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Introduction

The prevalence of diabetes and associated increased mor-
bidity and mortality has been increasing worldwide in the 
past few decades.1 Epidemiological studies have revealed 
that diabetes (DM) patients are at increased risk for heart 
failure,2 and the prognosis of DM patients with heart fail-
ure is poor with a survival rate approximately half that 
compared with non-DM individuals even after adjusting 
for conventional risk factors.3

Heart failure can occur in DM patients without major 
causative disease, such as ischemic coronary artery disease, 
valvular disease, or hypertension.4 Although the underlying 
mechanism remains unclear, this type of heart failure could 
be associated with diabetic cardiomyopathy, which is char-
acterized by cardiac hypertrophy and fibrosis.4 However, 
effective pharmacological therapies to improve clinical 

outcomes or attenuate the progression of diabetic cardio-
myopathy have not been established.5
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GIP is a gut peptide hormone, secreted from intestinal K 
cells in response to nutrient stimuli.6 In addition to its well-
known insulinotropic action on pancreatic β cells,6 GIP 
exerts pleiotropic effects through interactions with its 
receptor, which is widely expressed in extra-pancreatic 
organs, including heart and vessels.6,7 We have previously 
reported that the GIP receptor is expressed in mouse cardio-
myocytes and that GIP inhibits transforming growth factor 
(Tgf)-β1 gene expression in angiotensin II-exposed cardio-
myocytes.8 Furthermore, we have found that GIP treatment 
attenuates cardiac hypertrophy and fibrosis in association 
with decreased expression levels of TGF-β protein in 
hypertensive mice receiving angiotensin II.8 Since TGF-β 
plays a role in pathogenesis of diabetic cardiomyopathy,9 
our previous observations led us to speculate that GIP may 
be a novel therapeutic target for diabetic cardiomyopathy. 
In this study, we evaluated whether and how GIP treatment 
inhibited cardiac hypertrophy and fibrosis in db/db mice, a 
mouse model of DM with obesity.

Materials and methods

Agents

Chemical agents were obtained as follows: human GIP 
(1–42) from AnaSpec (Fremont, CA, USA), a dipeptidyl 
peptidase-4 (DPP-4) inhibitor from Merck Milliproe 
(Burlington, MA, USA), human [D-Ala2]-GIP from 
Phoenix Pharmaceuticals (Burlingame, CA, USA), 
NADPH from Sigma-Aldrich Japan (Shinagawa, Tokyo, 
Japan), Lucigenin from Tokyo Chemical Industry (Chuo, 
Tokyo, Japan).

Animal experiments

The design of animal experiments was approved by the 
Animal Care Committee of Showa University School of 

Medicine (Approval numbers: 02073). The experiments 
were conducted under strict adherence to the Guide for the 
Care and Use of Laboratory Animals as previously 
described.8,10 Male db/db mice (BKS.Cg-+Leprdb/+Leprdb/
Jcl) at 5 weeks of age were purchased from CLEA Japan 
(Meguro, Tokyo, Japan) and maintained on a standard 
rodent chow diet. Seven-week-old db/db mice were 
divided into two groups: a diet-restricted (5 g/day) and 
free-feeding group. In the subset of mice, we confirmed 
that diet-restricted db/db mice exhibited similar body 
weights and plasma glucose levels to non-DM wild-type 
mice prior to this animal experiments (Supplemental Table 
1). Therefore, in this study we used diet-restricted db/db 
mice as non-DM controls to match the genetic background 
to that of DM db/db mice, as deficiency of the leptin recep-
tor may affect cardiac hypertrophy.11 Free-fed db/db mice 
were further assigned to treatment with vehicle 
(DM-Vehicle) or GIP (50 nmol/kg/day, DM-GIP). The 
dose of GIP was determined based on our previous stud-
ies.8,10 Vehicle and GIP were continuously infused to mice 
via osmotic pumps implanted under dorsal skin.8,10 After 
6-weeks intervention, the hearts were carefully isolated 
from surrounding connective tissues, and weighed to cal-
culate heart index as follows: heart weight (mg)/left tibial 
length (mm). The apexes of isolated hearts were excised 
and snap-frozen for reverse transcription polymerase chain 
reaction (RT-PCR) and western blot analyzes, and the 
remaining heart tissue was immersed in 4% paraformalde-
hyde for histological analysis.

