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Abstract

Background
Diastolic dysfunction is the most common change of diabetic cardiomyopathy (DCM), but there is no
effective clinical treatment at present. Oxidative stress plays a crucial role in the pathophysiological
process of diabetic diastolic dysfunction including hypertrophy, apoptosis and �brosis. The novel Oral-
edaravone (OED) alleviates oxidative stress by scavenging free radical and may be suitable for the
treatment of chronic diseases such as DCM.

Methods
DCM was induced by high sugar and high fat diet with intraperitoneal injection of streptozotocin (STZ) in
rats. OED (3mg/kg/day) was administration for 4 weeks. Cardiac structure and function were measured
using transthoracic echocardiography. H9C2 cardiomyocytes with Nrf2 transfection or not were
incubated in glucolipotoxicity and treated with OED for 48 hours to further explore the mechanism.

Results
In type 2 diabetic rats,oral administration of OED for 4 weeks decreased malondialdehyde (MDA) and
increased superoxide dismutase (SOD). OED signi�cantly improved E/A ratio and myocardium
hypertrophy accompanied by decreased cross-sectional area of cardiomyocytes, proportion of apoptotic
cells, collagen volume fractions and depositions of collagen I/III. In H9C2 cells, OED reduced reactive
oxygen species (ROS), cell surface area and TUNEL-positive cells induced by glucolipotoxicity. OED
remarkably up-regulated the expression of the Nrf2 signaling pathway both in vivo and in vitro, further
promoted Nrf2 nuclear translocation and up-regulated nicotinamide adenine dinucleotide phosphate
quinone oxidoreductase (NQO1) and heme oxygenase (HO-1). Moreover, Nrf2 gene silencing abolished
the protective effect of OED in H9c2 cells.

Conclusion
Our �ndings demonstrated that OED treatment has the therapeutic potential to ameliorate diastolic
dysfunction of DCM. The effect is mainly achieved by attenuating hyperglycemia and hyperlipidemia-
induced cardiomyocytes hypertrophy, apoptosis and �brosis via activating the Nrf2 signaling pathway.

Background
The risk of heart failure in diabetes mellitus (DM) is increased more than twofold compared with
individuals without DM,while diabetic cardiomyopathy (DCM) is the principal reason1. DCM has been
proved to be independent on hypertension, coronary artery disease and valvular heart disease and
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characterized by diastolic dysfunction2, which is more common and earlier than systolic dysfunction3.
The main pathological mechanisms of diabetic myocardial dysfunction are cardiomyocyte hypertrophy,
apoptosis, collagen accumulation and interstitial �brosis4,5. Myocardial remodeling induced by these
pathophysiological changes is the main cause of diabetic myocardial diastolic dysfunction6.

Oxidative stress injury is the main pathogenic factor of DCM7,8. Reactive oxygen species (ROS) is
important to cell signaling and homeostasis, while inducing cell injury when dysregulated9.
Overproduction of ROS caused by abnormal metabolism of diabetes, especially hyperglycemia and
hyperlipidemia,is the main reason of oxidative stress inducing DCM10. Oxidative injury breaks the balance
of physiological regulation in both cardiomyocyte and collagen synthesis, leading to cardiac hypertrophy,
apoptosis and interstitial �brosis6. Mitochondrial ROS production increases, oxidative phosphorylation is
impaired and calcium is overloaded, leading to cell death3,11. Oxidative stress damage of endoplasmic
reticulum can result in cell apoptosis by inducing protein misfold or degradation12. Previous studies have
shown that antioxidant therapy is an effective measure in the treatment on DCM, more and more
attention has been paid to the exploration of effective antioxidant drug and the potential mechanism13,14.

Edaravone (ED) has potent free radical scavenging effects to alleviate oxidative stress. It has been
applied to cerebral ischemia and reperfusion injury since 2001. Recent studies have shown that ED is
effective on multiple target organs damage in diabetes. ED elevated superoxide dismutase, reduced
malondialdehyde and increased corneal nerve �ber number in diabetic retinopathy15,16. In diabetes
refractory wound healing, ED restored the repair capacity of the wound by scavenging ROS locally in the
wound area17. It also exhibited direct protective effects against diabetic nephropathy by improving renal
tubular cell function, reducing serum creatinine and renal vascular resistance18. Since DCM is a chronic
disease, it is di�cult to maintain effective and su�cient courses by treating patients with intravenous ED.
The novel oral-edaravone (OED) obviously makes up for this de�ciency. Jiao et al have con�rmed that ED
is also effective in Alzheimer’sdisease (AD) model19 and Parikh et al generated a novel formula which
showed e�cacious in improving cognitive impairment in AD model20,21. However whether the OED is
effective in DCM is not known. We propose that the chronic OED administration may be potential
therapeutic agent for DCM. This study tests this hypothesis in the rat model of DCM.

Nuclear factor erythroid-derived 2 like 2 (Nrf2) is an important transcription factor in antioxidant
response22. Researches revealed that the therapeutic effect of ED by alleviating oxidative stress in
cerebral ischemia/reperfusion23, neurologic impairment24 and asthma25 were achieved by activating the
Nrf2 signaling pathway. Interestingly, Nrf2 is highly expressed in myocardial tissue26 and protects
myocardium from oxidative stress injury by regulating the expression of nicotinamide adenine
dinucleotide phosphate quinone oxidoreductase (NQO1) and heme oxygenase (HO-1) and superoxide
dismutase (SOD)27. Besides,the Nrf2 signaling pathway is closely associated with myocardial
hypertrophy, apoptosis, �brosis and dysfunction caused by oxidative stress injury28. We speculate that
Nrf2 may be a key node at which OED exerts its effect to ameliorate diabetic cardiomyopathy. Therefore,
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this study aims to elucidate the potential role and mechanism of OED in the prevention and treatment of
DCM.

