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model with diabetic cardiomyopathy

Masafumi Funamoto a,*,1, Shunji Hirose b,1, Mizuho Yamamoto a, Hai Du Ly-Nguyen a,  
Masaki Imanishi b, Fuka Ebi b, Mai Ito b, Hirokazu Ohminami c, Koichiro Tsuchiya b,  
Yasumasa Ikeda a,**

a Department of Pharmacology, Graduate School of Biomedical Sciences, Tokushima University, Tokushima, Tokushima, Japan
b Department of Medical Pharmacology, Graduate School of Biomedical Sciences, Tokushima University, Tokushima, Tokushima, Japan
c Department of Clinical Nutrition and Food Management, Graduate School of Biomedical Sciences, Tokushima University, Tokushima, Tokushima, Japan

A R T I C L E  I N F O

Keywords:
Kampo medicine
Diabetic cardiomyopathy
Goreisan
Apoptosis
Oxidative stress

A B S T R A C T

Background: The global increase in diabetes, driven by aging populations and lifestyle changes, has led to an 
increase in the incidence of diabetic cardiomyopathy (DCM). DCM is characterized by metabolic abnormalities, 
oxidative stress, and inflammation, leading to cardiac remodeling and dysfunction. Goreisan (GRS), a traditional 
Japanese Kampo medicine, is commonly used to treat fluid control such as edema, due to its diuretic effect. In 
this study, we examined the effects of GRS on DCM.
Methods: We first established a new mouse model of DCM and then evaluated the effects of GRS on DCM using a 
recently developed model.
Results: The DCM mouse model developed cardiac hypertrophy, fibrosis, and dysfunction by nine weeks, which 
was ameliorated by GRS administration. GRS suppressed apoptosis and protein degradation by inhibiting Akt 
dephosphorylation and oxidative stress in DCM mice. In contrast, no differences in inflammatory cytokine levels 
were observed, regardless of GRS administration.
Conclusion: GRS has potential efficacy in preventing DCM onset and development.

1. Introduction

The prevalence and the risk of diabetes has been increased world
wide due to the increment of aging population and lifestyle change.1

Diabetes is a significant risk factor for a number of various complications 
such as diabetic cardiomyopathy (DCM).2 DCM is a specific myocardial 
disorder induced by diabetes and is a major cause of heart failure. 
Therefore, DCM has a strong impact on the poor prognosis of patients 
with diabetes, and inadequate diabetes management increases the risk 
of its development.3 It is a critical issue in the development of preventive 
and therapeutic strategies for DCM.

DCM arises from intricate interactions involving metabolic irregu
larities, oxidative stress, and inflammatory responses associated with 
hyperglycemia.4 Notably, abnormalities in protein degradation path
ways play a pivotal role in cardiac remodeling.5 In DCM, the catabolic 

process is enhanced, leading to increased degradation of myocardial 
proteins. This process, along with apoptosis, accelerates cardiac 
remodeling.6 Cardiac remodeling, which encompasses structural and 
functional alterations in cardiomyocytes, is a critical step in the pro
gression of cardiomyopathy.7 In DCM, aberrant protein degradation and 
apoptosis result in myocardial remodeling, which, in turn, leads to hy
pertrophy and fibrosis of the myocardium.8 Cardiac remodeling induced 
by DCM ultimately causes cardiac dysfunction and increases the risk of 
heart failure.

Herbal medicines have a long history of playing an important role in 
the prevention and treatment of complex diseases. These medicines offer 
a rich source of natural therapeutic compounds and are generally 
considered effective and safe, with a high level of acceptance as com
plementary and alternative medicines in Western countries.9 Goreisan 
(GRS), a traditional Japanese herbal medicine, is primarily used to 
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improve fluid metabolism by regulating water circulation in the body 
and promoting diuresis mediated through aquaporin.10 There have been 
reports suggesting that GRS might be effective for the heart, with clinical 
trials investigating its benefits for heart failure.11 However, there is 
limited evidence regarding the direct effects of GRS on heart disease 
such as DCM. This study aimed to evaluate the efficacy of GRS in the 
treatment of DCM.

