
Ex-4 on glucose homeostasis and changes in body and heart
weight of KK and DIO mice (Table. 1). Ex-4 treatment
ameliorated hyperinsulinemia and heart weight both in KK and
DIO groups, whereas it had no effect on each body weight or
postprandial blood glucose levels (19). To evaluate the impact
of Ex-4 on systemic glucose intolerance more precisely, we
performed oral glucose tolerance test, demonstrating that
the 40-day Ex-4 treatment significantly ameliorated glucose
intolerance both in KK (Fig. 24) and DIO (Fig. 2B) without
affecting the extent of food intake of each group (Fig. 2, C
and D).

Impaired cardiac insulin signaling elicits mitochondrial
damage leading to oxidative stress in heart, leading to cardiac
remodeling and dysfunction (6). To further examine the effect
of Ex-4 treatment on cardiac insulin sensitivity, we next
assessed changes in phosphorylation level of IRS-1 (1) (Fig. 2,
E and F). As expected, the cardiac IRS-1 phosphorylation
levels were decreased both in KK-ex4 (Fig. 2E) and DIO-ex4
(Fig. 2F), suggesting that Ex-4 treatment ameliorated cardiac
insulin resistance in those T2DM mice. Lastly, to confirm
whether the systemic administration of Ex-4 may successfully
act on heart, we measured cardiac cAMP concentration in each
mouse heart, because GLP-1R activation generally promotes
increase in intracellular cAMP level (10). Cardiac cAMP level
was elevated in KK-ex4 compared with KK-v (Fig. 2G). In
DIO-ex4 heart, we found the same trend of cAMP elevation;
however, there was no statistical significance (Fig. 2H). We
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additionally examined the changes in cardiac phospho-CREB
level of DIO-ex4, which is one of the surrogates for protein
kinase A activation, and found marked elevation of phospho-
CREB in DIO-ex4 heart (Fig. 2I). We next examined the
impact of Ex-4 on cardiac function (Table 2) of each mouse.
Echocardiography revealed that DIO-v exhibited systolic and
diastolic LV dysfunction, which were restored by Ex-4 treat-
ment with reduction in LV wall thickening. In KK-v, their
systolic function remained unchanged, whereas those diastolic
LV function was impaired and exhibited LV hypertrophy,
which are consistent with characteristics to diabetic heart (5).
Ex-4 reversed these diastolic dysfunction and LV hypertrophy
of KK heart.

Ex-4 ameliorated cardiac remodeling observed in T2DM
independently from etiology. We next examined the effects of
Ex-4 on the cardiac remodeling induced by T2DM in terms of
morphological changes (Fig. 3). Consistently with the findings
observed in echocardiography (Table 2), histological analysis
revealed that T2DM increased cardiomyocyte size, which was
reversed by Ex-4 treatment (Fig. 3, A and B). Diabetic heart
exhibits enhanced cardiac fibrosis (33, 39). We thus evaluated
changes in cardiac fibrosis by Sirius red staining (Fig. 3, C and
D). In KK-v and DIO-v, the Sirius red-positive fibrotic area
was markedly increased, which were suppressed both in KK-
ex4 (Fig. 3C) and DIO-ex4 groups (Fig. 3D).

We next examined the effects of Ex-4 on the cardiac mito-
chondrial remodeling observed in T2DM by transition electron
microscopy (Fig. 3, E-H). In KK-v (Fig. 3E, top) and DIO-v
(Fig. 3F, top), most mitochondrial cristae structure were de-
stroyed and defragmented, leading to reduction in size (Fig.
3G) and increase in number (Fig. 3H). Ex-4 ameliorated those
morphological changes of mitochondria both in KK and DIO
mice (Fig. 3, E-H, bottom).

Ex-4 ameliorated cardiac mitochondrial remodeling ob-
served in T2DM presumably via reduction of oxidative stress.
To further clarify the effects of Ex-4 on the morphological
changes of cardiac mitochondria detected by transition electron
microscopy, we next conducted several experiments for detect-
ing mitochondrial damage more specifically (Fig. 4). Because
we found that both KK and DIO heart exhibited cardiac insulin
resistance, which was reported to promote mitochondrial dys-
function and oxidative stress in the heart (6), we next hypoth-
esized whether Ex-4 may ameliorate mitochondrial remodeling
in diabetic heart via reduction of mitochondrial oxidative stress