Methods

Animals model and experimental groups
Experiments were conducted according to the Guide for the care and Use of Laboratory Animal of
National Institutes of Health (NIH Publication No.86 − 23, revised 1996) and approved by the Animal
Research Ethics Committee of Kunming Medical University.

Eight-week-old male Sprague-Dawley rats, weighing 200-220g, were from the experimental animal center
of Kunming Medical University. All rats, kept with 12h light/dark cycles at a constant temperature of 22 ± 
3°C and more than 60% humidity, were fed adaptively for one week before experiment. The type 2 diabetic
rat models were referred to the protocol reported in previous studies29. They were divided into three
groups: normal control group (NC, n = 10), type 2 diabetes mellitus group (T2DM, n = 10) and OED-treated
type 2 diabetes mellitus group (T2DM + OED, n = 10). OED was supplied from Suzhou Auzone Biotech
(Fuzhou, Jiangsu). T2DM and T2DM + OED groups were fed on high glucose and high fat diet
(comprising 52% standard chow diet, 18.5% protein, 10% fat, 15% saccharose, 3% egg powder, 1.5%
cholesterol) and NC group was fed on standard chow diet in the entire process. All diets were obtained
from the experimental animal center of Kunming Medical University. After 4 weeks, all rats were fasted for
12h before intraperitoneal injection to induce diabetes. Low dose STZ (35mg/kg,dissolved in 0.1M citrate
buffer solution, PH 4.5) was injected in diabetic-induced rats and NC group was given equivalent volume
of citrate buffer. Blood glucose and body weight were tested at day 1, 3, 7 and once a week for the rest of
the experiment. Glucose levels consistently above 16.7mmol/L were enrolled. After STZ injection for one
week, T2DM + EDA group was treated with OED (3mg/kg/d) by oral administration for four weeks. In the
T2DM group, two rats died due to hyperglycemic hyperosmolar.

Transthoracic echocardiography
Transthoracic echocardiography was performed to evaluate cardiac function of rat at experiment
termination. All rats underwent transthoracic motion mode (M-mode), pulsed-wave Doppler (PWD) and
two-dimensional echocardiography after anesthetized by 10% Chloral hydrate at a concentration of
0.3ml/100g. A blinded investigator used Philip EPIQ 7C machine equipped with a 3-12MHz surface probe
to measure heart rates (HR), early diastolic peak velocity (E velocity), late diastolic peak velocity (A
velocity), left ventricular internal dimension (LVIDd), left ventricular internal dimension in systole (LVIDs),
interventricular septal thickness in diastole (IVSd), interventricular septal thickness in systole (IVSs), left
ventricular posterior wall thickness at end diastole (LVPWd), left ventricular posterior wall thickness at
end systole (LVPWs) and left atrial diameter (LAD) in two-dimensional and M-mode imaging. Besides, left
ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS), ratio of E and A velocity
(E/A ratio), left ventricular mass (LVM) and ratio of left ventricular mass and body weight (LVW/BW) were
calculated for analysis.
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Tissue samples
At the end of experiment, rats were anesthetized by intraperitoneal injection with pentobarbital (30
mg/kg). After phosphate buffered saline (PBS, Solarbio life sciences, Beijing, China) perfusion, all
myocardial samples were quickly divided to liquid nitrogen and 4% paraformaldehyde for the next
detection. For producing histopathological sections, the myocardial tissue were embedded in para�n and
cut to 5um. Protein was extracted using RIPA buffer (Beyotime Biotechnology, Shanghai, China)
supplement with protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). Isolation of
myocardial cytoplasmic and nuclear components was performed according to the kit instructions (78833,
Thermo Scienti�c, Massachusetts, US). Concentration of protein was determined by BCA assay kit
(PC0020, Solarbio life sciences, Beijing, China).

Enzyme linked immunosorbent assay (ELISA) analysis for
Myocardial superoxide dismutase (SOD) and
malondialdehyde (MDA)
The contents of SOD and MDA in tissue were determined according to the instructions of ELISA kits
(JiangLai bio Ltd, shanghai, China.). SOD and MDA was expressed as ng/ml and nmol/ml individual.

Hematoxylin and eosin (HE) staining and Masson staining
Para�n embedded sections, sticking on glass slides, were stained with HE and Masson separately
(Solarbio, Beijing, China). Five visualized �elds of left ventricle sections were randomly captured with
microscope (Leica, Germany) and Image Pro Plus6.0 software was used to calculate cardiomyocyte
cross-sectional area and the area fraction of collagen.

Immunohistochemistry
Myocardial tissue sections and primary antibody against collagen I (GB11022-3, Servicebio, Wuhan,
China) and collagen III (GB13023-2, Servicebio, Wuhan, China) were incubated in 4°C refrigerator
overnight. After washed with Phosphate Buffer Saline (PBS, Solarbio, Beijing, China) for three times, the
second antibody was added and incubated at room temperature for 1 hour. Images were captured and
data were analyzed using Image Pro Plus6.0.

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL)
Cell apoptosis was detected by Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL). According to the instructions of TUNEL kits (Roche Diagnostics GmbH, Mannheim, Germany;
TUNEL BrightGreen Apoptosis Detection Kit, Vazyme, Nanjing, China), the slides were incubated with
TUNEL reaction mixture at 37°C for 60 minutes. The apoptotic index was calculated as a percentage of
positive apoptotic cells to the total cells.

