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Monji A, Mitsui T, Bando YK, Aoyama M, Shigeta T, Murohara
T. Glucagon-like peptide-1 receptor activation reverses cardiac remodeling 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.—Glucagonlike peptide-1 receptor (GLP-1R) agonist exendin-4 (Ex-4) is a remedy for type 2 diabetes mellitus (T2DM). Ex-4 ameliorates cardiac
dysfunction induced by myocardial infarction in preclinical and clinical 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⫺1·day⫺1 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 remodeling 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 myocardial oxidative stress via suppression of NADPH oxidase 4 with
concomitant elevation of antioxidants (SOD-1 and glutathione peroxidase). 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 peptide-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 preclinical (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 resistance (6), fatty acid transport/storage/oxidation, oxygen consumption, and redox status, leading to the mitochondrial damages and subsequent maladaptive cardiac remodeling and dysfunction (5, 6, 36); however, it remains unclear whether
systemic intervention by GLP-1R agonism for the overnutrition state may concomitantly reverse the relevant cardiac
remodeling and dysfunction.
Accordingly, we hypothesized whether the GLP-1R activator exendin-4 (Ex-4) may mitigate cardiac dysfunction and
remodeling occurred in T2DM by ameliorating cardiac oxidative stress that was presumably induced by concomitant steatosis 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⫺1·day⫺1, 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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Fig. 1. Experimental protocol. Two cohorts of
diabetic mouse models were allocated in the
present study. Cohort 1, genetic type 2 diabetic
model using KKAy (KK) mice; cohort 2, acquired type 2 diabetic mice induced by dietinduced obesity (DIO) mice of C57BL6 background. Cohort 1 was fed with normal chow
diet, and cohort 2 was continuously fed with
high-fat diet (60% fat content) to avoid dietinduced decline in body weight. w/o, without; d,
day.

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 echocardiogram [ACUSON Sequoia 512 system with a 15-MHz highfrequency transducer (Microson 15L8), Siemens]. Mice were anesthetized 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). Proteins were extracted in radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitor cocktails. Equal amounts
(10 g) of protein from each group were electrophoresed and subjected 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 (ImageJ).
Cytokine array. A proteome profiler array was performed according 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 overnight. 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 (ImageJ).
Immunohistochemistry and microscopic analysis. Frozen sections
of heart tissue (8 m) were subjected to immunohistochemistry and
examined under a fluorescence microscope (Axio Observer Z1, Carl
Zeiss MicroImaging). The cell surface area and ceramide accumulation in cardiomyocytes were detected using the following specific
antibodies: dystrophin (Novocastra) and ceramide (Sigma), respectively. Each result was quantified by use of the ImageJ 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 mitochondrial respiratory chain, each heart section was pretreated with rotenone (100 M), the inhibitor for mitochondrial electron chain complex I, and subjected to DHE staining (1 M). To detect the mitochondria-specific oxidative stress level, each heart section was loaded

Table 1. Effects of exendin-4 on body weight, heart weight, and glucose metabolism
BW, g
HW, mg
HW/BW
BS, mg/dl
Ins, g/l