Table 2. Effects of exendin-4 on cardiac function of diabetic models

KK-v KK-cx4 DIO-v DIO-ex4 CTL-v
1VSd, mm 12x0.1 1.0 =0.1* 1.1 £0.1 0.8 =0.1* 0.8 £0.1
LVPWd, mm 1.1 £0.1 1.0 = 0.1* 1.0 £ 0.1 0.8 £0.1* 0.8 =0.1
LVDd, mm 3.7 0.1 3.6 £0.1 3.6 0.1 33 £02%* 35x01
LVDs, mm 23=x=0.1 23 =01 25x0.1 21 x0.1* 22x01
EF, % 731 72 =1 65x1 L 732
FS, % 371 351 301 37 & 1F* 382
E, m/s 08 £0.1 09 =0.1* 1.0 0.1 1.2 £ 0.1*% 0.8 =0.1
A, m/s 05 =01 04 =01 0.6 = 0.1 0.6 =0.1 03 =01
E/A ratio 23 =01 2.8 £ 0.2%* 1.6 = 0.1 2.2 & 0.2%* 2.7 *+0.1
DcT, ms 45 =1 37 £ 1% 43 = 1 36 £ [* 32x2

Values are means = SE; n = 7 for KK, and n = 9 for DIO. Systolic and diastolic left-ventricular (LV) functions were evaluated by echocardiogram. IVSd,
diastolic interventricular septal wall thickness; LVPWd, diastolic LV posterior wall thickness; LVDd, diastolic LV diameter; LVDs, systolic LV diameter; EF,
LV ejection fraction; ES, LV fraction shortening; E, mitral Doppler-flow velocity E wave; A, mitral Doppler-flow velocity A wave; Dct, deceleration time of

mitral early inflow. **P < 0.01 and *P < 0.05 vs. vehicle counterpart.

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00990.2012 - www.ajpheart.org

—153—



IMPACT OF GLP-1R ACTIVATION ON DIABETIC CARDIOMYOPATHY

A B

H299

C D

Cardiomyocyte surface
area (pmcell)

DIO-v  —— |DID-ex4 e

i

wk o S, |

108 . s ]
. . . W |

200 i
160 - - - - {
. , |

KKv  KK-ext DIOw  DIOoxd CTL4  CTleoxd

N
n

»
s

"

N
o

area(/HPF)

o
Y

% Sirius-red positive
area(/HPF)

% Sirius-red positive

°
o

G Mitochondria size
(um*mitochondrion)
0.8 7

0.6
04
0.2
KK-v KK-ex4 DIO-v DlO-ex4
H Mitochondria counts
{number/HPF)
500 F

400 . o

300 §
200 |

100 |

DIO-v DID-ex4

KK-v  KK-ex4

Fig. 3. Ex-4 reduced cardiomyocyte size and cardiac fibrosis and ameliorated mitochondrial remodeling in diabetic myocardium. Effects of Ex-4 on changes in
cardiac remodeling assessed by histologic analysis. A and B: each cardiomyocyte surface area was detected by immunofluorescence using anti-dystrophin
antibody (red, A). Top: beart sections obtained from KK-v (left) and KK-ex4 (right). Middle: DIO-v (left) and DIO-ex4 (right). Bottom: lean control (CTL-v,
right) and lean mice treated with Ex-4 (CTL-ex4). Bottom: Ex-4-treated groups of KK (left), DIO (middle), and lean control (right). Data were summarized in
bar graph. **P < 0.01 vs. vehicle counterpart (n = 7-10). C and D: changes in cardiac fibrosis detected by Sirius-red staining. The Sirius-red-positive fibrotic
area were measured by conversion of densitometric data and summarized in each graph represented below the representative images: KK-v and KK-ex4 (C),
DIO-v and DIO-ex4 (D). **P < 0.01 and *P < 0.05 vs. vehicle counterpart (n = 7-10). E~H: effects of Ex-4 on mitochondrial remodeling observed in diabetic
myocardium by transition electron microscopy (TEM). Each pair of TEM images displayed a set of higher magnification (left; scale bar, 1 um) and those observed
at a lower magnification (right; scale bar, 5 pm). E, top: KK-v beatt. E, bottom: KK-ex4. F, top: DIO-v heart. F, bottom: DIO-ex4. G and H: summary of
mitochondrial morphologic changes in TEM images. Bar graphs indicate mean mitochondria size (G) and counts (H) per lower magnification images. *P < 0.05

(n = 4-6). HPF, high power field.

(Fig. 4, A-C). Mitotracker red (MTR), a useful indicator for
mitochondria-specific oxidative stress level, revealed that the
MTR-positive spots were markedly increased both of KK and
DIO hearts compared with the nondiabetic counterpart (Fig. 4,
A-C), which were diminished in Ex-4-treated mouse hearts
[for KK (Fig. 44, left) and DIO (Fig. 4B, leff)].