Cell culture and transfection
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H9C2 cells were obtained from ATCC (CRL-1446, Manassas, US) and cultured in Dulbecco’s modi�ed
Eagle’s medium (DMEM, ATCC, Manassas, US) supplemented with 10% fetal bovine serum (FBS, Gibco,
California, US) and 1% penicillin-streptomycin (Gibco, California, US), and maintained in a humidi�ed
incubator containing 5% CO2 at 37°C. Passages 2–8 of cells were used in the experiment. Transfection of
cells was performed according to the manufacturer's instructions. H9c2 cells were transfected when
reached 40% − 50% con�uence. Nrf2 siRNA (sc-156128, Santa Cruz Biotechnology, US), control siRNA (sc-
36869, Santa Cruz Biotechnology, US), and lipofectamine2000 (11668, Invitrogen, Thermo Scienti�c,
Massachusetts, US) were diluted using opti-MEM (Gibco, California, US). Transfection was performed in
medium without serum and antibiotic. After 7 hours, normal growth medium containing serum and
antibiotics were added into plates and incubated the cells for an additional 24 h. The effect of gene
silencing was con�rmed using quantitative real-time polymerase chain reaction and western blotting.
Cells were divided into �ve groups: normal group (NG, 25 mM glucose), high glucose and high fat group
(HG/HF, 50mM glucose and 150uM sodium palmitate), and HG/HF with edaravone group (HG/HF + OED,
10ug/L edaravone), HG/HF + OED with Nrf2 siRNA group (HG/HF + OED + siNrf2) and HG/HF + OED with
NC siRNA group (HG/HF + OED + siNC). After transfection, cells received OED (10ug/L) treatment for 48h
in the condition of high glucose and high fat, except the normal group.

Cell viability
Cell counting kit-8 (Lot.GB707, Dojindo Laboratories, Tokyo, Japan) was used to detect cell viability. H9C2
cells were seeded in 96-well plate in triplicate and performed according to the experimental protocol. After
washed twice by PBS (Gibco, California, US), each well was added 10ul CCK8 solution in new medium.
The absorbances of 450nm and 600nm were measured by multimode reader (Synergy H1, Biotek, US)
after 2h in a humidi�ed incubator at 37°C.

Measurement of cardiomyocyte surface area
H9c2 cells were stained with actin-stain 555 �uorescent phalloidin (PHDH1, cytoskeleton, US) for
measure surface area. Cells were seeded on coverslips in 24-well plate. After �xation and
permeabilization, cells were incubated with phalloidin for 30 minutes in the dark. The nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI, Beyotime Biotechnology, Shanghai, China). Rinsing the
coverslip in PBS and inverting on a drop of anti-fade mounting media (H-1000-10, Vector labs, California,
US) on a glass slide were performed. Cell surface areas were determined with Image Pro Plus 6.0.

Detection of intracellular ROS
The intracellular ROS level were measured by 2’,7’-dichloro�uorescin diacetate (DCFH-DA, D6883, Sigma-
Aldrich, US) according to the manufacturer’s instructions. H9C2 were seeded in 24-well plate. After
removed the original culture solution, the wells were washed with PBS twice. DCFH-DA, dissolved with
DMSO (D2650, Sigma-Aldrich, US) to a �nal concentration of 10ng/ml, was added 10ul per well and
incubated at 37°C in the dark for 20min. Cells were washed three times using PBS. Subsequently,
Fluorescence was monitored by invert �uorescence microscope (Leica, Germany) and photographed. The
average optical density of ROS was measured using Image J.
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Hoechst 33342 staining
The apoptotic nucleuses were observed with Hoechst33342. Cell culture and groups were the same as
DCFH-DA treatment. Cells were �xed with 4% paraformaldehyde for 20 minutes and the plates were
washed 3 times with PBS for 5 minutes each time. 10ul of Hoechst33342 (B2261, Sigma-Aldrich, US,
200ug/ml in PBS,) was added to each well and incubated 5 minutes in the dark. Finally, anti-fade
mounting media was used to seal the coverslips. Staining was observed in the �uorescence microscopy.

Total RNA extracted and quantitative real-time polymerase
chain reaction analysis
Total RNA was extracted with TRIzol reagent (15596026, Invitrogen, Thermo Scienti�c, Massachusetts,
US) following the manual and DNA was generated by RevertAid First Strand cDNA Synthesis Kit (K1622,
thermo scienti�c, Massachusetts, US). Quantitative real-time PCR was performed by SYBR green PCR
master mix (D7260, Beyotime Biotechnology, Shanghai, China) on CFX96 instrument. The reaction
procedure was as follows: heating at 95°C for 5minutes and magni�cation over 40 cycles of 95°C for
15seconds, 60°C for 30seconds and 95°C for 15 seconds. The primer sequence was as follows:

Myh7 Forward: CCAGAACACCAGCCTCATCAACC

Myh7 Reverse: CACCGCCTCCTCCACCTCTG

Nfe2l2 Forward: GCCTTCCTCTGCTGCCATTAGTC

Nfe2l2 Reverse: TGCCTTCAGTGTGCTTCTGGT TG

Hmox1 Forward: AGGAGATAGAGCGAAACAAGCAGAAC

Hmox1 Reverse: GCTGTGTGGCTGGTGTGTAAGG

Nqo1 Forward: GCTTCTGTGGCTTCCCAGGTC

Nqo1 Reverse: CGCTTCTTCCACCCTTCCAG

The expression of GAPDH was used as the control.