KK-v

KK-ex4

DIO-v

DIO-ex4

CTL-v

54 ⫾ 1
223 ⫾ 7
4.2 ⫾ 0.2
452 ⫾ 114
5.9 ⫾ 0.5

52 ⫾ 2
204 ⫾ 8
3.7 ⫾ 0.1
468 ⫾ 82
2.9 ⫾ 0.4*

44 ⫾ 1
140 ⫾ 8
3.3 ⫾ 0.1
159 ⫾ 14
3.1 ⫾ 0.3

35 ⫾ 1
115 ⫾ 1
3.3 ⫾ 0.1
143 ⫾ 6
1.7 ⫾ 0.4**

29 ⫾ 1
136 ⫾ 2
4.8 ⫾ 0.1
154 ⫾ 23
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.
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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 mitochondrial membrane independently of membrane potential. MTR is nonfluorescent at baseline, and it becomes fluorescent once MTR is
oxidized by ROS within mitochondria.
Transmission electron microscopy. Small pieces of LV myocardium were obtained from the LV free wall of adult male mice; fixed
in Karnovsky’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. Micrographs were collected using a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan) at 100 kV and lower (⫻1,000) and
higher (⫻5,000 and ⫻8,000) magnification. Scanned micrographs
were analyzed using ImageJ software for the calculation of mitochondrial 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 myocardial insulin resistance without affecting food intake.
A and B: effect of Ex-4 treatment on impaired glucose
tolerance in KKAy (A) 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 administration 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 element binding protein (CREB) level in DIO mouse
hearts. **P ⬍ 0.01 vs. vehicle counterpart (n ⫽ 7–10 for
KK; n ⫽ 4 –9 for DIO). ns, not significant.
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density gradient procedure with commercially available kit (Pierce,
Thermofisher Scientific), and each fraction was subjected to immunoblot analysis using antibodies of anti-Parkin (Abcam), anti-PTENinduced kinase 1 (PINK1) (MerckMillipore, MA), anti-voltage-dependent 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 t-tests and ANOVA as appropriate.
Values of P ⬍ 0.05 were considered statistically significant.
RESULTS

Ex-4 ameliorated systemic and myocardial insulin resistance and cardiac function without affecting food intake. Previous 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. 2A) 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

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 phosphoCREB 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 treatment 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 KKex4 (Fig. 3C) and DIO-ex4 groups (Fig. 3D).
We next examined the effects of Ex-4 on the cardiac mitochondrial 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 destroyed 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 observed 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 detecting 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 dysfunction and oxidative stress in the heart (6), we next hypothesized 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
IVSd, mm
LVPWd, mm
LVDd, mm
LVDs, mm
EF, %
FS, %
E, m/s
A, m/s
E/A ratio
DcT, ms

KK-v

KK-ex4

DIO-v

DIO-ex4

CTL-v

1.2 ⫾ 0.1
1.1 ⫾ 0.1
3.7 ⫾ 0.1
2.3 ⫾ 0.1
73 ⫾ 1
37 ⫾ 1
0.8 ⫾ 0.1
0.5 ⫾ 0.1
2.3 ⫾ 0.1
45 ⫾ 1

1.0 ⫾ 0.1*
1.0 ⫾ 0.1*
3.6 ⫾ 0.1
2.3 ⫾ 0.1
72 ⫾ 1
35 ⫾ 1
0.9 ⫾ 0.1*
0.4 ⫾ 0.1
2.8 ⫾ 0.2**
37 ⫾ 1*

1.1 ⫾ 0.1
1.0 ⫾ 0.1
3.6 ⫾ 0.1
2.5 ⫾ 0.1
65 ⫾ 1
30 ⫾ 1
1.0 ⫾ 0.1
0.6 ⫾ 0.1
1.6 ⫾ 0.1
43 ⫾ 1

0.8 ⫾ 0.1*
0.8 ⫾ 0.1*
3.3 ⫾ 0.2*
2.1 ⫾ 0.1*
74 ⫾ 1**
37 ⫾ 1**
1.2 ⫾ 0.1*
0.6 ⫾ 0.1
2.2 ⫾ 0.2**
36 ⫾ 1*

0.8 ⫾ 0.1
0.8 ⫾ 0.1
3.5 ⫾ 0.1
2.2 ⫾ 0.1
73 ⫾ 2
38 ⫾ 2
0.8 ⫾ 0.1
0.3 ⫾ 0.1
2.7 ⫾ 0.1
32 ⫾ 2