2. Materials and methods

2.1. Materials

Ethical Kampo extract formulation (Goreisan) was provided by 
Tsumura and Co. (Tokyo, Japan). The following commercially available 
antibodies were used: anti-phospho-Akt (S473), anti-Akt, anti-cleaved 
caspase-3 (Cell Signaling Technology, MA, USA), anti-transforming 
growth factor (TGF)-β1, anti-β-actin (Santa Cruz Biotechnology, TX, 
USA), anti-α-smooth muscle actin (SMA) (Sigma-Aldrich, MO, USA), and 
anti-4-hydoroxynonenal (HNE) (Bioss Inc., MA, USA).

2.2. Animal experiment procedure

All experimental procedures were performed in accordance with the 
guidelines of the Animal Research Committee of Tokushima University 
Graduate School, and the protocol was approved by the Institutional 
Review Board of Tokushima University Graduate School (approval 
number: T2022-100). C57BL/6 N male mice (8 weeks old, 22–25 g) were 
purchased from Japan SLC, Inc. (Shizuoka, Japan). In the control group, 
mice were fed a normal diet (AIN-93 M, Oriental Yeast Co., Tokyo, 
Japan) and sterilized water ad libitum for nine weeks, with sterilized 
water administered orally daily. In the DCM group, the mice were fed a 
high-fat diet (HFD; HFD-60, Oriental Yeast Co.) (Basal composition: 
256.0 g milk casein, 3.6 g L-cystine, 60.0 g maltodextrin, 160.0 g α-corn 
starch, 55.0 g sucrose, 20.0 g of soybean oil, 330.0 g of lard, 66.1 g of 
powdered cellulose, 35.0 g of AIN-93G mineral mix, 1.8 g of calcium 
carbonate, 10.0 g of AIN-93G vitamin mix, and 2.5 g of Choline bitar
trate per kilogram of diet) and L-NAME (1 g/L, Nacalai Tesque. Kyoto, 
Japan) ad libitum for nine weeks. In the 5th week, streptozotocin was 
administered intraperitoneally at a dose of 50 mg/kg after 4h of star
vation for five consecutive days, and sterilized water was administered 
orally daily. In the DCM + GRS group, mice were fed a HFD and L-NAME 
ad libitum for 9 weeks. In the 5th week, streptozotocin was administered 
intraperitoneally at a dose of 50 mg/kg for 5 consecutive days. In 

Table 1 
Primer sequences.

Forward Reverse

Mouse atrial 
natriuretic 
peptide (Nppa)

ATCTGCCCTCTTGAAAAGCA ACACACCACAAGGGCTTAGG

Mouse brain 
natriuretic 
peptide (Nppb)

CAGCTCTTGAAGGACCAAGG AGACCCAGGCAGAGTCAGAA

Mouse collagen 
type Iα chain 
(Col1a1)

GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC

Mouse tumor 
necrosis factor-α 
(Tnfa)

ACGGCATGGATCTCAAAGAC GTGGGTGAGGAGCACGTAGT

Mouse 
interleukin 1β 
(Il1b)

CAGGCAGGCAGTATCACTCA TGTCCTCATCCTGCAAGGTC

Mouse 
interleukin 6 
(Il6)

CCGGAGAGGAGACTTCACAG TCCACGATTTCCCAGAGAAC

Mouse gp91phox 

(Cybb)
CAAGATGGAGGTGGGACAGT GCTTATCACAGCCACAAGCA

Mouse p22phox 

(Cyba)
GTGGACTCCCATTGAGCCTA CTCCTCTTCACCCTCACTCG

36B4 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG

Fig. 1. GRS suppresses cardiac dysfunction in DCM 
(A) Representative cardiac echocardiography images from each group. Scale bar: 5 mm. (B) Changes in the blood pressure during the experiments in each group. 
Values are expressed as mean ± SEM; n = 9–10 in each group.
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addition, GRS was administered orally daily at a dose of 0.5 (GRS 0.5) or 
1 (GRS 1.0) g/kg/day by water. Blood glucose (BG) levels were 
measured using the ACCU-CHEK Aviva kit (Roche Diagnostics, Basel, 
Switzerland). Blood pressure (BP) and heart rate were measured using a 
noninvasive computerized tail-cuff system (BP98A Softron Corp., Tokyo, 
Japan). Unanesthetized mice from each group were placed in a holding 
device mounted on a thermostatically controlled warming plate that was 
maintained at 37 ◦C. BP was measured on two consecutive days, and at 
least 10 readings were taken for each measurement. Serum total 
cholesterol (T-CHO) and triglyceride (TG) levels were determined by an 
enzymatic method (Oriental Yeast Co. Ltd., Tokyo, Japan).

