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Abstract: Angiotensin II (Ang II) is known to be involved in the progression of ventricular 

dysfunction and heart failure by eliciting cardiac fibrosis. The purpose of this study was to 

demonstrate whether treatment with an antioxidant compound, edaravone, reduces cardiac 

fibrosis and improves ventricular function by inhibiting Ang II AT1 receptor. The study was 

conducted in a rat model of transverse aortic constriction (TAC). In control, rats were subjected 

to 8 weeks of TAC. In treated rats, edaravone (10 mg/kg/day) or Ang II AT1 receptor blocker, 

telmisartan (10 mg/kg/day) was administered by intraperitoneal injection or gastric gavage, 

respectively, during TAC. Relative to the animals with TAC, edaravone reduced myocardial 

malonaldehyde level and increased superoxide dismutase activity. Protein level of the AT1 

receptor was reduced and the AT2 receptor was upregulated, as evidenced by the reduced ratio 

of AT1 over AT2 receptor (0.57±0.2 vs 3.16±0.39, p,0.05) and less locally expressed AT1 

receptor in the myocardium. Furthermore, the protein level of angiotensin converting enzyme 2 

was upregulated. In coincidence with these changes, edaravone significantly decreased the 

populations of macrophages and myofibroblasts in the myocardium, which were accompanied 

by reduced levels of transforming growth factor beta 1 and Smad2/3. Collagen I synthesis was 

inhibited and collagen-rich fibrosis was attenuated. Relative to the TAC group, cardiac systolic 

function was preserved, as shown by increased left ventricular systolic pressure (204±51 vs 

110±19 mmHg, p,0.05) and ejection fraction (82%±3% vs 60%±5%, p,0.05). Treatment 

with telmisartan provided a comparable level of protection as compared with edaravone in all 

the parameters measured. Taken together, edaravone treatment ameliorates cardiac fibrosis and 

improves left ventricular function in the pressure overload rat model, potentially via suppressing 

the AT1 receptor-mediated signaling pathways. These data indicate that edaravone might be 

selected in combination with other existing drugs in preventing progression of cardiac dysfunc-

tion in heart failure.
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Introduction
Cardiac fibrosis develops in response to various cardiovascular diseases including 

persisting hypertension, hypertropic cardiomyopathy, ischemic insults, and congenital 

heart defects.1,2 Pathogenesis of cardiac fibrosis involves cellular and molecular altera-

tions in the myocardium, characterized by macrophage accumulation, fibroblast differ-

entiation, and excessive diffuse collagen deposition in the interstitial and perivascular 

regions, and is associated with the development of arrhythmias, myocardial dysfunc-

tion, and heart failure.3,4 The approaches that reduce cardiac fibrosis have been shown 

to prevent progression of heart failure and many other cardiovascular diseases.5,6
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It is well known that angiotensin II (Ang II), converted 

from angiotensin I by angiotensin converting enzyme (ACE), 

has profound effects on cardiac fibrosis via modulating the 

expression of the Ang II receptors. By stimulating the AT1 

receptor, Ang II causes vascular constriction, systemic 

inflammatory response, interstitial collagen deposition, and 

tissue fibrosis, while the stimulation of the AT2 receptor 

counteracts the deleterious effects of the AT1 receptor.7–9 

On the other hand, angiotensin converting enzyme 2 (ACE2), 

a newly found homolog of ACE, converts Ang II to Ang (1–7) 

to offset the function of Ang II.10,11 Our laboratory has had a 

longstanding interest in the areas of Ang II-induced fibrosis 

and cardiac dysfunction. We have previously reported that 

pharmacological inhibition of the AT1 receptor significantly 

reduces cardiac fibrosis and improves cardiac function.4,6 

Although ACE inhibitors (ACEi) or AT1 receptor blockers 

(ARBs) have been well documented as treatment options 

for patients with hypertension and cardiovascular diseases, 

limitations associated with the use of these drugs have also 

been identified (eg, dry cough, angioedema, and hypotensive 

symptoms). In addition to their potential side effects, the 

responses to ACEi treatment are influenced by gender and 

ethnic diversity, and lesser efficacy of ARBs is reported in 

the treatment of end-organ damage.12,13

Edaravone (brand names, Radicava or Radicut; Mitsubishi 

Pharma, Japan), a free radical scavenger, was initially 

approved to help with recovery following an acute ischemic 

stroke in Japan in 2001.14 It has also been approved by 

the Food and Drug Administration in the United States to 

treat patients with amyotrophic lateral sclerosis in 2017.46 

Edaravone acts as a potent antioxidant to scavenge free 

radicals, inhibit oxidative stress, and protect the brain 

against neuronal apoptosis. Furthermore, it aids neurologi-

cal recovery following acute brain ischemia and subsequent 

cerebral infarction.15 Many clinical and experimental stud-

ies have demonstrated that edaravone exerts beneficial 

effects on the heart against ischemia/reperfusion injury,16 

cardiomyocyte hypertrophy,17 and tissue fibrosis in dilated 

cardiomyopathy,18 primarily through trapping and quench-

ing reactive oxygen species (ROS). Although many studies 

have identified edaravone as a potent antioxidant compound 

in cardioprotection, it is unknown whether edaravone has 

a direct effect on the pathogenesis of Ang II-initiated 

cardiac injury. Therefore, in the present study, we tested 

the hypothesis that edaravone reduces cardiac fibrosis and 

improves cardiac function via inhibiting Ang II AT1 recep-

tor-activated signaling. We selected a rat model of transverse 

aortic constriction (TAC) to investigate the therapeutic 

effects of edaravone on expression of the AT1/AT2 recep-

tors and ACE2, activation of oxidative stress, accumula-

tion of macrophages, proliferation of myofibroblasts, and 

deposition of collagen. To further demonstrate whether 

the effect of edaravone on expression of the AT1 receptor 

is responsible for protection, the AT1 receptor antagonist, 

telmisartan, was selected for comparison. In coincidence 

with these measurements, cardiac fibrosis was measured 

morphologically and cardiac function was detected by 

echocardiography.

