
Zhao et al. Biology Direct           (2022) 17:25  
https://doi.org/10.1186/s13062-022-00338-6

RESEARCH

Alamandine alleviated heart failure 
and fibrosis in myocardial infarction mice
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Abstract 

Alamandine (Ala) is the newest identified peptide of the renin-angiotensin system and has protective effect on myo-
cyte hypertrophy. However, it is still unclear whether Ala can alleviate heart failure (HF). The aim of this study was to 
explore the effects of Ala on HF and the related cardiac fibrosis, and to probe the mechanism. HF model was induced 
by myocardial infarction (MI) in mice. Four weeks after MI, Ala was administrated by intraperitoneal injection for two 
weeks. Ala injection significantly improved cardiac dysfunction of MI mice in vivo. The cardiac fibrosis and the related 
biomarkers were attenuated after Ala administration in HF mice in vivo. The increases of collagen I, alpha-smooth 
muscle actin and transforming growth factor-beta induced by oxygen–glucose deprivation (OGD) in neonatal rat 
cardiac fibroblasts (NRCFs) were inhibited by Ala treatment in vitro. The biomarkers of apoptosis were elevated in 
NRCFs induced by OGD, which were attenuated after treating with Ala in vitro. The enhancement of oxidative stress in 
the heart of MI mice or in the NRCFs treated with OGD was suppressed by treating with Ala in vivo and in vitro. These 
effects of Ala were reversed by tBHP, an exogenous inducer of oxidative stress in vitro. These results demonstrated that 
Ala could alleviate cardiac dysfunction and attenuate cardiac fibrosis via inhibition of oxidative stress.
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Introduction
In adult mammals, left ventricular (LV) remodeling 
resulted from myocardial infarction (MI)-induced loss 
of cardiomyocytes and subsequent collagen deposition 
may serve as a structural and functional basis for the 
occurrence and progression of heart failure (HF) [1, 2]. 
Despite medical breakthroughs in interventional and 
pharmacological treatments to restore blood flow and 
improve myocardial cell energy metabolism, HF caused 
by MI still remains one of the progressive and fatal clini-
cal diseases with the highest mortality worldwide, which 

ranks it among the major public health problems [3, 4]. 
Thus, more therapeutic agents required to be designed to 
exert a cardioprotective effects against MI-induced acute 
and chronic cardiac damage based on a more thorough 
understanding of the mechanisms underlying HF.

There is growing recognition and experimental evi-
dence that the circulating renin–angiotensin–aldoster-
one system (RAAS), as a coordinated hormonal cascade, 
is critically important in regulating cardiovascular system 
under different physiological and pathological conditions 
[5]. As the most potent bioactive molecule involved in 
the classic angiotensin-converting enzyme-Angiotensin 
II-Angiotensin II type 1 receptor (ACE-AngII-AT1R) 
axis, AngII ensures the development of pathological car-
diac remodeling upon myocardial infarction (MI) [6]. 
Ang-(1-7) is demonstrated to oppose the harmful effects 
of AngII/AT1R axis via binding to the Mas receptor [7]. 
Briefly, the introduction of Ang-(1-7) has been reported 
to improve myocardial tissue damages by inhibiting 
oxidative stress or alleviating inflammatory response 
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and apoptosis under different pathological conditions, 
including hypoxia or ischemia/reperfusion (I/R) stimula-
tion [8–10], which may partially explain the mechanisms 
underlying the therapeutic effects of ACE inhibitors 
(ACEIs) and AT1-receptor blockers (ARBs) [11].

The heptapeptide Ala-Arg-Val-Tyr-Ile-His-Pro (named 
as alamandine), a novel effector molecule of the RAAS 
protective arm, has the similar chemical structure of 
Ang-(1-7) with only one amino acid residue difference 
[12]. Alamandine (Ala) can be generated from the direct 
decarboxylation of Ang-(1-7) or from ACE2-mediated 
hydrolysis of angiotensin A [13]. Interestingly, the previ-
ous data on animals showed that Ala exerts similar anti-
hypertrophic and hypotensive actions to Ang-(1-7) [14, 
15]. Besides, Ala was reported to counterregulate pres-
sure overload or AngII-induced cardiac remodeling via 
interacting with Mas-related G protein-coupled receptor 
member D (MrgD) [16, 17]. Also, Ala was shown to pro-
tect hearts from I/R injury [18].