2.3. Echocardiography

Echocardiography was performed using an F Jelly PLUS Ultrasound 
Gel, a 15–20 MHz probe, and a MyLab Sigma VET veterinary ultrasound 
imaging system. The left ventricular internal dimension in diastole 
(LVDd), left ventricular internal dimension in systole (LVDs), interven
tricular septal thickness in diastole (IVSd), and left ventricular posterior 
wall thickness (LVPWT) were measured using M-mode images. Frac
tional shortening (FS) was calculated using the following formula: FS =
(LVDd - LVDs)/LVDd × 100 (%).

2.4. Histological analysis

Hematoxylin & eosin (HE) staining and picrosirius red (PSR) staining 

were performed as previously described.12 The cardiomyocyte area, 
fibrotic areas surrounding the blood vessels and within the interstitial 
spaces were quantified using ImageJ 1.54d software.

2.5. Immunohistochemical staining and quantification of 4-HNE

Immunohistochemical staining for 4-HNE was performed on 
paraffin-embedded tissue sections. After deparaffinization, rehydration, 
and antigen retrieval, the sections were incubated with primary anti-4- 
HNE antibody at 4 ◦C overnight, followed by incubation with 
peroxidase-conjugated anti-rabbit immunoglobulin IgG (Histofine Sim
ple Stain MAX-PO(R), Nichirei. Tokyo, Japan). The 4-HNE signal was 
visualized using the Peroxidase Staining DAB Kit (Brown Stain) (Nacalai 
Tesque) as a chromogen and counterstained with hematoxylin. To semi- 
quantify the extent of 4-HNE staining, the stained area in each image 
was measured using the ImageJ software. The percentage of the stained 
area relative to the total area of the image was calculated. Staining in
tensity was then categorized into four grades: rank 1 (0%–25%), rank 2 
(25%–50%), rank 3 (50%–75%), and rank 4 (75%–100%). Five random 
microscopic fields per heart section were used for quantification using 
the ImageJ 1.54d software.

2.6. TUNEL staining

TUNEL staining was performed according to the protocol of the 
Apoptosis In Situ Detection Kit (FUJIFILM Wako Pure Chemical 

Fig. 2. Effects of GRS on cardiac hypertrophy in mice with DCM 
(A) Representative histological images of hematoxylin and eosin (HE) staining of each group; scale bar: 10 μm. (B) Semi-quantitative analysis of cardiomyocyte cross- 
sectional areas; values are expressed as mean ± SEM; *P < 0.05, ***P < 0.001, n = 8 in each group. (C) The mRNA levels of Nppa and Nppb in the heart are expressed 
as mean ± SEM. **P < 0.01, ****P < 0.0001, n = 8 in each group.
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Fig. 3. Effects of GRS on cardiac fibrosis in mice with DCM 
(A) Representative histological images of Picrosirius Red (PSR) staining in cardiac interstitial fibrosis (scale bar: 20 μm) and perivascular fibrosis (scale bar: 2 μm) in 
each group. (B) Semi-quantitative analysis of cardiac interstitial and perivascular fibrosis. Values are expressed as the mean ± SEM; *P < 0.05, ***P < 0.001, ****P 
< 0.0001, n = 8 in each group. (C) The mRNA level of Col1a1 in the heart is expressed as the mean ± SEM; **P < 0.01, ****P < 0.0001,n = 9–10 in each group. (D) 
Protein expression of fibrosis-related genes. Left panel: Representative blots of TGF-β1 and αSMA, and β-actin. Right panel: Semi-quantitative analysis of TGF-β1 and 
αSMA corrected by β-actin. Values are expressed as mean ± SEM; *P < 0.05, **P < 0.01, n = 6 in each group.
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Corporation, Osaka, Japan). After deparaffinization, the sections were 
treated with proteolytic enzymes at 37 ◦C for 30 min to increase tissue 
permeability. The sections were then incubated with the TUNEL reac
tion mixture containing TdT enzyme and labeled with dUTP at 37 ◦C for 
60 min. Endogenous peroxidase activity was blocked with 3% hydrogen 
peroxide followed by incubation with a labeled antibody for 1 h. TUNEL- 
positive cells were visualized using the Peroxidase Staining DAB Kit 
(Brown Stain) (Nacalai Tesque) as a chromogen and counterstained with 
methyl green. After staining, the number of TUNEL-positive cells was 
counted, and the ratio of TUNEL-positive cells was calculated using the 
ImageJ 1.54d software.