Materials and methods
animals and Tac model
Sprague Dawley rats at 6–8 weeks of age (Animal Laboratory 

Center of Shanxi Medical University, Taiyuan, China) were 

used in the present study. The animal experimental proce-

dures were approved by the Institutional Animal Care and 

Use Committee, Shanxi Medical University, in compliance 

with The Guide for the Care and Use of Laboratory Animals 

published by the National Institute of Health USA.47 Rats 

were housed under standard conditions (12-hour light/dark 

cycle, temperature at 20°C–25°C, and relative humidity 

at 50%–60%). No significant differences in age and body 

weight were found among all the rats before surgery. TAC 

was produced according to methods described previously 

with minor modifications.19 In brief, rats were anesthetized 

with an intraperitoneal injection of a mixture of ketamine 

(90 mg/kg) and zylaxine (10 mg/kg) (Henry Schein, Inc., 

Indianapolis, IN, USA) and placed on a temperature con-

trolled surgical table. Under sterile conditions, the chest 

was opened and the aorta was carefully dissected. A bended 

and blunt stylet from a 18 G intravenous catheter was tied 

tightly to the aorta between the brachiocephalic trunk and the 

left common carotid artery using a 4-0 silk suture, and then 

pulled out to create partial aortic constriction. Procedures 

on the first surgical day were performed under sterile condi-

tion. After surgery, rats were kept in a preheated chamber 

until they fully recovered from anesthesia, and then moved 

to individual cages, where they were kept for an 8-week 

experimental period.

experimental protocol and group
The rats were randomly divided into four groups (n=6 in 

each group) after surgery: 1) sham operation (Sham) – rats 

underwent the same surgical procedure without banding the 

aorta; 2) TAC – rats were subjected to TAC for 8 weeks; 

3) TAC plus edaravone (Edara; Boda Pharmaceutical Co, 

Ltd, Jilin, China) – rats received an intraperitoneal injection 
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of edaravone at a dose of 10 mg/kg/day after TAC; 4) TAC 

plus telmisartan (Telmi) – rats were administered telmisartan 

(Boehringer Ingelheim Pharmaceuticals, Inc, Ridgefield, 

CT, USA) via gastric gavage at a dose of 10 mg/kg/day 

after TAC. The doses selected for edaravone and telmisartan 

were based on previous experiments, which have shown 

a significant reduction in oxygen radical and decrease in 

blood pressure.4,17,18

Measurement of the lipid peroxidation 
level and antioxidant enzyme activity
The hearts were homogenized in 20 mmol/L phosphate 

buffer as previously described.17 The level of malonaldehyde 

(MDA) in the left ventricle was measured as the index of 

lipid peroxidation with an MDA detection kit (Jiancheng 

Bioengineering Institute, Nanjing, China) and expressed 

as nmol/mg tissue according to the manufacturer’s instruc-

tions. Superoxide dismutase (SOD) activity to represent the 

ability of trapping oxygen radicals was determined with a 

SOD detection kit (Jiancheng Bioengineering Institute) and 

measured as U/mg tissue.

Determination of heart/body weight ratio 
and myocyte sectional area (Msa)
At the end of the experiment, the chest was opened and the 

heart was rapidly removed. The heart–body weight index 

(HW/BW) was calculated as heart weight divided by body 

weight (mg/g tissue). MSA was quantitatively analyzed after 

6 μm of tissue slides were stained with hematoxylin and 

eosin. Fifty myocytes were randomly selected and captured 

with a digital camera through 40X objective lens under 

light microscopy. Cardiomyocytes were defined as having a 

visible nucleus and intact cellular membrane. Eight random-

ized high-powered fields per tissue section were selected to 

measure MSA in series using an image software (ImageJ; 

NIH, Rockville, MD, USA) and expressed as mm2×10−4 

of the mean.

Protein levels of AT1/AT2 receptors, 
transforming growth factor beta 1 
(TgFβ1), smads, and collagen iii by 
Western blotting
Freshly frozen transmural tissue samples obtained from 

the different groups were homogenized in ice-cold lysis 

buffer. Protein concentration was measured by the DC 

protein assay method as previously reported.4 In brief, 

proteins (60 μg) were separated by gradient sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis and identified 

with the following antibodies to quantify their protein levels: 

rabbit anti-AT1 and AT2 receptor polyclonal antibodies 

(Santa Cruz Biotechnology Inc, Dallas, TX, USA), a mouse 

anti-TGFβ1 monoclonal antibody (Abcam, Cambridge, UK), 

rabbit anti-Smad2, 3, 4, and 7 monoclonal antibodies (Cell 

Signaling Technology, Danvers, MA, USA), a mouse anti-

collagen type III monoclonal antibody (Sigma-Aldrich Co, 

St Louis, MO, USA), and a mouse anti-beta actin monoclonal 

antibody (Sigma-Aldrich Co), respectively. After incuba-

tion with the primary antibody, the bound antibody was 

visualized with respective horseradish peroxidase-coupled 

secondary antibody. The membrane was then incubated with 

chemiluminescence developing agents and exposed to an 

X-ray film. The actin level was determined in every sample. 