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; FS, 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
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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: heart 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 m) and those observed
at a lower magnification (right; scale bar, 5 m). E, top: KK-v heart. 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. 4A, left) and DIO (Fig. 4B, left)].
Mfn1 and Mfn2 are mitochondrial regulatory proteins that
determine mitochondria morphological changes and dynamics
via regulating fission/fusion, and the endogenous levels of
Mfn1 attenuate cardiomyocyte viability in the face of an
imminent oxidative stress (ROS) observed in obesity (25).
Using mitochondrial fractionation, we next examined changes
in Mfn1 and Mfn2 levels as a probe for diabetes-mediated
mitochondrial damage. Both of KK and DIO groups, their
Mfn1/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 mitophagy (12, 37). In KK-v (Fig. 4F) and DIO-v (Fig. 4G), both
PARKIN and PINK1 levels were abundant in each mitochondrial 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 cytokines (21). Furthermore, ample evidence demonstrates that
Ex-4 was reported to exert anti-inflammatory effects in human
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Fig. 4. Ex-4 ameliorated cardiac mitochondrial oxidative stress and damage in diabetic
myocardium. A and B: mitochondria-specific
oxidative stress was detected by mirotracker
red (MTR, 100 nM) in the presence of mitotracker green (200 nM) as a control detecting total mitochondria. MTR becomes red
once MTR is oxidized by reactive oxygen
species within mitochondria: KK-v and KKex4 (A) and DIO-v and DIO-ex4 (B). Data
were converted as densitometric ratio vs.
CTL-v and summarized in bar graph (C).
**P ⬍ 0.01 and *P ⬍ 0.05. D–G: protective
effect of Ex-4 on mitochondrial damage.
Changes in mitofusin 1 and 2 (Mfn1/2) ratio
(D and E) and mitophagy modulator Parkin
(PARKIN) and PTEN-induced kinase 1
(PINK) levels (F and G) were assessed using
mitochondria fractionation of each heart extract. Densitometry data were summarized as
the relative ratio vs. those voltage-dependent
anion channel (VDAC) as an internal control
of standard mitochondrial proteins. **P ⬍
0.01 and *P ⬍ 0.05 vs. vehicle counterpart.

(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 measured changes in plasma cholesterol levels and found that Ex-4
treatment decreased both total cholesterol (Fig. 5A) and triglyceride (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 cardiomyocyte 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 pattern of lipid in each diabetic heart seemed patchy, not uniformly 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

ICAM-1 and macrophage colony-stimulating factor (M-CSF).
Regarding TNF-␣, one of the cytokines modulating insulin
resistance (15), it remained unchanged; we further confirmed
this trend by measuring the plasma TNF-␣ 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 superoxidespecific fluorescence dye DHE that detects superoxide derived
from not only mitochondrial respiratory chain but also nonrespiratory 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 mechanism(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 downregulated 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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Fig. 5. Effect of Ex-4 on systemic and cardiac lipid
levels and inflammatory cytokines. Effect of Ex-4 on
plasma cholesterol (A) and triglyceride (B) levels. Ex-4
decreased both total cholesterol and triglyceride levels
in KK and DIO groups. C: effect of Ex-4 on cardiac
steatosis. Changes in cardiac steatosis were detected
by ceramide staining (red). Both KK-v (left, top) and
DIO-v (left, middle) exhibited higher lipid accumulation in the heart, which was reversed by Ex-4 treatment
(right, top and middle). Scale bar ⫽ 50 m (inset: 20
mm). Data were converted to densitometric value and
summarized as a relative ratio vs. CTL-v (D). **P ⬍
0.01 vs. CTL-v (n ⫽ 7–10). E and F: lipid accumulation observed in myocardium (E) and liver (F). In
myocardium, Oil-red-O staining revealed the lipid accumulation (arrow); however, its pattern was patchy
and the number of positive spots was much less than
the case observed in liver. Ex-4 reduced the Oil-redpositive spots both in myocardium and liver as previously reported. G and H: screening for Ex-4-sensitive
inflammatory cytokine(s) using cytokine array. Representative blots obtained by specimen of KK (G) and
DIO (H) were displayed. Data were summarized by
densitometry (white bar, vehicle control; and black
bar, Ex-4-treated group). Ex-4 partially but significantly reduced intercellular adhesion molecule-1
(ICAM-1) and macrophage colony-stimulating factor
(M-CSF). Regarding tumor necrosis factor-␣ (TNF-␣),
it remained unchanged and likewise with other positively detected molecule: tissue inhibitor of metalloproteinase-1 (TIMP-1), complement 5/5a (C5/C5a),
and chemokine (C-X-C motif) ligand 1 (CXCL1). P/C,
positive control of each array. **P ⬍ 0.01 and *P ⬍
0.05 vs. vehicle counterpart.