2.7. RNA extraction and mRNA expression

RNA extraction, cDNA synthesis, and quantitative qRT-PCR were 
performed using commercially available reagents. The procedure was 
performed as described previously.13 The primer sets used in this study 
are listed in Table 1.

2.8. Protein extraction and western blotting

Protein preparation and western blotting were performed as 
described previously.14 Briefly, tissue samples were homogenized or 
sonicated in protein lysis buffer (RIPA buffer) containing protease and 
phosphatase inhibitors, and proteins were extracted. The extracted 
proteins were boiled for 5 min in the Laemmli sample buffer and used for 
western blotting. The immunoreactive bands were quantified by densi
tometric analysis using ImageJ 1.54.

2.9. Statical analysis

Data are presented as the mean ± standard error of the mean (mean 

± SEM) with dot plots. Data were analyzed using one-way analysis of 
variance (ANOVA), followed by the Kruskal–Wallis test. Statistical sig
nificance was set at P < 0.05. Statistical analyses were performed using 
GraphPad Prism (version 9.5.1, GraphPad Software, San Diego, CA, 
USA). ns: not significant.

3. Results

3.1. Establishment of a new DCM mice model

Conventional DCM models require long periods of time and specific 
transgenic mice.15 Moreover, the phenotype of previous DCM models is 
weak. Therefore, we aimed to establish a new DCM mouse model that 
was developed with a strong phenotype in a short time. Our model using 
HFD + STZ + L-NAME demonstrated a strong phenotype compared to 
the conventional model using HFD + STZ or L-NAME alone (Supple
mentary text and Figs. 1–3). Consequently, we used this model to 
examine the effects of GRS on DCM.

3.2. GRS suppresses cardiac dysfunction in DCM

First, echocardiographic assessment was performed to evaluate the 
effect of GRS on cardiac structure and function in DCM. FS was signif
icantly reduced in the DCM group compared with the control group, 
while GRS 1.0, but not GRS 0.5, showed improved cardiac dysfunction 
compared with the DCM group (Fig. 1A and Table 2). The heart-to-body 
weight ratio was higher in the DCM group, but this was ameliorated by 
DCM with GRS 0.5 and GRS 1.0 groups. Fasting BG levels, as well as T- 
CHO and TG levels, were elevated in the DCM group, and there were no 
differences in BG levels among DCM, DCM with GRS 0.5, and DCM with 
GRS 1.0 (Table 3). The DCM group showed an increase in BP by week 4, 
and the elevated BP gradually decreased after STZ injection. There were 
no differences in BP changes between DCM groups, regardless of GRS 
administration. (Fig. 1B). GRS treatment ameliorated cardiac hyper
trophy in DCM without affecting the BP, BG, T-CHO, and TG levels 
(Fig. 1A and Table 3). As cardiac dysfunction in DCM was inhibited by 
GRS 1.0 g/kg/day, further investigations were conducted using this 
dosage.

3.3. GRS inhibits cardiomyocyte hypertrophy in DCM

Cardiac hypertrophy was observed in DCM, as indicated by an in
crease in the heart-to-body weight ratio, which was inhibited by GRS. To 
investigate this further, HE staining was performed for histological 
analysis. The cardiomyocyte area increased in the DCM group, which 
was significantly suppressed in the GRS group (Fig. 2A and B). Similarly, 
elevated mRNA expression of Nppa and Nppb in DCM was suppressed by 
GRS treatment. (Fig. 2C).