Films were scanned and band densities were quantified with 

densitometric analysis using the ImageJ system (NIH). The 

final band density was normalized with actin.

Immunohistochemical staining for 
collagen i, ace2, macrophages, and 
myofibroblasts
The hearts were immersion-fixed in 10% buffered formalin 

and tissue blocks were embedded into paraffin. Samples 

were sectioned to 6 μm thickness using a microtome (Leica 

RM2135; Meyer Instruments, Houston, TX, USA). After 

deparaffinization and hydration as previously reported,4 the 

sections were incubated overnight with a rabbit polyclonal 

anti-ACE2 antibody (Santa Cruz Biotechnology Inc), 

a mouse polyclonal antibody against collagen I (Abcam), 

a rabbit monoclonal antibody against macrophages (CD68; 

EMD Millipore, Billerica, MA, USA), and a monoclonal 

antibody against α-smooth muscle actin (SMA, Sigma-

Aldrich Co), respectively. The slides were incubated with the 

respective antibody IgG (Vector Laboratories, Burlingame, 

CA, USA), stained using the ABC-peroxidase kit or ABC-AR 

(alkaline phosphatase; Vector Laboratories), and substrated 

with 3,3′-diaminobenzidine tetrahydrochloride or alkaline 

phosphatase substrate kit (Sigma-Aldrich Co). The quality 

of immunohistochemistry assay was controlled by either 

elimination of the primary antibody or incubation with a 

nonimmune IgG. Sections were counterstained with hema-

toxylin, dehydrated, and mounted by routine methods. Posi-

tive staining was identified as brown and visualized using an 

Aperio ImageScope CS system (Aperio, Vista, CA, USA). 

The protein expression levels of ACE2 and collagen I were 

evaluated by measuring the mean optical density (MOD), 

and accumulation of macrophages and myofibroblasts was 
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calculated as the number of positively stained cells at a 

high-powered filed.

Evaluation of myocardial fibrosis by 
Masson’s trichrome staining
Myocardial fibrosis in the tissue sections was determined 

using Masson’s trichrome method and quantitatively ana-

lyzed by morphometry as previously reported.4 The staining 

turns collagen blue, nuclei black, and viable muscle fiber red. 

Eight randomized high-powered fields per tissue section were 

selected to determine the positively stained collagen areas 

and microvessels.

Determination of hemodynamics and 
cardiac performance
At the end of the experiment, all animals were anesthetized 

by inhaling 4% isoflurane and maintained at 2% isoflurane 

in oxygen. Both the carotid arteries were cannulated with a 

polyethylene catheter connected to a Statham transducer to 

measure the mean carotid pressure via a BL-410 biological 

signal acquisition and processing system (Techman Software 

Co, Ltd, Chengdu, China). The polyethylene catheter within 

the right carotid artery was then inserted into the left ven-

tricle to determine the cardiac performance including heart 

rate (HR), left ventricular systolic pressure (LVSP), left 

ventricular end-diastolic pressure (LVEDP), and maximum 

positive (+dP/dt
max

) and negative (−dP/dt
max

) values of the 

first derivative of left ventricular pressure.

Detection of global cardiac function 
and ventricular dimension by 
echocardiography
A two-dimensional (2D) guided M-mode ultrasound system 

(Vivid 7; GE Healthcare, Waukesha, WI, USA) was used to 

assess the left ventricular systolic and diastolic function as 

previously reported.20 In brief, rats were mildly anesthetized 

with 1.5% isoflurane, and transthoracic echocardiography 

was performed using a 15s MHz linear transducer. Percent 

fraction shortening (FS) and ejection fraction (EF) were cal-

culated. 2D images, which were frozen at the end of diastole, 

were used to measure left ventricular internal dimension 

(LVID). All measurements were averaged over three con-

secutive cardiac cycles.

statistical analysis
Data are expressed as mean ± standard error. A one-way 

analysis of variance (ANOVA) followed by Student-

Newman-Keul’s post hoc test was used to analyze group 

differences in the band intensity of AT1/AT2 receptors, the 

MOD of ACE2 expression, populations of macrophages 

and myofibroblasts, and expression of TGFβ1, collagens, and 

Smads. Dynamic and echocardiographic data were analyzed 

by one-way repeated measures ANOVA followed by post 

hoc analysis with Student-Newman-Keul’s test for multiple 

comparisons using SigmaPlot (Systat Software Inc, San Jose, 

CA, USA). A p-value ,0.05 was accepted as statistically 

significant.

Results
Animal mortality of the study
Twenty-eight rats were initially included in the present study. 

Two rats died in the TAC group 3 days after surgery because 

of excessive stenosis. One rat in the edaravone group and 

one rat in the telmisartan group were excluded because the 

pressure gradients between the two carotid arteries were not 

present in the range of 60–90 mmHg. The remaining 24 rats 

were randomly assigned to the experimental groups, that is, 

six rats for each group.