remodeling; however, it remains unclear whether therapeutic intervention for metabolic disorder may reverse these
relevant cardiac remodeling. GLP-1, one of the incretine
hormones, has been focused not only as an alternative

therapeutic target for diabetes but also for its pleiotropic
effects on cardiovascular disease, including heart failure
related to pacing-induced heart failure (22), myocardial
infarction (23), and obesity (24).
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Fig. 6. Effect of Ex-4 treatment on cardiac
oxidative stress. A and B: impact of Ex-4 on
cardiac oxidative stress level detected by
fluorescence dye dihydroethidium (DHE;
red spots). Ex-4 reduced cardiac oxidative
stress both in KK (A) and DIO (B). The
DHE-positive area was quantified as a percentage in each total HPF (magnification,
⫻200) area. *P ⬍ 0.05 (n ⫽ 7–10). Scale
bar ⫽ 50 m. C and D: changes in oxidative
stress-related molecules. Representative immunoblots displayed as a pair of reactive
oxygen species-related molecules (candidates, top) as follows: NADPH oxidases
(Nox: Nox2, Nox4), GPX glutathione peroxide (GPX), thioredoxine (TRX), and superoxide dismutase-1 (SOD). Each band was
measured by densitometry and summarized
in each graph represented below the representative images. White bar, vehicle-treated
type 2 diabetes mellitus (T2DM) mice; black
bar: Ex-4 treated. **P ⬍ 0.01; *P ⬍ 0.05
(n ⫽ 7–10).

Primary findings of the present study are as follows:
1) GLP-1R agonist Ex-4 ameliorates cardiac remodeling and
dysfunction observed in T2DM independently of etiology
with concomitant amelioration of systemic and cardiac insulin resistance (Figs. 2– 4); 2) Ex-4 reduced circulating
cholesterol levels (Fig. 5, A and B) and cardiac steatosis
(Fig. 5, C–E); 3) Ex-4 reduced circulating inflammatory
cytokines, in particular, ICAM-1 and M-CSF (Fig. 5, G and
H); 4) Ex-4 reduced cardiac oxidative stress by reversing the
levels of Nox-4 (KK and DIO) and antioxidant molecules
(exclusively to DIO) (Fig. 6).
Recently, Noyan-Ashraf et al. (24) have reported the same
trend regarding the impact of GLP-1-receptor analog on the
obesity-induced cardiac dysfunction under distinct experimental conditions from those applied in the present study.
Liraglutide, the protease-resistant analog of GLP-1, ameliorates cardiac dysfunction via improving cardiac inflammation and corresponding ER stress response, leading to improved cardiac dysfunction in animals on HFD by an AMPactivated protein kinase-dependent mechanism. They concluded
that liraglutide had no effect on the of mitochondrial biogenesis and respiration by selected evaluation of those
marker protein levels (PGC-1␣, cytochrome c, and cytochrome-c oxidase subunit IV); however, their study did not
demonstrate any change in mitochondrial remodeling as
well as inflammatory cytokine/ROS target screening. Growing evidence demonstrates that ROS links to inflammation,
and, in particular, mitochondria-derived ROS could provoke
the upregulation of inflammatory cytokines (21), suggesting
the underlying mechanisms of the GLP-1 axis-mediated
amelioration of cardiac function could be explained at least

two pathway by amelioration of cardiac mitochondrial remodeling by reducing cardiac ROS and inflammation as
presented in the present study (Fig. 7) and by ER stress
demonstrated by Noyan-Ashraf et al. (24).