Measurement of plasma assays and  
blood pressure

Blood samples were collected after 6 h of fasting, and 
immediately mixed with a DPP-4 inhibitor to avoid GIP 
degradation.8,10 Blood levels of glycated hemoglobin 

Table 1. Morphological and biochemical measures of non-diabetic and diabetic mice treated with vehicle or GIP.

Non-DM DM-vehicle DM-GIP

Number 6 6 6
Food intake (g/day) 4.0 ± 0.0 7.1 ± 1.2** 7.4 ± 1.7**
Final body weight (g) 25.7 ± 0.4 41.3 ± 1.9** 41.7 ± 2.2**
Heart index 6.1 ± 0.3 7.2 ± 0.7** 7.4 ± 0.4**
Pulse rate (/min) 528 ± 27 557 ± 26 539 ± 58
Systolic blood pressure BP (mmHg) 106 ± 27 140 ± 17* 130 ± 17*
Diastolic blood pressure (mmHg) 71 ± 27 108 ± 16* 105 ± 18*
HbA1c (%) <4.0 11.7 ± 0.3** 11.5±0.5**
Plasma glucose (mg/dL) 113 ± 21 590 ± 81** 560 ± 80**
Plasma insulin (ng/mL) 0.48 ± 0.27 0.37 ± 0.21 0.24 ± 0.10
Plasma total cholesterol (mg/dL) 68 ± 6 92 ± 10** 86 ± 9**
Plasma triglycerides (mg/dL) 115 ± 7 151 ± 43 119 ± 28
Plasma total GIP (pg/mL) 2.7 ± 2.2 1.5 ± 1.5 6.8 ± 4.6†

Mean ± SD. * and **, p < 0.05 and p < 0.01 versus Non-DM, respectively.
†p < 0.05 versus DM-vehicle. HbA1c levels in non-DM mice were below the detectable limit of assay used, and their values were rounded up to 4.0 
for statistical comparisons.
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(HbA1c) were measured by immunoassay (Roche 
Diagnostics, Minato, Tokyo). Plasma levels of glucose, 
and lipids were determined by enzyme electrode (Sanwa 
Kagaku, Nagoya, Aichi, Japan) and colorimetric (Fuji 
Film WAKO, Osaka, Osaka, Japan) assays, respectively. 
Plasma levels of insulin and total GIP were assessed by 
enzyme-linked immunosorbent assays (Ultrasensitive 
Insulin ELISA, Product ID: M1105, Morinaga Institute of 
Biological Science, Yokohama, Kanagawa, Japan, and 
Mouse GIP EIA kit, Product ID: EIAM-GIP, Ray Biotech, 
Peachtree Corners, GA, USA, respectively). Systolic and 
diastolic blood pressure and pulse rates were measured a 
few days prior to the end of experiments using a non-inva-
sive tail-cuff method as previously described.8,10

Assessment of cardiac hypertrophy and fibrosis

Cardiac hypertrophy and fibrosis were evaluated as previ-
ously described.8 In brief, cryosections of the hearts at the 
papillary muscle level were stained with Hematoxylin & 
Eosin (H&E) for the assessment of left ventricular wall 
thickness and cardiomyocyte sizes and Masson’s trichrome 
for left ventricular interstitial fibrosis area. Left ventricular 
wall thickness was determined in the sepal wall. The 
images were analyzed using Image J software (National 
Institutes of Health, Bethesda, MD, USA).