Effects of edaravone and telmisartan on 
oxidative stress, antioxidant enzyme, and 
cardiac hypertrophy after TAC
The content of MDA and activity of SOD in the heart were 

used to estimate the levels of lipid peroxidation and tissue 

antioxidative ability. As shown in Figure 1A, TAC caused 

a significant increase in MDA (22%±2%) and a reduction 

in SOD (73%±2%) compared with the Sham group (all 

p,0.05), suggesting an enhanced oxidative status after 

8 weeks of chronic pressure overload. Relative to the TAC 

group, administration of edaravone or dietary telmisartan 

reduced MDA level by 70%±5% and 46%±4%, respectively 

(all p,0.05 vs TAC group), and increased SOD enzyme 

activity by 57%±2% and 53%±1% (all p,0.05 vs TAC 

group), respectively, implying improved antioxidative ability 

of the heart.

Cardiac hypertrophy was evaluated by calculating the 

HW/BW ratio and MSA. Eight weeks of chronic elevation 

of afterload in the left ventricle caused siginificant changes 

in HW/BW ratio and MSA size in the TAC group. As shown 

in Figure 1A, the HW/BW ratio in the TAC group increased 

significantly relative to the Sham group (3.2±0.1 vs 2.5±0.1, 

p,0.05). Treatment with edaravone or telmisartan com-

paratively reduced the HW/BW ratio relative to the TAC 

group (2.6±0.1 in the Edara group and 2.3±0.2 in the Telmi 

group vs 3.2±0.1 in the TAC group, all p,0.05). The 

inhibitory effect of edaravone or telmisartan on cardiac 
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hypertrophy was further confirmed by a reduced MSA value 

(2.1±0.2 mm2 ×10−4 in the Edara group and 1.9±0.1 mm2 ×10−4 

in the Telmi group vs 3.2±0.1 mm2 ×10−4 in the TAC group, 

all p,0.05; Figure 1B).

Effects of edaravone and telmisartan on 
expression of Ang II AT1, AT2 receptors, 
and ACE2 after TAC
Protein levels of the AT1 and AT2 receptors were analyzed 

by Western blot assay. The protein of the AT1 receptor in 

the myocardium was constitutively expressed in the Sham 

group. Compared with the Sham group, constriction of 

ascending artery caused a significant increase in the protein 

level at week 8 (Figure 2A). The intraperitoneal injection of 

edaravone or oral administration of telmisartan over a 8-week 

period abrogated the upregulation of the AT1 receptor. The 

expression of the AT2 receptor protein was downregulated 

after 8 weeks of TAC. As shown in Figure 2B, the AT2 

receptor protein was constitutively presented in the sham-

operated rats. However, the level of the AT2 receptor was 

significantly reduced at week 8 in the TAC group relative to 

those in the Sham group. The augmentation in protein expres-

sion of the AT2 receptor was detected after intraperitoneal 

injection of edaravone or oral administration of telmisartan. 

These results suggested that edaravone or telmisartan has 

dual actions including antagonism of the AT1 receptor and 

stimulation of the AT2 receptor, evidenced by a decreased 

ratio of the AT1 receptor over the AT2 receptor (0.57±0.2 in 

the edaravone group and 0.54±0.1 in the telmisartan group 

vs 3.1±0.2 in the TAC group, all p,0.05).

ACE2 functions as a regulator to oppose the AT1 receptor-

mediated vasoconstriction, hypertrophy, and fibrosis.12 In the 

present study, the expression of ACE2 in myocardial tissue 

was examined by immunohistochemistry. It is clearly shown 

that the presence of pressure overload significantly alters 

the expression of ACE2. MOD of ACE2 was significantly 

Figure 1 Lipid peroxidation, antioxidant enzyme activity, and myocardial hypertrophy among the different groups. 
Notes: (A) MDA content and SOD activity in myocardial tissue were determined using commercial kits. HW/BW (mg/g) was calculated by weight. (B) Msa in series was 
measured morphometrically at a HPF (original magnification: ×200; scale bars: 100 μm). sham: rats underwent the same surgical procedure without banding the aorta; Tac: 
the ascending aorta was bended for 8 weeks; TAC plus edaravone (Edara): rats received an intraperitoneal injection of edaravone at a dose of 10 mg/kg/day for 8 weeks after 
TAC; TAC plus telmisartan (Telmi): telmisartan was administered via gastric gavage at a dose of 10 mg/kg/day for 8 weeks after TAC. Values are mean ± seM (n=6/group). 
*p,0.05 Tac versus sham; #p,0.05 edara or Telmi versus Tac. 
Abbreviations: MDA, malonaldehyde; SOD, superoxide dismutase; HW/BW, heart to body weight ratio; MSA, myocyte sectional area; HPF, high-powered field; 
TAC, transverse aortic constriction; SEM, standard error of means.
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reduced in the myocardium relative to the Sham group at 

week 8 (Figure 2C). The reduced expression of ACE2 in 

the intracardiac vessels and myocardium was reversed with 

intraperitoneal injection of edaravone or by oral administra-

tion of telmisartan during 8 weeks of TAC.

Effects of edaravone and telmisartan on 
infiltration of macrophages, expression 
of TGFβ1, and proliferation of 
myofibroblasts after TAC
It is known that TGFβ1 released from accumulated monocyte-

derived macrophages in the heart is involved in proliferation 

and differentiation of fibroblasts to myofibroblasts.6 In the 

present experiment, macrophage infiltration and myofi-

broblast proliferation in the myocardium were detected 

using immunohistochemical staining. Few macrophages 

are detected in the Sham group. TAC caused a significant 

increase in the number of positively stained macrophages 

in the intravascular region and interstitial myocardium 

(Figure 3A). The time course in macrophage migration was 

consistent with the upregulated AT1 receptor (Figure 2A). 