Western Blotting
Equal protein form cardiac tissue and H9C2 cells were loaded onto the SDS-PAGE gel, prepared according
to the kit, and transferred to the polyvinylidene �uoride (PVDF) membrane (Millipore, Massachusetts, US).
Then, the membrane was incubated with primary antibody against Nrf2 (CST #20733, Massachusetts,
US), HO-1 (proteintech 10701, Wuhan, Hubei, China), NQO1 (proteintech 67240, Wuhan, Hubei, China),
Caspase-3 (CST #9662, Massachusetts, US), Bcl-2 (sc-7382, Santa Cruz Biotechnology, US), Bax (CST
#2772, Massachusetts, US), GAPDH (Cat No.GTX10018, Gene Tex, US) at 4°C overnight and incubated
with HRP-conjugated secondary antibody(CST #7076,#7074 Massachusetts, US) for 1 hour. We used gel
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imaging analysis system to visualize the protein signal. Image J software was used for semi-quantitative
analysis.

Data statistics and analysis
The experimental data were expressed as mean ± standard error (SEM). Data conform to normal
distribution. One-way analysis of variance (ANOVA) was used for statistical analysis. Brown-Forsythe and
Welch ANOVA tests were used when variances were not homogeneous (Graphpad Prism 8.0). P value less
than 0.05 was considered signi�cant difference.

Results

Effects of OED on general characteristics and attenuated
oxidative stress in diabetic rats
As shown in Table 1, type 2 diabetic rats displayed weight loss and hyperglycemia. In T2DM group, the
contents of MDA in tissue were higher than that in the NC group, while, the concentration of SOD was
decreased. After four weeks, OED decreased MDA, while elevated SOD.

Table 1
General characteristics and oxidative stress index. SOD: superoxide

dismutase; MDA: malondialdegyde;

  NC T2DM T2DM + OED

Number 10 8 10

Body weight (g) 336.3 ± 13.84 296.4 ± 4.27# 312 ± 17.33

Blood glucose (mmol/L) 4.18 ± 0.7 31.96 ± 1.85# 27.28 ± 2.86#

MDA (nmol/ml) 2.28 ± 0.37 2.83 ± 0.41# 2.61 ± 0.39*

SOD (ng/ml) 3.84 ± 0.23 3.61 ± 0.48# 4.21 ± 0.73*

Value are mean ± SEM, n = 8–10. #p < 0.05 vs normal; * p < 0.05 vs T2DM;

OED prevented cardiac diastolic dysfunction in diabetic rats
M-mode and PWD echocardiography of NC, T2DM and T2DM + OED group were performed to evaluate
systolic and diastolic function individually, and the representative echocardiographic images and data
were shown in Fig. 1 and Table 2. There was no signi�cant change in the percentages of LVEF and LVFS
among groups. The E/A ratio of NC group was greater than 1, while less than 1 in T2DM group. The E/A
ratio of T2DM + OED group was greater than 1 after OED for 4 weeks,which is similar to that in NC group.
Furthermore, the indicators represented myocardial hypertrophy and cardiac chamber dilation detected by
two-dimensional echocardiography, including IVSd, LVPWd, LAD, LVM and LVM/BW increased apparently
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in T2DM group and signi�cantly decreased in T2DM + OED group. Besides, LVPWs signi�cantly
decreased in T2DM + OED group. We also observed that LVIDd and LVIDs increased slightly in diabetic
cardiomyopathy and improved after OED treatment.

Figure 1 Representative echocardiographic images of the left ventricle.

(a-c) M-mode echocardiography of NC, T2DM and T2DM + OED group were performed to evaluated
systolic function by measured left ventricular ejection fraction and left ventricular fractional shortening.
(d-f) PWD echocardiography imaging of NC, T2DM and T2DM + OED group were performed to evaluated
diastolic function. transthoracic motion mode echocardiography (M-mode), pulsed-wave Doppler
echocardiography (PWD); early diastolic peak velocity (E); late diastolic peak velocity (A);
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Table 2
Echocardiographic assessments of cardiac structure and function.

  NC T2DM T2DM + OED

HR (bpm) 334.00 ± 2.94 343.67 ± 14.82 335 ± 23.11

E (cm/s) 0.59 ± 0.10 0.67 ± 0.12 0.83 ± 0.19

A (cm/s) 0.33 ± 0.08 0.94 ± 0.11# 0.64 ± 0.24

E/A 1.89 ± 0.43 0.70 ± 0.075# 1.39 ± 0.33*

LVIDd (mm) 6.24 ± 0.77 6.41 ± 0.88 6.25 ± 0.63

LVIDs (mm) 3.33 ± 0.19 3.82 ± 0.26 3.34 ± 0.09

LVEF (%) 80.40 ± 6.15 79.00 ± 6.10 80.00 ± 6.24

LVFS (%) 43.80 ± 6.05 43.00 ± 6.00 43.67 ± 5.99

IVSd (mm) 1.32 ± 0.03 1.52 ± 0.14# 1.28 ± 0.01*

IVSs (mm) 2.02 ± 0.20 2.07 ± 0.12 2.03 ± 0.25

LVPWd (mm) 1.37 ± 0.05 1.63 ± 0.05# 1.38 ± 0.10*

LVPWs (mm) 1.96 ± 0.22 2.10 ± 0.14 1.71 ± 0.18*

LAD (mm) 4.82 ± 0.10 5.40 ± 0.24# 4.57 ± 0.29*

LVM (g) 1.01 ± 0.08 1.29 ± 0.13# 0.98 ± 0.08*

LVM/BW (%) 0.22 ± 0.01 0.29 ± 0.02# 0.23 ± 0.02*

heart rates (HR); early diastolic peak velocity (E) late diastolic peak velocity (A); ratio of E and A (E/A);
left ventricular internal dimension in diastole (LVIDd) left ventricular internal dimension in systole
(LVIDs)  left ventricular ejection fraction of left ventricular (LVEF)  left ventricular fractional
shortening of left ventricular (LVFS); interventricular septal thickness in diastole
(IVSd) interventricular septal thickness in systole (IVSs) left ventricular posterior wall thickness at end
diastole (LVPWd) left ventricular posterior wall thickness at end systole (LVPWs); left atrial diameter
(LAD); left ventricular mass (LVM); body weight (BW) Value are mean ± SEM, n = 8–10. #p < 0.05 vs
normal; * p < 0.05 vs T2DM;