Fig. 7. Suggested mechanisms underlying the reversal effects of glucagon-like
peptide-1 receptor activation on cardiac remodeling induced by type 2 diabetes. Overnutrition triggers dyslipidemia leading to abnormal lipid loading,
which results in cardiac steatosis and insulin resistance presumably via inflammation and oxidative stress. Enhanced insulin resistance and lipotoxicity
induced by cardiac steatosis promote enhanced oxidative stress that destroys
mitochondrial integrity. Glucagon-like peptide-1 receptor activation counteracts these overnutrition-mediated dyslipidemia, cardiac steatosis, and cardiac
insulin resistance.
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We demonstrated that Ex-4 ameliorated systemic and cardiac insulin resistance (Fig. 2). Of note, cardiac insulin resistance links to ROS-mediated mitochondrial dysfunction (6).
The Ex-4-mediated mitigation of impaired cardiac insulin
signaling may also contribute to the reverse remodeling of
diabetic myocardium. In addition, it is noteworthy that Nox-4
is presumably responsible for the Ex-4-mediated reduction of
ROS (Fig. 6, C and D). It is noteworthy that Nox-4 is essential
to insulin signal propagation (17) and cardiac remodeling (16,
18). Interestingly, Nox-4 signaling links to ICAM-1, which is
an inflammatory mediator that also increases in T2DM (9) and
selectively decreased by Ex-4 (Fig. 5, G and H) (27), suggesting that the essential effects of Ex-4 may be mediated by
ICAM-1/Nox-4 axis. Exclusively in DIO group, we found
concomitant increase in antioxidant molecules, namely SOD-1
and GPx (Fig. 6D). It remains ambiguous why Ex-4 had no
effect on the antioxidant molecules in KK heart, which could
be speculated because of the difference in genetic background,
suggesting some caution regarding choosing model(s) when
analyze the oxidative stress in T2DM.
M-CSF was found to be another Ex-4-sensitive cytokine in
the present study (Fig. 5, G and H). M-CSF is a lineagespecific cytokine that promotes the survival, proliferation, and
differentiation of mononuclear phagocytes (30), and, of note,
its receptor increased collagen deposition within the myocardial infarct area (38), suggesting the M-CSF pathway might
contribute to the generation in cardiac fibrosis that occurred in
diabetic myocardium (Fig. 3, C and D), which could be another
mechanism underlying the GLP-1R agonism-mediated reverse
remodeling in diabetic myocardium. Future evaluation is desirable.
A study limitation of the present study is considered as
follows: we had no data regarding the molecular mechanism
how GLP-1 agonism may reverse cardiac steatosis. Excess
lipid accumulation to non-adipocyte cells arises in the setting
of dyslipidemia or lipid overload resulted from mismatch of
lipid supply and consumption (31). This pathological lipid
overload promotes lipotoxicity leading to pathological remodeling and dysfunction in local tissue. Indeed, the present study
(Fig. 5, A and B) and previous data (20) demonstrated that
GLP-1R activators mitigate dyslipidemia. When we consider
the case of hepatic steatosis, this excellent study has been
demonstrated that GLP-1 agonism markedly decreased hepatic
content of cholesterols and phospholipids, accompanied by
downregulation of hepatic lipogenesis-related genes and ApoB
synthesis (26). Furthermore, it is also considerable that Ex-4
may modulate “cardiac” peroxisome proliferator-activated receptor-␥ (PPAR-␥) because Ex-4 increases hepatic PPAR-␥
expression in rat (34). PPAR-␥ is primarily a regulator of lipid
storage and transport in adipocytes and macrophages, and it
elicits transdifferentiation of fibro- and myoblasts into adipocytes (11), suggesting the Ex-4 may reverse cardiac steatosis
via modulating cardiac PPAR-␥ axis. In addition to cardiomyocyte, Goto et al. (8) recently demonstrated that capillary
endothelial PPAR-␥ in heart promotes fatty acid uptake by
heart in the postprandial state after long-term fasting. Taken
together, the role of GLP-1R/PPAR-␥ axis in cardiac steatosis
seems unignorable, and future study is awaited.
In summary, the present study comprehensively demonstrated the advantage of therapeutic intervention for diabetic
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myocardial remodeling by exploring the GLP-1 axis-mediated
molecular mechanisms.
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