Real-time RT-PCR

Total RNA extracted from tissues and cells were used to 
synthesize cDNA as previously described.8,10 Quantitative 
real-time RT-PCR was performed using the TaqMan gene 
expression assay and sequence detection system (StepOne 
Plus; Life Technologies Japan, Minato, Tokyo, Japan).8,10 
The pre-designed TaqMan probe sets were used as fol-
lows: connective tissue growth factor (Ctgf), Mm1192932_
g1; myosin heavy chain beta (β-Mhc), Mm00600555_m1; 
transforming growth factor-beta1 (Tgf-β1), Mm01178820_
m1; Tgf-β2, Mm00436955_m1; receptor for advanced 
glycation end products (Rage), Mm00545815_m1. The 
18S ribosomal RNA probe (18s rna, Mm03928990_g1) 
was used as an internal control.

Western blot analysis

Protein expression levels were determined by western blot 
analysis as previously described.10 In brief, 10 μg of pro-
teins extracted from the hearts was electrophoresed in 
polyacrylamide gels and transferred to polyvinylidene 
fluoride membranes. The membranes were incubated with 
blocking reagent for 1 h, primary antibodies overnight, and 
then secondary antibody for 1 h. The following antibodies 
were used for western blot analyzes: phosphorylated 
p38Thr180/Tyr182 (p-p38) (Cell Signaling Technology Japan, 
Yokohama, Kanagawa, Japan; Product ID: 9211, RRID: 

AB_331641; rabbit monoclonal antibody; dilution: 
1:5000), β-actin (Santa Cruz Biotechnology, Dallas, TX, 
USA; Product ID: sc-47778; RRID: AB_2714189; dilu-
tion: 1:1000), and donkey polyclonal antibody raised 
against anti-rabbit IgG conjugated with horseradish per-
oxidase (GE Healthcare Japan; Product ID: NA9341; 
RRID: AB_772206; dilution: 1:40,000).

Cell culture experiments

Cardiomyocytes isolated from neonatal ICR mice were 
obtained from Cosmo Bio (Koto, Tokyo, Japan). Cell cul-
ture plates were coated with fibronectin (Cosmo bio) prior 
to the experiments.8 Cells were seeded onto 24-well plates 
at the cell density of 8 × 104 per well, and cultured until 
80%–90% confluence in DMEM (Gibco, Waltham, MA, 
USA) containing 10% fetal bovine serum (FBS) and 
5.5 mM glucose. After serum starvation for 6 h, cells were 
pre-treated with or without degradation-resistant 
[D-Ala2]-GIP (300 nM) for 1 h, and further cultured under 
normal (5.5 mM) or high (30 mM) glucose conditions for 
24 h.8,10 In other experiments, cells were cultured in 
DMEM containing either 5.5 or 30 mM glucose for 24 h, 
and cells were serum-starved for 6 h. After incubation 
with or without [D-Ala2]-GIP (300 nM) for 1 h, the cells 
were stimulated with or without AGEs (100 μg/mL) for 
24 h.12 The concentration of [D-Ala2]-GIP was deter-
mined based on our previous in vitro experiments.8,10 
AGEs were prepared from bovine serum albumin as pre-
viously described.13

Measurement of NADPH oxidase-driven 
superoxide generation

NADPH oxidase-driven superoxide generation was meas-
ured by previously described methods with some modifi-
cation.12 In brief, cells were lysed with buffer composed of 
20 mM HEPES (pH 7.0), 100 mM KCl, 1 mM EDTA, and 
1% protease inhibitor mixtures (Nakarai Tesque, Kyoto, 
Kyoto, Japan). To measure NADPH oxidase activity, the 
cell lysates were incubated with 50 mM phosphate buffer 
(pH 7.0) containing 1 mM EGTA, 150 mM sucrose, 
250 μM lucigenin, and 100 μM NADPH for 10 min. 
Luminescence intensity was measured using SpectraMax 
i3X (Molecular Device, San Jose, CA, USA).