OED decreased cardiomyocyte hypertrophy and apoptosis
in diabetic rats
Histological examination by HE staining showed that the cross-sectional area of cardiomyocytes was
signi�cantly increased and the mRNA relative expression of β-MHC was elevated in the T2DM group. Oral
administration of OED for 4 weeks prevented the changes (Fig. 2a-c, g, h). Compared to the NC group,
TUNEL staining of myocardium in the T2DM group revealed a signi�cant increase in apoptotic index
(Fig. 2d-f, i). At the same time, the protein expressions of Caspase3, Bax and Bax/Bcl-2 increased and
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bcl2 decreased (Fig. 2j-n). OED signi�cantly reduced the proportion of apoptosis cells and reverse the
expression changes of Caspase, Bax and Bcl-2 (Fig. 2j-n).

Figure 2. OED decreased cardiomyocyte hypertrophy and apoptosis.

(a-c). Hematoxylin and eosin staining of myocardium (magni�cation x400, scale bar 50um). (d-f).
Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling of myocardium (magni�cation
x400, scale bar 50um). Both of HE and TUNEL were taken three views randomly from each tissue sample
for calculation. g. The cross-sectional areas of 10 cardiomyocytes were measured randomly in each �eld
and the average value was included in the statistics. h. The relative mRNA expression of β-MHC,
calculated against GAPDH. i. Quantitative analysis of TUNEL. The cell nucleus was stained by TUNEL as
positive, and the apoptosis rate was determined by the ratio of the positive cells and the total cell number.
j-n. Expression levels and quantitative analysis of apoptotic (Caspase3, Bax) and anti-apoptotic (Bcl-2)
proteins. The expression of GAPDH was used as the control. Value are mean ± SEM, n = 8–10. #p < 0.05
vs normal; * p < 0.05 vs T2DM;

OED attenuated diabetic myocardial �brosis
Figure 3 shows representative myocardial histological sections of the three study groups. Compared with
the NC group, collagen volume fractions (Fig. 3a-c, j) and the protein expression levels of collagen I/III
were increased in the T2DM groups, while signi�cantly reduced after OED treatment (Fig. 3d-i, k, l).

Figure3. OED attenuated diabetic myocardial �brosis.

(a-c). Masson’s staining of myocardium (magni�cation x200, scale bar 100um). (d-i).
Immunohistochemistry of collagen I and III (magni�cation x200, scale bar 100um). Each sample was
taken three views for statistic. (j-l). Data are expressed as the mean ± SEM, n = 8–10. #p < 0.05 vs normal;
* p < 0.05 vs T2DM;

OED activated Nrf2 pathway in myocardial tissue of
diabetic rats
The mRNA expression levels of Nrf2, HO-1 and NQO1 were up-regulation in the T2DM group. After OED
treatment for four weeks, the mRNA expressions of Nrf2, HO-1 and NQO1 were further increased (Fig. 4a-
c). Western blotting revealed that OED signi�cantly increased the protein expression levels of Nrf2, HO-1
and NQO1 in diabetes (Fig. 4d-g). Cytoplasmic Nrf2 was obviously increased in both the T2DM and
T2DM + OED groups compared with the normal group (Fig. 4h, i). Nuclear Nrf2 expression in the T2DM + 
OED group was signi�cantly higher than that in the NC and T2DM group (Fig. 4h, j).

Figure4. OED activated Nrf2 pathway in diabetic rats.

(a-c) The mRNA expression levels of Nrf2, HO-1 and NQO1 were evaluated by quantitative real-time
polymerase chain reaction analysis, calculated against GAPDH. (d) The protein expression levels of Nrf2,
HO-1 and NQO1 were evaluated by western blotting. (e-g) Quantitative analysis of protein expression
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levels of Nrf2, HO-1 and NQO1. (h) The protein expression levels of nuclear and cytoplasmic Nrf2 were
evaluated by western blotting. (i-j) Quantitative analysis of protein expression levels of nuclear and
cytoplasmic Nrf2. The protein expression of GAPDH was used as the control of total and cytoplasmic
protein and Lamin B as the nuclear protein. #p < 0.05 vs normal; * p < 0.05 vs T2DM;

Oral edaravone attenuated ROS production, cardiomyocyte hypertrophy and apoptosis via Nrf2 pathway
in glucolipotoxicity-induced H9C2 cells

OED signi�cantly decreased the levels of ROS, cell surface areas and apoptosis ratio induced by high
glucose and high fat in H9C2 cardiomyocytes (Fig. 5a-d). The therapeutic effect of OED was eliminated
after silencing Nrf2 (Fig. 5a-d).

Figure5. The effects of OED attenuating HG/HF-Induced cardiomyocyte hypertrophy, reactive oxygen
species and apoptosis could be canceled by silencing Nrf2.

(a) Images and analysis of ROS detected by DCFH-DA. (magni�cation x100, scale bar 100um) (b) Images
and analysis of cell surface area by F-actin stained with �uorescent phalloidin and DAPI counterstained
nuclei. (magni�cation x400, scale bar 20um) (c) Images of apoptotic nuclei presented by Hoechst33342.
(magni�cation x200, scale bar 50um). (d) Images and analysis of apoptotic nuclei detected by TUNEL.
(magni�cation x100, scale bar 100um). Three views were taken randomly from each coverslip for
calculation. Data are mean ± SEM of three independent experiments.