Mfnl and Mfn2 are mitochondrial regulatory proteins that
determine mitochondria morphological changes and dynamics
via regulating fission/fusion, and the endogenous levels of
Mfnl attenuate cardiomyocyte viability in the face of an
imminent oxidative stress (ROS) observed in obesity (25).
Using mitochondrial fractionation, we next examined changes
in Mfnl and Mfn2 levels as a probe for diabetes-mediated
mitochondrial damage. Both of KK and DIO groups, their
Mfnl/Mfn2 ratio was found to be reduced by Ex-4-treated
groups (Fig. 4, D and E, left). We further confirmed the impact

of Ex-4 on mitochondrial damage observed in T2DM heart by
use of another surrogate for mitochondrial damage, PARKIN
and PINK, of which complex accumulates specifically to the
damaged mitochondria observed in a ROS-mediated mi-
tophagy (12, 37). In KK-v (Fig. 4F) and DIO-v (Fig. 4G), both
PARKIN and PINK1 levels were abundant in each mitochon-
drial fraction, which was reversed by Ex-4 treatment.

Ex-4 reduced cardiac lipid accumulation and inflammatory
cytokines in T2DM. Obesity causes enhancing of not only
oxidative stress but also local/systemic inflammation, which
links obesity-related insulin resistance (13, 40). New evidence
exploring the mechanisms linking ROS and inflammation find
that ROS derived from mitochondria act as signal-transducing
molecules that provoke the upregulation of inflammatory cy-
tokines (21). Furthermore, ample evidence demonstrates that
Ex-4 was reported to exert anti-inflammatory effects in human
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(7) and in apolipoprotien-E knockout mice (26), which was
presumably mediated by its another effect on lipid metabolism
(7, 26). We thus hypothesized whether the impact of Ex-4 on
the pathological lipid profile in T2DM may play a key role in
its protective effects on diabetic myocardial remodeling. To
elucidate this notion, we next examined the effect of Ex-4 on
systemic and local/cardiac accumulation of lipids. We mea-
sured changes in plasma cholesterol levels and found that Ex-4
treatment decreased both total cholesterol (Fig. 5A) and tri-
glyceride (Fig. 5B) levels in KK and DIO groups. GLP-1R
agonism reduces very low-density lipoprotein production and
hepatic steatosis (26). We next hypothesized whether Ex-4
may reduce cardiac steatosis, thereby normalizing cardiomyo-
cyte size that occurred in T2DM (Fig. 5, C and D). Changes in
cardiac steatosis were detected by ceramide staining, revealing
that we found higher lipid accumulation to the heart in KK-v
group (Fig. 5, C and D, right and middle), which was reversed
by Ex-4 treatment (Fig. 5, C and D, left top and left middle).
We also evaluated local lipid accumulation by use of Oil-red-O
staining, which was found to be less sensitive than the case
observed in ceramide staining; however, the distribution pat-
tern of lipid in each diabetic heart seemed patchy, not uni-
formly diffuse (Fig. 5, E and F). We next aimed to specify any
inflammatory cytokine that may be sensitive to Ex-4 treatment
by use of cytokine array (Fig. 5, G and H). Both in KK (Fig.
5G) and DIO (Fig. 5H), Ex-4 treatment markedly reduced
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ICAM-1 and macrophage colony-stimulating factor (M-CSF).
Regarding TNF-a, one of the cytokines modulating insulin
resistance (15), it remained unchanged; we further confirmed
this trend by measuring the plasma TNF-«a level of each mouse
using ELISA (data not shown).

Effects of GLP-1 receptor activation on cardiac oxidative
stress and mitochondrial damage. Lastly, we examined the
impact of Ex-4 on cardiac oxidative stress using superoxide-
specific fluorescence dye DHE that detects superoxide derived
from not only mitochondrial respiratory chain but also non-
respiratory chain origins (5, 28). The DHE staining revealed
that Ex-4 treatment reduced cardiac oxidative stress both in KK
(Fig. 6A) and DIO (Fig. 6B). We further evaluated the mech-
anism(s) underlying the Ex-4-mediated antioxidant effects in
terms of oxidative regulators (Nox2 and Nox4, SOD-1, TRx,
and GPx). We found that cardiac Nox4 level was downregu-
lated by Ex-4 despite the Nox2 level that remained unchanged
(Fig. 6, C and D) both in DIO and KK. Of note, all of the
antioxidant proteins we evaluated were increased in DIO-ex4
(Fig. 6D); however, those counterparts of KK-ex4 remained
unaffected (Fig. 6C).

DISCUSSION

To date, it is getting familiar that metabolic disorders due
to overnutrition such as T2DM and obesity promote cardiac
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