Statistics

Data are expressed as mean ± standard deviation (SD). 
Statistic comparison was performed using JMP software 
(version 13; SAS Institute Inc., NC, USA). Comparisons 
of two and three groups were tested by unpaired t-test and 
One-way ANOVA followed by Tukey’s test, respectively. 
Correlation was tested by Pearson correlation coefficient. 
The significance level was defined as p < 0.05.
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Results

GIP suppressed cardiac hypertrophy and 
interstitial fibrosis in diabetic db/db mice

DM db/db mice (free-feeding group) were treated with 
vehicle or GIP for 6 weeks. Metabolic parameters are 
shown in Table 1. Final body weights, heart index, sys-
tolic and diastolic blood pressure, blood HbA1c, and 
plasma glucose and total cholesterol levels were signifi-
cantly higher in DM mice than non-DM mice (food 
restriction group). There were no significant differences 
in biochemical and anthropometric parameters between 
vehicle and GIP groups of DM mice, except for plasma 
GIP levels.

As shown in Figure 1(a)–(d), compared with non-DM 
mice, DM mice exhibited larger left ventricular wall thick-
ness and cardiomyocyte sizes, and a greater fibrotic area, 
all of which were accompanied by increased gene expres-
sion levels of β-Mhc, a marker of cardiomyocyte hypertro-
phy, and Tgf-β2, a master regulator of fibrotic responses.9,13 

After 6-week intervention, GIP treatment significantly 
attenuated all of these changes (Figure 1(a)–(d)). There 
was a positive correlation between cardiac β-Mhc and Tgf-
β2 gene expression levels (r = 0.768, p < 0.01). When we 
evaluated downstream molecules of the TGF-β2 signaling 
pathway in the hearts,9 we found that compared with non-
DM mice, cardiac protein levels of p-p38 and gene expres-
sion levels of Ctgf were significantly increased in DM 
mice, both of which were prevented by GIP treatment 
(Figure 1(e) and (f)).

GIP inhibited NADPH oxidase-driven  
superoxide generation and reduced β-Mhc  
and Tgf-β2 mRNA levels in high  
glucose-exposed cardiomyocytes

As shown in Figure 2(a) and (b), high glucose significantly 
increased NADPH oxidase-driven superoxide generation 
and up-regulated β-Mhc and Tgf-β2 mRNA levels in mouse 
cultured cardiomyocytes. Pre-treatment with [D-Ala2]-GIP 
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Figure 1. Effects of GIP treatment on the hearts of diabetic db/db mice: Diabetic db/db mice were treated with vehicle (DM-
Vehicle) or GIP (DM-GIP) for 6 weeks. Left ventricular wall thickness (a) and cardiomyocyte sizes (b). Upper panels show 
representative microscopic images of the left ventricle stained with H&E. (c) Interstitial fibrosis. Upper panels show representative 
microscopic images of the left ventricle stained with Masson’s trichrome. a–c: a, Non-DM; b, DM-Vehicle; c, DM-GIP. Scale bars: 
a, 1 mm; b, 0.05 mm; c, 0.1 mm. (d) Cardiac gene expression levels of β-Mhc, Tgf-β1, and Tgf-β2. (e) Cardiac protein levels of p-p38. 
(f) Cardiac gene expression levels of Ctgf. d–f: Gene expression and protein levels of target molecules were normalized by those of 
internal control 18 s rna and β-actin, respectively.
Data were shown as relative levels to the control mice. n = 6 per group. *p < 0.05, **p < 0.01.
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suppressed all of these effects of high glucose on cardio-
myocytes (Figure 2(a) and (b)).

GIP reduced Rage mRNA levels and blocked 
the effects of AGEs on β-Mhc gene expression 
in high glucose-exposed cardiomyocytes

High glucose significantly up-regulated cardiomyocyte 
Rage mRNA levels and resultantly augmented the AGE-
induced β-Mhc gene expression in high glucose-exposed 
cardiomyocytes, both of which were inhibited by [D-Ala2]-
GIP treatment (Figure 3(a) and (b)).