Oral edaravone increased cardiomyocyte viability via Nrf2
pathway in glucolipotoxicity-induced H9C2 cells
The mRNA and protein expression levels of Nrf2 were signi�cantly decreased after NRF2 siRNA
transfection in H9C2 cells (Fig. 6a-c). OED was harmless to H9C2 cells at different concentrations
(Fig. 6d). The protective effect of OED for HG/HF-induced H9C2 was gradually increased at different
concentrations (Fig. 6e). The effect was inhibited by Nrf2 silencing (Fig. 6f). The mRNA expression level
of β-MHC was increased (Fig. 6g). The mRNA expression level of NQO1 and HO-1 were decreased in
HG/HF-induced H9C2 (Fig. 6i, j). After incubated with OED for 48h, the mRNA expression levels of β-MHC
was decreased (Fig. 6g). The mRNA expression levels Nrf2, NQO1 and HO-1 were increased (Fig. 6h-j).
OED remarkably increased the protein expression levels of Nrf2, HO-1 and NQO1 in diabetes (Fig. 6k-n).
Nrf2 gene silencing abolished the activation of Nrf2 pathway induced by OED and decreased the content
of NQO1 and HO-1 (Fig. 6h-n). The expression level of cytoplasmic Nrf2 was increased slightly in HG/HF
group (Fig. 6o, p). The expression level of nuclear Nrf2 in the HG/HF + OED group was signi�cantly higher
than that in HG/HF group (Fig. 6o, q).

Figure6. OED attenuated H9C2 cardiomocytes injured by HG/HF via Nrf2 pathway.

(a-c) Effect of Nrf2 siRNA transfection in H9C2, which detected by RT-qPCR and western blotting; (d)
Viability of H9C2 cells after incubated with OED at different concentrations (ug/l) for 48h; (e) Effect of
OED at different concentrations on HG/HF-induced damage in H9C2 cells. (f) Effect of OED on HG/HF-
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induced damage in H9C2 cells with or without siNrf2 transfection. (g-j) The mRNA expression levels of β-
MHC, Nrf2, NQO1and HO-1 were evaluated by quantitative real-time polymerase chain reaction analysis,
calculated against GAPDH. (k) The protein expression levels of Nrf2, HO-1 and NQO1 were evaluated by
western blotting. (l-n) Quantitative analysis for the protein levels of Nrf2, NQO1 and HO-1. (o) The protein
expression levels of nuclear and cytoplasmic Nrf2 were evaluated by western blotting. (p, q) Quantitative
analysis for the protein levels of nuclear and cytoplasmic Nrf2. The protein expression of GAPDH was
used as the control of total and cytoplasmic protein and Lamin B as the nuclear protein. #p < 0.05 vs
normal; * p < 0.05 vs T2DM;

Discussion
The present study revealed that OED ameliorated the diastolic dysfunction of diabetic cardiomyopathy,
as evidenced by alleviating cardiomyocyte hypertrophy, apoptosis, extracellular matrix protein deposition
and myocardial interstitial �brosis induced by oxidative stress. These effects were likely achieved by
activating the Nrf2 signaling pathway. Our study also demonstrated that OED protected H9C2 from
glucolipotoxity, and the underlying mechanism involves Nrf2 activation. However, the protective effects of
OED in cardiomyocytes were cancelled by Nrf2 silence.

Clinical course of DCM develops from diastolic dysfunction to severe diastolic heart failure with normal
ejection fraction, and �nally leads to heart failure with reduced ejection fraction7,30,31. Left ventricular
diastolic dysfunction is very common in asymptomatic diabetic patients, and at least 50% diabetes
mellitus has left ventricular diastolic dysfunction6,8. However, there is no effective clinical management
on diastolic dysfunction. Excessive ROS induced by hyperglycemia and hyperlipidemia has been the
main cause of diastolic dysfunction in diabetic cardiomyopathy10. Previous studies con�rmed that
antioxidant therapy improved oxidative stress in diabetic myocardium32. Our study showed that the
diabetic rats got diastolic dysfunction without decrease in ejection fraction, which was consistent in the
early manifestation of DCM. The OED treatment for four weeks improved signi�cantly the diastolic
dysfunction. OED alleviates the pathophysiological alterations of DCM, including myocardial remodeling
and stiffness increase8,33, which mainly induced by cardiac hypertrophy, myocardial apoptosis, collagen
deposition, and interstitial �brosis3.

Myocardial hypertrophy is the earliest visible structural change in DCM2, and cardiomyocyte hypertrophy
is the major reason34. Oxidative stress leads to the increase in protein synthesis in cardiomyocytes and
produces new sarcomeres, which induces larger cardiomyocyte transverse diameter35. Meanwhile,
oxidative stress cooperating with insulin resistance and hyperglycemia produces fetal proteins such as β-
Myosin heavy chain (β-MHC), which is normally expressed in adult myocardium and stimulates
pathological cardiomyocyte hypertrophy6. Moreover, ROS is able to target sarcomeric proteins and affect
post-translational modi�cations of the elastic �lament protein titin to increase cardiomyocyte
stiffness36,37. In this study, there are indicators of cardiac hypertrophy such as left ventricular wall
thickness,inter-ventricular septum thickness, left atrial diameter and left ventricular mass signi�cantly
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increased in diabetic rats, whereas these parameters were decreased after OED treatment. OED also
reduced the volume of cardiomyocytes and its expression of β-MHC. On the other hand, pathological
cardiac hypertrophy in diabetic myocardium is distinguished from physiological cardiac hypertrophy of
athletes and pregnant women38. In addition to the enlarged volume of cardiomyocyte, apoptosis is
another feature of pathological hypertrophy39. The number of cardiomyocytes decreases due to
apoptosis is also an important reason for myocardial dysfunction. Oxidative stress plays an important
role in cell apoptosis with diabetic cardiomyocytes and DNA fragmentation induced by ROS is a
prominent character of cell apoptosois40. The effect of OED attenuating oxidative stress further inhibited
cardiomyocyte apoptosis. OED obviously reduced the proportion of apoptotic cells in vivo and in vitro,
thereby alleviating myocardial dysfunction in diabetes.