3.4. GRS suppresses cardiac fibrosis in DCM

We evaluated the effect of GRS on cardiac fibrosis. Both cardiac 
interstitial and perivascular fibrosis were exacerbated in the DCM group 
but were mitigated by GRS administration (Fig. 3A and B). The 
expression of the fibrosis marker Col1a1, which was increased in DCM, 
was inhibited by GRS treatment (Fig. 3C). Similarly, the elevated 
expression of TGF-β1 and αSMA proteins in DCM was reduced by GRS 
treatment (Fig. 3D).

3.5. GRS suppresses oxidative stress and apoptosis in DCM

We examined the effects of GRS on oxidative stress and apoptosis in 
DCM. 4-HNE, a marker of lipid peroxidation, was elevated in DCM and 
was ameliorated by GRS administration (Fig. 4A–C). The mRNA 
expression of Cyba and Cybb, NADPH oxidase components, was 

Table 2 
Echocardiogram parameters.

Control (n =
9)

DCM (n =
10)

GRS 0.5 (n =
10)

GRS 1.0 (n =
9)

LVDd (mm) 2.64 ± 0.55 2.27 ± 0.10 2.28 ± 0.13 2.50 ± 0.10
IVSd (mm) 0.87 ± 0.02 0.80 ± 0.43 0.85 ± 0.30 0.94 ± 0.48
LVPWd 
(mm)

0.97 ± 0.48 0.87 ± 0.54 0.98 ± 0.67 1.00 ± 0.34

FS (%) 49.7 ± 1.9 33.3 ± 2.0* 38.5 ± 1.3 51.0 ± 1.4#

EF (%) 84.8 ± 1.5 68.7 ± 2.7* 67.3 ± 3.9* 88.3 ± 1.1#

Data represent mean ± SEM; n = 9–10; *P < 0.05 vs.control; #P < 0.05 vs. DCM.
LVDd: left ventricular internal diameter in diastole, IVSd: interventricular 
septum thickness at end-diastole, LVPWd: left ventricular posterior wall 
dimension in diastole, FS: fractional shortening, EF: ejection fraction.

Table 3 
Characteristics of each parameter.

Control (n =
9)

DCM (n =
10)

GRS 0.5 (n =
10)

GRS 1.0 (n =
9)

Initial BW (g) 23.0 ± 0.23 22.4 ± 0.31 22.6 ± 0.38 22.3 ± 0.18
Final BW (g) 27.1 ± 0.31 19.5 ±

0.75*
20.4 ± 0.56* 23.4 ± 0.60*, 

#, $

Final HW 
(mg)

119 ± 1.8 93 ± 3.2* 95 ± 5.7* 110 ± 4.1

HW to BW 
ratio

4.4 ± 0.57 5.5 ± 0.22* 4.8 ± 0.19# 4.5 ± 0.12#

Final BG (mg/ 
dl)

101 ± 4.2 341 ±
13.6*

367 ± 28.2* 367 ± 15.1*

T-CHO (mg/ 
dL)

135.4 ± 5.7 295.1 ±
9.5*

ND 264.6 ± 10.3*

TG (mg/dL) 64.3 ± 3.3 99.8 ± 7.8* ND 97.4 ± 13.1*

BW: body weight, HW: heart weight, BP: blood pressure, BG: blood glucose, T- 
CHO: total cholesterol, TG: triglyceride, ND: not done. Data represent mean ±
SEM; n = 9–10; *P < 0.05 vs. Control; #P < 0.05 vs. DCM; $P < 0.05 vs. GRS 0.5.
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increased in DCM, but was inhibited in DCM with GRS treatment 
(Fig. 4D). TUNEL-positive cells and cleaved caspase-3 expression, which 
were elevated in DCM, were suppressed by GRS treatment (Fig. 5A–C). 
Additionally, Akt phosphorylation, a cell survival signaling pathway, 
was reduced in DCM and recovered with GRS treatment (Fig. 5C).