The expression level of TGFβ1 protein was detected by 

Western blot analysis. As shown in Figure 3B, TGFβ1 was 

constitutively expressed in the Sham group. After 8 weeks 

Figure 2 Expression of Ang II AT1/AT2 receptors and ACE2 in the myocardium. 
Notes: (A, B) Protein level of AT1 and AT2 receptors detected by Western blot. All bands were normalized by actin as illustrated in the bar graphs. ACE2 in the 
intermyocardium and intracardiac vessels (insets) was determined using immunohistochemical staining (C) and calculated as MOD in the tissue section. Original magnification: 
×200; scale bars: 100 μm. Values are mean ± seM (n=6/group). *p,0.05 Tac versus sham; #p,0.05 edara or Telmi versus Tac.
Abbreviations: MOD, mean optical density; ACE2, angiotensin converting enzyme 2; Ang II, angiotensin II; SEM, standard error of means; TAC, transverse aortic constriction.
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of TAC, TGFβ1 protein level was significantly upregulated 

relative to the Sham group. Consistent with the accumula-

tion of macrophages, positively stained α-SMA-expressing 

myofibroblasts, an indicater of fibroblast proliferation, 

were significantly increased by TAC at week 8. As shown 

in Figure 3C, few α-SMA positive cells are seen in the 

vascular smooth muscle and myocardium in the Sham group. 

However, the number of positively stained α-SMA myofi-

broblasts, which are aligned with the host myocardial fibers, 

significantly increased after 8 weeks of TAC. Administration 

of edaravone or telmisartan during TAC comparatively 

reduced the number of accumulated macrophages, expres-

sion of TGFβ1, and proliferation of myofibroblasts at week 8 

compared with the TAC group (Figure 3).

Effects of edaravone and telmisartan on 
expression of Smads after TAC
Proteins of the Smad family mediate signal transduction of the 

TGFβ, and are associated with regulation of collagen synthesis 

following myofibroblast proliferation. Overexpression of 

Figure 3 Macrophage accumulation, TgFβ1 protein expression, and myofibroblast proliferation among the different groups. 
Notes: (A) Accumulation of macrophages and (C) proliferation of myofibroblasts were determined by the number of positively stained cells (bar graphs) using 
immunohistochemical staining at each HPF (magnification: ×200, scale bars: 100 μm), as indicated by the arrows. (B) Representative of TGFβ1 protein expression analyzed by 
Western blot. All bands were normalized by actin, respectively. Values are mean ± seM (n=6/group). *p,0.05 Tac versus sham; #p,0.05 edara or Telmi versus Tac.
Abbreviations: HPF, high-powered field; TAC, transverse aortic constriction; SEM, standard error of means; TGFβ1, transforming growth factor beta 1.

ββ
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Smad2, Smad3, or Smad4 protein promotes the production 

of collagens, but Smad7 negatively regulates TGFβ-mediated 

signaling.4 In the present study, the protein level of the Smad 

family was evaluated by Western blot assay. As shown 

in Figure 4, the protein levels of Smad2 and Smad3 were 

increased significantly at week 8 after TAC relative to the 

Sham control, in coincidence with the proliferation of myofi-

broblasts. The expression of Smad4 was not altered at the end 

of 8 weeks of TAC in all groups, but the level of Smad7 was 

significantly downregulated at this time point relative to the 

Sham group. Administration of edaravone or telmisartan com-

paratively reduced protein levels of Smad2/3 and enhanced the 

level of Smad7 compared with the TAC group (Figure 4).

Effects of edaravone and telmisartan on 
synthesis of collagens and formation of 
fibrotic tissue after TAC
Excess collagen deposition and fibrosis have been linked 

to myocardial stiffness, and cardiac diastolic and systolic 

dysfunction.4 In the present study, expression of collagen 

I, collagen III, and fibrotic tissue formation were analyzed 

using immunohistochemistry, Western blot assay, and 

Masson’s trichrome staining. As shown in Figure 5A, 

collagen I was barely detected in the Sham group. After 

8 weeks of TAC, the deposition of collagen I not only 

occurred in the matrix of vascular endothelium, but also 

was excessively expressed in the myocardium. Treatment 

Figure 4 Protein expression levels of Smad2, Smad3, Smad4, and Smad7 among the different groups. 
Notes: Protein expression levels of different Smads subtypes were analyzed using Western blot. All bands were normalized by actin among groups as illustrated in the bar 
graphs. Values are mean ± seM (n=6/group). *p,0.05 Tac versus sham; #p,0.05 edara or Telmi versus Tac.
Abbreviations: TAC, transverse aortic constriction; SEM, standard error of means.
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of edaravone or telmisartan comparatively reduced depo-

sition of collagen I relative to the TAC group. There was 

no significant difference in the expression of collagen III 

protein among all groups (Figure 5B). Consistent with the 

increased synthesis of collagen I, the production of fibrotic 

tissue in the perivascular area and interstitial myocardium 

as identified by Masson’s trichrome staining was signifi-

cantly augmented by TAC. However, more organized and 

circumscribed fibers in the myocardium were detected in 

edaravone or telmisartan-treated rats after 8 weeks of TAC 

(Figure 5C), indicating less fibrosis formation at interstitial 

and perivascular regions.