Discussion

An accumulating body of evidence has suggested that DM 
is associated with an increased risk for heart failure and 
death,2,3 and that diabetic cardiomyopathy, which is histo-
logically characterized as cardiac hypertrophy and fibrosis, 
is considered one of the main causes of heart failure in 
patients with DM.4 However, so far, no pharmacological 
therapy has been established to attenuate the progression of 
DM cardiomyopathy.4,5 In this study, obese and insulin 
resistant DM mice were found to exhibit left ventricular 
wall thickening, cardiomyocyte hypertrophy, and interstitial 
fibrosis compared with non-DM mice. We demonstrated for 
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Figure 2. Effects of GIP on NADPH oxidase-driven superoxide generation and gene expression of β-Mhc, Tgf-β1, and Tgf-β2 in 
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Gene expression levels of target molecules was normalized by those of internal control 18 s rna, and the data were shown as 
relative levels to the controls.
n = 4–9 per group. *p < 0.05, **p < .01.
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the first time that a continuous infusion of GIP for 6 weeks 
significantly inhibited all of these changes without affecting 
anthropometric and biochemical parameters, including 
plasma levels of insulin. Exposure to high glucose has been 
shown to impair the insulinotropic effect of GIP in rodents 
and humans.6 However, we have previously reported that 
vascular effects of GIP are preserved under hyperglycemic 
conditions in both cell culture and animal models.7 
Therefore, the present findings suggest that GIP may inhibit 
cardiac hypertrophy and fibrosis in obese and diabetic mice 
partly through a pleiotropic effect. A previous study has 
shown that db/db mice at 12 weeks of age developed both 
systolic and diastolic dysfunction of hearts.14 Since we 
could not evaluate the effect of GIP on cardiac function by 
echocardiography due to technical issues, it remains unclear 
whether GIP-induced histological improvement in diabetic 
hears can result in the prevention of systolic and/or diastolic 
dysfunction.

TGF-β is a multifunctional cytokine, which is secreted 
from many types of cells and organs in response to various 
stimuli, including hyperglycemia.9 In cell culture studies, 
TGF-β has been shown to induce hypertrophic responses 
in cardiomyocytes via the TAK-1 pathway and promote 
extracellular matrix production in cardiac fibroblasts via 
the Smad2/3 pathway.15,16 In addition, TGF-β secreted 
from cardiomyocytes has been reported to induce hyper-
trophic responses by an autocrine mechanism.17 
Furthermore, cardiac hypertrophy is induced in transgenic 
mice overexpressing TGF-β, which is accompanied with 
interstitial fibrosis,18 whereas cardiomyocyte-specific 
knockout of the TGF-β receptor prevents the development 
of pressure-overload-induced cardiac hypertrophy and 
fibrosis.19 These findings indicate that TGF-β could play a 
crucial role in the pathogenesis of cardiac hypertrophy and 
fibrosis. In the present study, we found that mRNA levels 
of Tgf-β2, an isoform of TGF-β, were significantly up-
regulated in the hearts of diabetic mice, and which were 
strongly associated with those of β-Mhc, a marker of car-
diomyocyte hypertrophy.13 GIP infusion for 6 weeks inhib-
ited up-regulation of mRNA levels of Tgf-β2 and β-Mhc in 
the hearts of DM mice, which were associated with histo-
logical improvement of cardiac hypertrophy and intersti-
tial fibrosis. In addition, GIP infusion prevented cardiac 
protein levels of p-p38 and mRNA levels of Ctgf in DM 
mice, which are downstream molecules of the TAK-1 and 
Smad2/3 pathways evoked by TGF-β2, respectively. 
Moreover, in mouse cultured cardiomyocytes, high glu-
cose increased mRNA levels of Tgf-β2 and β-Mhc, both of 
which were inhibited by pre-treatment with a degradation-
resistant [D-Ala2]-GIP. Since we have found in the previ-
ous and present studies that mouse cardiomyocytes express 
the GIP receptor8 and that metabolic parameters in DM db/
db mice are not affected by GIP treatment, GIP may 
directly act on cardiomyocytes and suppress high-glucose-
induced gene expression levels of cardiac Tgf-β2, which 

could partly account for the protective role of GIP against 
cardiac hypertrophy and interstitial fibrosis in our mouse 
model.