3.6. No effects of GRS on inflammatory cytokines in DCM

Although DCM mice showed increased expression levels of inflam
matory cytokines, such as Tnf, Il1b, and Il6, these genes were not 
inhibited by GRS administration (Fig. 6).

4. Discussion

In this study, we established a new DCM mouse model that was 
developed over nine weeks. Using this DCM model, we found that GRS 
has a beneficial effect on DCM by inhibiting cardiac remodeling and 
dysfunction. GRS exerted anti-fibrotic, anti-oxidative stress, and anti- 
apoptotic effects, leading to the prevention of DCM development. In 
addition, GRS did not affect the diabetic condition and blood pressure; 
therefore, the effect of GRS in inhibiting the onset and development of 
DCM is independent of diabetes and blood pressure.

Numerous animal models of diabetes have been developed to repli
cate and mimic certain aspects of human DM, and several have been 
used to investigate the pathomechanisms of DCM. STZ induction, diet 

induction, STZ plus diet induction, and genetic modifications are major 
diabetes models used in DCM studies. The issue with these models is that 
they are time consuming, have a weak phenotype, and are reproduc
ibility.16 In the preliminary study, we examined the STZ model for 24 
weeks; however, it had no or very weak phenotype of DCM, such as 
cardiac fibrosis (data not shown). Therefore, we attempted to establish a 
new DCM model in this study. This model mimics the clinical course of 
type 2 diabetes and has a definite onset of DCM with cardiac remodeling 
and dysfunction. Our model overcomes the above issues and is thought 
to be a very useful model for research on DCM.

GRS is composed of Alisma orientalis Juzep (Alisma plantago- 
aquatica L.), Polyporus umbellatus Fries (Polyporus umbellatus), 
Atractylodes chinensis (Atractylodes lancea), Poria cocos Wolf (Wolf
iporia extensa) and Cinnamomom Cassia Presl (Cinnamomum cas-sia L. 
J. Presl).12 GRS has diverse therapeutic applications, including reducing 
reoperation rates after burr-hole surgery for chronic subdural hema
toma.17 Its mechanisms of action, such as inhibiting vascular endothelial 
cell migration and angiogenesis, may explain its effectiveness in treating 
edema, headaches, and weather-related symptoms by regulating cere
bral blood flow.18,19 Additionally, GRS influences lymphatic pump 
function, which contributes to its diuretic effects and potential use in 
lymphedema treatment.20

DCM is characterized by cardiac remodeling, such as cardiac hy
pertrophy and interstitial fibrosis,21 which eventually leads to heart 
failure. There are many pathogenic factors involved in DCM, and 

Fig. 4. Preventive effects of GRS against oxidative stress in DCM. 
(A) Representative images of 4-HNE immunohistochemistry (scale bar: 20 μm). (B) Semi-quantitative analysis of 4-HNE grade scores in the control, DCM and DCM +
GRS 1.0 groups. Values are expressed as mean ± SEM; *P < 0.05, ***P < 0.001, n = 8 in each group. (C) Left panel: Representative blots for 4-HNE and β-actin. Right 
panel: Semi-quantitative analysis of 4-HNE corrected by β-actin. Values are expressed as mean ± SEM; *P < 0.05, **P < 0.01, n = 6 in each group. (D) mRNA levels of 
Cyba and Cybb in the heart are expressed as the mean ± SEM; *P < 0.05, ****P < 0.0001, n = 9–10 in each group.
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oxidative stress is thought to be a crucial factor and a therapeutic target 
for DCM.22 Our previous study revealed anti-oxidant properties of GRS 
against kidney injury.12 In the present study, oxidative stress, including 

lipid peroxidation, increased in DCM, which was suppressed by GRS 
treatment.

Oxidative stress also induces cardiac fibrosis, contributing to 

Fig. 5. Preventive effects of GRS against apoptosis in DCM. 
(A) Representative images of TUNEL staining (arrows: TUNEL-positive cells; scale bar: 20 μm). (B) Comparison of the incidence of TUNEL-positive cells between the 
control, DCM and DCM + GRS 1.0 groups. Values are expressed as mean ± SEM; ****P < 0.0001, n = 8 in each group. (C) Left panel: Representative blots showing 
cleaved caspase-3, phospho-Akt, total-Akt, and β-actin levels. Right panel: Semi-quantitative analysis of cleaved caspase-3 corrected for β-actin and phosphorylation 
of Akt corrected for total Akt. Values are expressed as the mean ± SEM; *P < 0.05, **P < 0.01, n = 6 in each group.