Effects of edaravone and telmisartan on 
hemodynamics and cardiac performance 
after TAC
To control the degree of aortic stenosis, blood pressure in the 

left and right carotid arteries was measured. Animals with a 

Figure 5 Detection of collagen type I, III, and fibrosis among the different groups. 
Notes: (A) Deposition of collagen I in the myocardium and blood vessels (inset) was detected by immunohistochemical staining and calculated by MOD. (B) Protein 
expression level of collagen III was analyzed by Western blot. All bands were normalized by actin as illustrated in the bar graphs. (C) Interstitial and perivascular fibrosis in 
the myocardial sections was identified as blue collagen staining using Masson’s trichrome method. All images were viewed under magnification: ×200 (scale bars: 100 μm). 
Values are mean ± seM (n=6/group). *p,0.05 Tac versus sham; #p,0.05 edara or Telmi versus Tac.
Abbreviations: MOD, mean optical density; TAC, transverse aortic constriction; SEM, standard error of means.
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trans-stenosal pressure difference between 60 and 90 mmHg 

were included in the present study. There were no group dif-

ferences in HR during the 8-week period after TAC as shown 

in Figure 6A. The left mean carotid pressure was relatively 

stable during the 8-week period after TAC (data not shown) 

among all groups. As shown in Figure 6B, TAC caused a 

significant reduction in LVSP (110±8 vs 151±8 mmHg in 

Sham, p,0.05) and the maximum rate of +dp/dt
max

 (4.4±0.6 

vs 8.4±0.5 mmHg/s ×103 in Sham, p,0.05) after 8 weeks 

of TAC. These alterations were significantly reversed with 

treatment of edaravone or telmisartan, suggesting beneficial 

effects of both drugs on cardiac systolic performance. 

LVEDP, as the representative of left ventricular end-diastolic 

circumference, was significantly increased at week 8 (13±2 

vs 7±1 mmHg in Sham, p,0.05; Figure 6C). This was consis-

tent with the reduced maximum rate of −dp/dt
max

 (3.8±0.5 vs 

7.5±0.5 mmHg/s ×103 in Sham, p,0.05; Figure 6C), indicating 

impaired isovolumetric relaxation. Treatment with edaravone 

or telmisartan significantly decreased LVEDP (3±1 mmHg 

in the Edara group and 7±1 mmHg in the Telmi group vs 

13±2 mmHg in the TAC group, all p,0.05), and increased 

the maximum rate of −dp/dt
max

 (10.8±1.5 mmHg/s ×103 

in the Edara group and 6.4±0.6 mmHg/s ×103 in the 

Telmi group vs 3.8±0.5 mmHg/s ×103 in the TAC group, 

all p,0.05), suggesting less dilatation in the ventricular 

chamber (Figure 6C).

Figure 6 Heart rate and left ventricular performance. 
Notes: (A) Representative recording of HR and left ventricular pressure among the different groups. Bar graphs show changes in LVSP and LVEDP (B) and changes in 
maximum positive (+dP/dtmax) and negative (−dP/dtmax) values of the first derivative of left ventricular pressure (C). Values are mean ± seM (n=6/group). *p,0.05 Tac versus 
sham; #p,0.05 edara or Telmi versus Tac.
Abbreviations: LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular systolic pressure; TAC, transverse aortic constriction; SEM, standard error of means; 
hr, heart rate.
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Effects of edaravone and telmisartan on 
global cardiac function and left ventricular 
dimension
The fibrotic change in the pressure overloaded heart was 

associated with alterations in chamber dimension and 

progressive impairment of the left ventricular function as 

measured by echocardiography (Figure 7A). After 8 weeks 

of TAC, the indexes of systolic function including FS and 

EF were significantly impaired relative to those in the 

sham-operated hearts (Figure 7B), implying systolic dys-

function. Administration of edaravone or telmisartan for 

8 weeks during TAC significantly improved the contractile 

function relative to TAC alone, with an increased EF in the 

Edara group (75%±2%) and in the Telmi group (73%±1%; 

all p,0.05) versus the TAC group. These alterations were 

consistent with a change in LVID at the end of the diastole. 

As shown in Figure 7B, LVID increased significantly at 

week 8 after TAC, but was effectively preserved by treat-

ment with edaravone or telmisartan. These results were in 

accordance with the reduced LVEDP as measured directly 

from the heart.

Discussion
In this study, treatment with edaravone reduced the content of 

MDA and increased the activity of SOD. Enhanced expres-

sion of the AT1 receptor by TAC was downregulated, and 

AT2 receptor and ACE2 were upregulated. Along with these 

modifications, migration of macrophages and proliferation of 

myofibroblasts were inhibited and TGFβ1/Smads-mediated 

fibrotic signaling pathways were attenuated, which was 

accompanied by a significant improvement in cardiac 

function. Comparative inhibition between edaravone and 

telmisartan on TAC-induced deleterious changes suggested 

that protection with edaravone is potentially mediated by 

inhibiting AT1 receptor-evoked fibrotic signaling.

The rat model of TAC to simulate aortic stenosis in 

humans was chosen for the present study. This chronic 

increase in workload is independent of blood pressure 

alteration, leading to pathological hypertrophy of the heart. 