The increase in the extracellular volume is another important reason for diastolic dysfunction in
diabetes13. The extracellular volume increase, including deposition of collagen and formation of
interstitial �brosis41, induces myocardial stiffness followed by diastolic dysfunction42. Cardiac
�broblasts maintain homeostasis of the cardiac extracellular matrix under physiological circumstances
by synthesizing small amounts of collagen43. Oxidative stress leads to the activation of �broblasts and
increases extracellular matrix synthesis, which ultimately directly promotes interstitial collagen
deposition13. Recent studies on cardiac remodeling have identi�ed that abnormal �broblasts are resistant
to apoptosis and caused formation of abnormal cardiac matrix in HFpEF 44. On the other hand, ROS
increases the production of advanced glycation end products (AGEs), to promote �broblast differentiation
into myo�broblasts and exacerbate the formation of myocardial �brosis, collagen expression and cross-
linking45. Clinical research also revealed the accumulation of collagen type I and type III in the cardiac
interstitium of T2DM patients46. Therefore, anti-�brotic therapy becomes an effective measure to improve
diastolic dysfunction of the myocardium47. In our study, the interstitial collagen deposition in diabetic
myocardium was signi�cantly higher than that in normal myocardium. To further investigate the
formation of myocardial �brosis, Masson staining revealed that myocardial interstitial �brosis increased
obviously. After OED treatment, collagen accumulation and interstitial �brosis were improved
signi�cantly, which is another reason for OED improving myocardial diastolic function in diabetes.

In order to further explore the molecular mechanism of OED on antioxidant effect in DCM, we focused on
Nrf2 signal pathway. Nrf2 is an important endogenous antioxidant regulator, which protects cell
components such as protein and DNA from oxidative stress injury48. Nrf2 maintains low activity in the
physiological state. When stimulated by ROS, Nrf2 dissociates from its inhibitor epoxy chloropropane
Kelch sample related protein-1 (Keap1) and occurs on nuclear translocation 49. Imbalance of redox
homeostasis changes myocardial structure and function, resulted in pathologic hypertrophy, �brosis and
cardiac dysfunction in diabetes. NRF2 plays an important role in attenuating the pathophysiological
process and cardiac dysfunction induced by oxidative stress in diabetes26,50. The mRNA expression level
of β- MHC increased and accelerated the development of heart failure in Nrf2 knockout mice.51 Nrf2
knockout mice are more susceptible to hyperglycemia-induced cardiomyopathy and cell death than wild-
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type ones52 and the LV diastolic dysfunction mainly referable to cardiac hypertrophy and down-regulation
of SERCA2a rather than alterations in coronary artery function or systemic hemodynamics53. As an
important protective factor, NRF2 is reactively increased in the early phase of diabetic myocardium, but
signi�cantly decreased in the advanced phase54,55. Previous studies show that Nrf2 inducer improves
diabetic oxidative stress injury and a variety of natural or synthetic NRF2 activators have ideal
therapeutic effects on DCM56,57. Consequently, NRF2 has become a potential effective therapy target for
the treatment of DCM58. In the experiment, we observed that the expression of NRF2 was increased
signi�cantly after OED treatment. OED might act as a NRF2 agonist to increase the expression of
antioxidant enzymes and protect the myocardium from oxidative damage. Moreover, we observed that
the expression level of Nrf2 was increased in diabetic rats, which was compatible with the early alteration
of diabetes in previous studies. However, diabetes-induced increase of Nrf2 expression was located in the
cytoplasm rather than nuclear translocation, which was necessary for effective antioxidant protection.
After OED treatment, both cytoplasmic and nuclear Nrf2 were increased. Furthermore, nuclear Nrf2
increased signi�cantly and then exerted an antioxidant effect. The antioxidant activity of Nrf2 is
mediated by NADPH quinone oxidoreductase (NQO1) and heme oxygenase (HO-1) 27. Consistently we
found that the mRNA and protein expression levels of NQO1 and HO-1 were increased in vivo and in vitro
after OED treatment. Finally, we showed that the effect of OED on improving oxidative damage in H9c2
cells injured was lost after silencing Nrf2, suggesting that the protective effect of OED on cardiomyocytes
is at least partially via activating the Nrf2 pathway. Our study con�rmed that OED can attenuate the
diabetic cardiomyopathy possibly via activating Nrf2 pathway. However, researches have reported that
Nrf2 activation may depend on evaluating the upstream signaling pathways, such as PI3K59, β-RECP60,
SIRT161and GSKβ54. It requires experimental validation that whether OED activates the upstream
signaling pathways to further affect Nrf2 or not.

Our study had several limitations as follows. Firstly, for better investigate the effect of OED on diastolic
function, we observed type 2 diabetic rats for only 4 weeks to develop only diastolic dysfunction without
systolic dysfunction, and whether OED have in�uence on systolic dysfunction in diabetic cardiomyopathy
cannot be determined. Secondly, although OED exhibited protective effects on the myocardium both in
vivo and in vitro, high glucose and high-fat injuries in animal and cell models were not synchronized. The
e�cacy of OED on different diabetic myocardial stages needs to be set more time points for
corroboration. At last, as myocardial collagen accumulation and interstitial �brosis are important
pathological changes causing cardiac dysfunction, the ameliorative effect of OED on this mechanism
needs further explored using cardiac �broblasts in vitro. We will continue to re�ne these points in
subsequent studies.