Fig. 6. No inhibitory effect of GRS against inflammatory cytokines in DCM 
The mRNA expression of Tnfa, IL1b, and Il6 in the heart of each group. Values are expressed as the mean ± SEM; ns: not significant, *P < 0.05, **P < 0.01, ***P <
0.001, n = 9–10 in each group.
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myocardial stiffening and dysfunction, and the inhibition of TGF-β and 
αSMA is critical for preventing fibrosis in heart.23–25 In fact, we found 
that GRS attenuated the increased expression of TGF-β1 and αSMA in 
DCM. Oxidative stress is also a critical inducer of pathological cardiac 
hypertrophy, and therapeutic approaches using antioxidants may 
attenuate cardiac hypertrophy.26 Markers of cardiac hypertrophy, such 
as HW-to-BW ratio, mRNA expression of Nppa and Nppb, and car
diomyocyte area, were elevated in the DCM model, but were amelio
rated by GRS administration. In contrast, the heart weight decreased in 
DCM and was ameliorated by GRS. Diabetes increases the size of indi
vidual cardiomyocytes, which, on its own, could be anticipated to car
diac hypertrophy. At the same time, the total number of cardiomyocytes 
is reduced by apoptosis, which alone is expected to reduce heart 
weight.27 Therefore, cardiomyocyte enlargement may occur to 
compensate for the loss of cardiomyocytes. Thus, the inhibitory effect of 
GRS on oxidative stress may contribute to the attenuation of two major 
pathways, cardiac hypertrophy and fibrosis, in DCM. DCM is charac
terized by increased oxidative stress, with NADPH oxidases playing a 
critical role in ROS production.28 Indeed, we found that the mRNA 
expression of Cyba and Cybb was increased in DCM, which was allevi
ated by GRS treatment. Therefore, NADPH oxidase may be involved in 
the mechanism of action of GRS in oxidative stress in DCM. Further 
investigations are needed to clarify the detailed mechanisms underlying 
the preventive effects of GRS against oxidative stress.

GRS also suppressed apoptosis in DCM. Cardiomyocyte apoptosis 
leads to cell loss, which decreases cardiac contractile function and ul
timately promotes cardiac remodeling.29 Akt is a critical signaling 
pathway to regulate cell survival, growth, and metabolism.30 In the 
heart, Akt also plays an essential role in supporting cardiomyocyte 
growth, proliferation, and survival.31 In fact, Akt activation can have 
beneficial effects on cardiac injury and recovery in myocardial 
ischemia-reperfusion injury.32 Akt has been reported to suppresses 
oxidative stress and apoptosis in cardiomyocytes, thereby improving 
myocardial remodeling.33,34 Similarly to our findings, curcumin has 
been shown to attenuates apoptosis and enhances Akt phosphorylation 
in rat model with DCM.35 Taken together, GRS inhibited apoptosis by 
enhancing reduced Akt phosphorylation, thereby contributing to 
myocardial dysfunction in DCM.

Inflammation plays a critical role in the pathogenesis of DCM. 
However, in this study, GRS failed to suppress inflammation in the 
hearts of DCM mice. GRS inhibits LPS-induced inflammatory cytokines 
in macrophages.36 GRS also exerts an anti-inflammatory effect in kidney 
injury and autoimmune encephalomyelitis.12,37 On the other hand, no 
effect of GRS on the inflammatory response in the intestine has been 
reported in an LPS-induced diarrhea model.38 The effect of GRS on 
inflammation may be organ- or pathogenesis-dependent, and the pre
ventive action of GRS on DCM appears to be independent of the in
flammatory response. Further investigation is required to clarify this in 
the future.

5. Conclusion

GRS prevents the onset and development of DCM by inhibiting 
oxidative stress and apoptosis as well as suppressing cardiac remodeling 
and dysfunction. These findings indicate that GRS may be effective 
against DCM in diabetic patients.
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