During early stages of TAC (usually ,4 weeks), it is char-

acterized by compensatory concentric hypertrophy with 

diastolic dysfunction, whereas at the later stages, ventricular 

dilatation occurs with development of eccentric hypertrophy 

and systolic dysfunction. Eventually, these maladaptive 

responses to the chronic hemodynamic overload result in 

heart failure.21 The time course in the present study lasted 

8 weeks. Data clearly showed that significant ventricular 

dilatation and systolic dysfunction are identified at this time 

point. We may miss the time window of showing concentric 

hypertrophy and diastolic dysfunction with TAC at early 

stages. However, treatment with edaravone for 8 weeks 

significantly reduced chamber dilatation and attenuated 

systolic dysfunction, suggesting its role in preventing pro-

gression of cardiac dysfunction. It is worth to further check 

the time course in edaravone-exerted cardioprotection, and 

whether early attenuation of concentric hypertrophy with 

Figure 7 Echocardiographic assessment of left ventricular systolic function among the different groups. 
Notes: (A) Two-dimensional echocardiographic images represent cardiac global function. (B) Cardiac systolic function was determined by measuring FS and EF. LVID was 
measured at end diastole. Values are mean ± seM (n=6/group). *p,0.05 Tac versus sham; #p,0.05 edara or Telmi versus Tac.
Abbreviations: LVID, left ventricular internal dimension; FS, fraction shortening; EF, ejection fraction; TAC, transverse aortic constriction; SEM, standard error of means.
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treatment of edaravone prevents development of ventricular 

dilatation and dysfunction.

It is well known that the majority of deleterious effects 

by Ang II are mediated via the AT1 receptor, whereas the 

AT2 receptor is suggested to counter-regulate the action 

of the AT1 receptor.8 In the present study, we were able to 

demonstrate the reciprocal expression between AT1 and 

AT2 receptor after TAC, as evidenced by upregulated AT1 

receptor, downregulated AT2, and elevated AT1/AT2 ratio. 

It has been demonstrated that induction of ROS is associated 

with Ang II stimulation. In the rat model of Ang II infusion, 

activation of the AT1 receptor causes excessive production 

of ROS evidenced by an increased end product of lipid 

peroxidation (MDA) and attenuated antioxidant enzyme 

(SOD).22,23 In contrast, stimulation of the AT2 receptor 

downregulates activity of NADPH oxidase and reduces 

NOX-derived ROS production.24,25 The antioxidant action 

of edaravone has been previously linked to attenuation of 

pressure overload-induced left ventricular hypertrophy and 

the progression of dilated cardiomyopathy.17,18 In the present 

study, we demonstrated that in coincidence with inhibition 

of the AT1 receptor and upregulation of the AT2 receptor, 

edaravone reduces MDA content and increases SOD activity. 

Comparative modulation in MDA and SOD between edara-

vone and telmisartan suggested that inhibition of oxidant 

production with edaravone can be potentially achieved by 

inhibiting the AT1 receptor. However, we need to further 

demonstrate alternative signaling pathways involved in 

inhibition of the AT1 receptor in both cardiomyocytes and 

vascular smooth muscle cells with edaravone. In this regard, 

the downregulation of the AT1 receptor with the AT1 

blockade and antioxidant has been associated with molecular 

modulations of several complex signaling proteins and tran-

scription factors such as peroxisome proliferator-activated 

receptor γ, ERK1/2, P38 MAPK, Pyk2, c-Src family kinases, 

NFκB, and JAK/STAT.25,26

ACE2 is a homolog of ACE and converts Ang II to 

Ang (1–7), which is responsible for vasodilation and 

antagonism to reduce proliferation/fibrosis.27 ACE2 can be 

detected on vascular endothelium, smooth muscle cells, and 

cardiomyocytes.28 In the present study, ACE2 expression was 

examined from the paraffin embedded tissue blocks using 

immunohistochemical staining. Downregulation of ACE2 

expression in the blood vessels and myocardium by TAC 

may further enhance AT1 receptor signaling. Consistent with 

the action of the AT1 receptor antagonism, treatment with 

edaravone or telmisartan for 8 weeks significantly increased 

ACE2 expression. These data suggested that signaling in 

inhibition of cardiac fibrosis evoked by edaravone or telm-

isartan includes the dual action of AT1 receptor inhibition 

and ACE2 activation.

Accumulating evidence has indicated that infiltration of 

macrophages to the myocardium is involved in the develop-

ment of vascular and myocardial fibrosis.29,30 Activation of 

the AT1 receptor on macrophages releases proinflammatory 

cytokines, such as TGFβ1, tumor necrosis factor-α, induc-

ible nitric oxide synthases, interleukin-1β and IL-6, resulting 

in transdifferentiation of fibroblasts to myofibroblasts.31 

Accordingly, inhibition of TGFβ1 expression suppresses 

fibroblast proliferation and myocardial fibrosis.32 In the 

present study, we found that along with the reduction in 

infiltration of macrophages by edaravone, expression of 

TGFβ1 was attenuated and proliferation of myofibroblasts 

was inhibited, indicating that macrophages function as a 

master regulator of myofibroblasts. A comparable reduction 

in the level of upregulated TGFβ1 expression with edaravone 

and telmisartan further suggested that these processes are 

mediated by inhibiting the AT1 receptor. These data were 

consistent with previous studies showing that treatment with 

edaravone reduces the expression of TGFβ1 and collagens 

in rats exhibiting dilated cardiomyopathy18 and attenuates 

cardiac fibrosis induced by TAC in mice.17

TGFβ1 released from macrophages promotes differentia-

tion of myofibroblasts and then stimulates phosphorylation 

of Smad2/3 to form a heterotrimeric complex with Smad4, 

subsequently enhancing expression of collagen genes in the 

nucleus.33,34 Smad7 is an inhibitor of signaling by prevent-

ing the phosphorylation of Smad2/3 and interfering in the 

formation of Smads complex.35 In the present study, treat-

ment with edaravone inhibited the expression of Smad2/3, 

upregulated Smad7, and reduced the synthesis of collagen I 

to comparable levels as seen in telmisartan-treated animals. 