Oxidative stress plays an important role in the patho-
genesis of diabetic complications, including diabetic car-
diomyopathy via modulation of redox-sensitive signaling 
pathways.20 Exposure to high levels of glucose induces 
oxidative stress generation via activation of NADPH oxi-
dase in cardiomyocytes, which could induce cellular 
hypertrophy.21 Indeed, treatment with an antioxidant 
N-acetyl-L-cysteine is reported to prevent the progression 
of cardiac hypertrophy in diabetic mice.22 In addition, oxi-
dative stress has been shown to increase Tgf-β mRNA 
expression levels in rat cultured mesangial cells and fibro-
blasts,23 whereas overexpression of an antioxidant-enzyme 
superoxide dismutase-1 decreases TGF-β protein expres-
sion in the kidneys of diabetic mice.24 In this study, we 
found that high glucose significantly increased NADPH 
oxidase-driven superoxide generation in mouse cultured 
cardiomyocytes, changes which were prevented by 
[D-Ala2]-GIP treatment with concomitant reductions in 
Tgf-β2 mRNA levels. Among the isoforms of NADPH 
oxidase, cardiomyocytes have been shown to express 
NADPH oxidase 2 (NOX2), which is activated by high 
glucose via protein kinase C β (PKCβ)-dependent mecha-
nisms.25 A previous study has reported that stimulation of 
cyclic AMP (cAMP)-protein kinase A pathway prevents 
PKC-induced NADPH oxidase-driven oxidative stress 
generation in human neutrophils by inducing the phospho-
rylation of the NOX2-cytosolic C-terminal region, which 
results in the inhibition of its assembly with other compo-
nents of NADPH oxidase.26 Since we have previously 
shown that GIP increases cAMP levels in cardiomyocytes,8 
GIP may reduce the NADPH oxidase-driven superoxide 
generation in high glucose-exposed cardiomyocytes via 
cAMP-dependent inhibition of NOX2 activity, which 
could lead to the suppression of Tgf-β2 gene expression. 
This is an area worthy of further study.

Besides high glucose, AGEs, senescent macroprotein 
derivatives formed at an accelerated rate under DM condi-
tions also stimulate the generation of oxidative stress in 
various types of cells through interaction with RAGE via 
the activation of NADPH oxidase.27 In addition, RAGE has 
been shown to be involved in the pathogenesis of cardiac 
hypertrophy and fibrosis.28 Indeed, RAGE protein levels 
are up-regulated in the hearts of mice that have undergone 
transverse aortic constriction, while knockout of the RAGE 
gene prevents pressure-overload-induced cardiac hypertro-
phy and fibrosis in mice.28 We have previously shown that 
a cAMP analog 8-Br-cAMP or cAMP-elevating agents, 
such as GIP and glucagon like peptide-1 down-regulate 
RAGE mRNA levels in human cultured endothelial and 
mesangial cells, which results in the suppression of  
AGE-induced oxidative stress generation in these cell  
types.29,30 In the present study, we found that high glucose 
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significantly up-regulated Rage gene expression in cardio-
myocytes, and subsequently augmented the AGE-induced 
increase in gene expression of β-Mhc, a marker of cardiac 
hypertrophy, both of which were attenuated by [D-Ala2]-
GIP treatment. Since NADPH oxidase-driven oxidative 
stress has been involved in up-regulation of RAGE expres-
sion in various kinds of cells,27,29,30 the present findings 
suggest that GIP may suppress the deleterious effects of 
AGEs on cardiomyocytes by suppressing Rage gene 
expression in high glucose-exposed cardiomyocytes via 
cAMP-induced inhibition of NADPH oxidase activity.

Conclusions

Our present findings suggest that GIP may inhibit cardiac 
hypertrophy and fibrosis in DM mice through the suppres-
sion of Tgf-β2 expression via blockade of the harmful 
effects of high glucose and/or AGEs on cardiomyocytes. 
GIP may be a potential therapeutic target for diabetic 
cardiomyopathy.
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