Conclusion
OED improved hypertrophy, apoptosis of cardiomyocytes and myocardial �brosis, eventually relieving
diabetic myocardial diastolic dysfunction, which associated with alleviated oxidative stress injury by
activating Nrf2 signaling pathway. Novel OED has the potential to be an Nrf2 agonist for clinical
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treatment of diabetic cardiomyopathy. Edaravone is only available as the injection formula, which is not
suitable for the chronic condition of DCM. Our study provides a potential therapeutic agent which the
novel oral formula for future clinical trial to treat chronic diabetic cardiomyopathy.
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Figure 1

Representative echocardiographic images of the left ventricle. (a-c) M-mode echocardiography of NC,
T2DM and T2DM+OED group were performed to evaluated systolic function by measured left ventricular
ejection fraction and left ventricular fractional shortening. (d-f) PWD echocardiography imaging of NC,
T2DM and T2DM+OED group were performed to evaluated diastolic function. transthoracic motion mode
echocardiography (M-mode), pulsed-wave Doppler echocardiography (PWD); early diastolic peak velocity
(E); late diastolic peak velocity (A);
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Figure 2

OED decreased cardiomyocyte hypertrophy and apoptosis. (a-c). Hematoxylin and eosin staining of
myocardium (magni�cation x400, scale bar 50um). (d-f). Terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling of myocardium (magni�cation x400, scale bar 50um). Both of HE and TUNEL
were taken three views randomly from each tissue sample for calculation. g. The cross-sectional areas of
10 cardiomyocytes were measured randomly in each �eld and the average value was included in the
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statistics. h. The relative mRNA expression of β-MHC, calculated against GAPDH. i. Quantitative analysis
of TUNEL. The cell nucleus was stained by TUNEL as positive, and the apoptosis rate was determined by
the ratio of the positive cells and the total cell number. j-n. Expression levels and quantitative analysis of
apoptotic (Caspase3, Bax) and anti-apoptotic (Bcl-2) proteins. The expression of GAPDH was used as the
control. Value are mean ± SEM, n=8-10. #p<0.05 vs normal; * p<0.05 vs T2DM;

Figure 3

OED attenuated diabetic myocardial �brosis. (a-c). Masson’s staining of myocardium (magni�cation
x200, scale bar 100um). (d-i). Immunohistochemistry of collagen I and III (magni�cation x200, scale bar
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100um). Each sample was taken three views for statistic. (j-l). Data are expressed as the mean ± SEM,
n=8-10. #p<0.05 vs normal; * p<0.05 vs T2DM;

Figure 4

OED activated Nrf2 pathway in diabetic rats. (a-c) The mRNA expression levels of Nrf2, HO-1 and NQO1
were evaluated by quantitative real-time polymerase chain reaction analysis, calculated against GAPDH.
(d) The protein expression levels of Nrf2, HO-1 and NQO1 were evaluated by western blotting. (e-g)
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Quantitative analysis of protein expression levels of Nrf2, HO-1 and NQO1. (h) The protein expression
levels of nuclear and cytoplasmic Nrf2 were evaluated by western blotting. (i-j) Quantitative analysis of
protein expression levels of nuclear and cytoplasmic Nrf2. The protein expression of GAPDH was used as
the control of total and cytoplasmic protein and Lamin B as the nuclear protein. #p<0.05 vs normal; *
p<0.05 vs T2DM;

Figure 5

The effects of OED attenuating HG/HF-Induced cardiomyocyte hypertrophy, reactive oxygen species and
apoptosis could be canceled by silencing Nrf2. (a) Images and analysis of ROS detected by DCFH-DA.
(magni�cation x100, scale bar 100um) (b) Images and analysis of cell surface area by F-actin stained
with �uorescent phalloidin and DAPI counterstained nuclei. (magni�cation x400, scale bar 20um) (c)
Images of apoptotic nuclei presented by Hoechst33342. (magni�cation x200, scale bar 50um). (d)
Images and analysis of apoptotic nuclei detected by TUNEL. (magni�cation x100, scale bar 100um).
Three views were taken randomly from each coverslip for calculation. Data are mean ± SEM of three
independent experiments.
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Figure 6

OED attenuated H9C2 cardiomocytes injured by HG/HF via Nrf2 pathway. (a-c) Effect of Nrf2 siRNA
transfection in H9C2, which detected by RT-qPCR and western blotting; (d) Viability of H9C2 cells after
incubated with OED at different concentrations (ug/l) for 48h; (e) Effect of OED at different
concentrations on HG/HF-induced damage in H9C2 cells. (f) Effect of OED on HG/HF-induced damage in
H9C2 cells with or without siNrf2 transfection. (g-j) The mRNA expression levels of β-MHC, Nrf2,



Page 29/29

NQO1and HO-1 were evaluated by quantitative real-time polymerase chain reaction analysis, calculated
against GAPDH. (k) The protein expression levels of Nrf2, HO-1 and NQO1 were evaluated by western
blotting. (l-n) Quantitative analysis for the protein levels of Nrf2, NQO1 and HO-1. (o) The protein
expression levels of nuclear and cytoplasmic Nrf2 were evaluated by western blotting. (p, q) Quantitative
analysis for the protein levels of nuclear and cytoplasmic Nrf2. The protein expression of GAPDH was
used as the control of total and cytoplasmic protein and Lamin B as the nuclear protein. #p<0.05 vs
normal; * p<0.05 vs T2DM;