In accordance with these modifications, immunohistochem-

istry and Masson’s staining also revealed that deposition 

of collagens and formation of fibrosis are reduced in the 

perivascular area and intermyocardium. These data suggested 

that signaling pathways involved in the attenuation of cardiac 

fibrosis by edaravone are associated with the inhibition of 

the AT1 receptor expression.

Compensatory hypertrophy with impaired left ventricular 

diastolic function but preserved EF can be detected as early 

as 2 weeks after aortic constriction, whereas maladaptive left 

ventricular dilatation with declined cardiac systolic function 

gradually occurs after 4 weeks.36,37 It has been reported that 

increases in myocyte lengthening from series sarcomere for-

mation and ventricular chamber dimension are attributed to 
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the eccentric hypertrophy and progression to failure.38 In mice, 

attenuation of cardiac concentric hypertrophy with treatment of 

edaravone after 7 days of TAC has been previously reported.17 

In the present study, we selected an 8-week experimental 

period and aimed to observe the effect of edaravone on the 

morphological change and progression of cardiac dysfunction 

after TAC. Our data showed that changes in the heart/body 

weight ratio, LVID, and MSA in series suggested the devel-

opment of eccentric hypertrophy. It is clearly established in 

the present study that LVSP, dp/dt
max

, and EF are reduced and 

LVEDP is increased, suggesting cardiac systolic dysfunction. 

One mechanism involved in alteration of LVEDP is associated 

with a decrease in ventricular compliance and elevated filling 

pressure, often attributes to increasing fibrosis.39,40

It is known that stimulation of the AT1 receptor has 

minimal direct inotropic effects on the heart and preserva-

tion of cardiac diatolic/systolic function with blockade of the 

AT1 receptor is primarily mediated by reducing proinflam-

matary cytokines, tissue hypertrophy, and fibrosis.41 In the 

present study, along with a significant reduction in lipid 

peroxidation, collagen deposition, and fibrosis with treatment 

of edaravone or telmisartan, cardiac systolic function was 

improved, further indicating that pressure overload-induced 

tissue fibrosis is associated with the progression of cardiac 

dysfunction.

TAC induces aortic stenosis by narrowing aortic lumen 

without producing significant effects on hemodynamics 

(ie, blood pressure) and therefore creates a direct effect on 

myocardial morphology. In this regard, it has been previously 

reported that edaravone has no significant effect on vascular 

tone. In the present study, we found that the left mean carotid 

pressure is stable during the 8-week period after TAC with 

treatment of edaravone (data not shown), indicating that the 

preservation of cardiac function with edaravone is largely 

mediated through its direct effect on the heart via inhibiting 

AT1 receptor-mediated events. Furthermore, comparative 

protection in cardiac function between edaravone and telm-

isartan also suggested that anticardiac fibrosis by inhibiting 

the AT1 receptor can be achieved without significant effect 

on blood pressure.

study limitation
Firstly, Ang II binds to and activates AT1 and AT2 receptors. 

In the present study, the reciprocal expression between 

AT1 and AT2 receptor after TAC is identified, that is, 

upregulated AT1 receptor and downregulated AT2 receptor. 

Treatment with edaravone has a dual effect on inhibition 

of the AT1 receptor and activation of the AT2 receptor. 

It has been reported that the AT2 receptor antagonizes AT1 

receptor-mediated responses by direct binding to the AT1 

receptor. This switching between these two receptors is an 

area of current interest.42 Therefore, future study is needed 

to illustrate whether edaravone can affect the functional 

receptor numbers (ie, plasma membrane densities) of AT1 

and AT2 receptors via ligand binding. Secondly, it has been 

well demonstrated that aldosterone released from the adrenal 

gland via the AT1 receptor not only induces tissue fibrosis, 

but also impairs vascular smooth muscle cell function.43 High 

level of plasma aldosterone in patients with congestive heart 

failure and hypertension is also detected.44 Therefore, more 

research is needed to better understand the link of potential 

protection between vascular smooth muscle cells and cardio-

myocytes by targeting aldosterone-mediated signaling with 

edaravone. Finally, there is increased evidence suggesting 

synergism between Ang II and aldosterone, making the addi-

tion of an aldosterone receptor antagonist to the standard 

therapies of ACEi or angiotensin receptor blocker a strong 

consideration.45 Therefore, it will be necessary to test whether 

there is an additive effect of edaravone with these drugs on 

hypertension and heart failure.

Conclusion
Taken together, we demonstrate that treatment with edara-

vone inhibits cardiac fibrosis and improves left ventricular 

function in the setting of 8 weeks of pressure overload in rats 

after TAC. Mechanisms of action underlying prevention of 

myocardial fibrosis and improvement of cardiac systolic func-

tion may associate with an inhibition of Ang II AT1 receptor-

mediated signaling pathways. Given the fact that there is no 

unique therapy in the treatment of heart failure, edaravone, 

as an antioxidant compound, might be used in combination 

with β-blocker, ACEi, or Ang II receptor blocker in the 

management of patients with fibrosis-derived heart failure 

to prevent the progression of cardiac dysfunction.
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