The occurrence of oxidative stress which defined as 
excess peroxides and antioxidant deficit is consistent with 
the appearance of HF subsequent to MI [19]. Thus, the 
balance of ROS production and removal is essential for 
the redox state and homeostasis in the heart [20]. The 
maladaptive myocardial remodeling occurred in HF may 
be resulted from myocyte damage-induced enhanced 
production of ROS [21]. Also, the increased levels of ROS 
detected in heart tissue and plasma were even reported 
to be closely related to the severity of cardiac dysfunction 
in patients with HF [22]. Moreover, MI-induced accumu-
lation of mitochondrial ROS was associated with cardiac 
fibroblasts activation [23], suggesting that cardiac fibro-
blasts are potential cellular targets for antioxidant ther-
apies in HF.  Notably, the present studies reported that 
Ala could substantially protect against organ fibrosis via 
inhibiting the production of ROS in pressure overload-
induced cardiomyocytes, AngII-induced hepatocytes, 
and I/R-induced NRK52E cells [17, 24, 25]. However, no 
prior studies have examined the therapeutic effects of Ala 
on MI-induced HF and the subsequent cardiac fibrosis.

Thus, we addressed this in our present study via inves-
tigating the effects of Ala on HF and the related cardiac 
fibrosis, and further to probe the underlying molecular 
mechanisms.

Materials and methods
Ethics approval and animal care
Eight-week-old male Sprague–Dawley (SD) rats (Vital 
River Biological Co., Ltd, Beijing, China) were employed. 
All procedures of animal experiments were conducted 
in accordance with the Guide for the Care and Use of 
Laboratory Animals (NIH publication No. 85-23, revised 

1996), and were approved by the Experimental Animal 
Care and Use Committee of Nanjing Medical University.

Rat model of myocardial infarction
Male Sprague–Dawley rats (6–8  weeks old, 220–250  g) 
were purchased from Charles River Laboratories. Ani-
mals were anesthetized by intraperitoneal injection of 
sodium pentobarbital, then intubated and ventilated by a 
small animal ventilator (Model 680; Harvard Apparatus). 
Determine the tidal volume (1.5–2.5  mL) based on the 
respiratory rate and body weight of each animal. Body 
temperature is maintained by a heating pad. After open-
ing the thoracic cavity and pericardium, the left anterior 
descending coronary artery (LAD) was non-invasively 
sutured by passing a 7-0 silk suture beneath the vessels 
and surrounding myocardium. The thoracotomy is then 
closed. Sham group was generated by the same process 
without LAD ligation. The thoracic cavity is closed layer 
by layer and regularly disinfected to prevent infection.

Mice model of myocardial ischemia/reperfusion (I/R)
The mice in the I/R group and I/R + Ala group were sub-
jected to LAD coronary artery ischemia for 30  min as 
we described above. Then, the ligature was released to 
induce reperfusion for 2 h [26, 27]. Meanwhile, the mice 
in the I/R + Ala group received tail intravenous injection 
of Ala (1  μM/kg) as we previously report [28]. Mice in 
the sham group only underwent a left thoracotomy. After 
that, mice were euthanized and harvested.

Infarct size measurement
The mice hearts collected from different groups were fro-
zen at − 20 °C for 30 min. Then, they were sectioned hor-
izontally at 2–3 mm thickness. Following that, the hearts 
sections were incubated in 2% (w/v) 2,3,5-triphenyltetra-
zolium chloride (TTC) solution at 37  °C electric-heated 
water bath for 20  min. After formalin fixation, the sec-
tions were imaged. The infarct size identified by the white 
color area was determined by Image J software (MD, 
USA).

Cell extraction and culture
Hearts were surgically excised from neonatal rats within 
3  days of age, and myocardial tissue was cut into small 
pieces and incubated with 1.2  mg/mL pancreatin and 
0.14  mg/mL collagenase (Gibco, Shanghai, China) at 
37 °C. A series of digestions were performed in D-Hanks 
solution. After centrifugation, cells were suspended in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Shanghai, China) containing 20% fetal bovine serum, 100 
U/mL penicillin, and 100  μg/mL streptomycin. The dis-
sociated cells were pre-plated at 37  °C for 1 h, and car-
diomyocytes were isolated by rapid adhesion of cardiac 
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fibroblasts. Subsequently, cardiomyocytes were collected, 
and plated onto gelatin-coated dishes. The cardiac fibro-
blasts were cultured in the DMEM complete medium. 
Place the cells in a 37  °C 5%  CO2 incubator for subse-
quent experiments.

The culture medium was replaced with serum-free and 
glucose-free DMEM in the presence or absence of Ala 
 (10−6 mol/L) when the cardiac fibroblasts in the oxygen–
glucose deprivation (OGD) or OGD + Ala group reached 
80% confluence. Then, the dishes containing cells were 
transferred to a hypoxic chamber containing 5%  CO2, 
94%  N2, and 1%  O2 as previously report [29]. After stimu-
lation for 8 h at 37 °C as previously report [30], the cells 
were then harvested and analyzed. In some experiments, 
cells were preliminary incubated with 5 mmol/l N-acetyl-
cysteine (S1623, Selleck Co., China), and 200umol/l tert-
Butyl hydroperoxide (tBHP, B802372, Medchemexpress 
Co., China) for 2–3 h prior to OGD stimulation.

Western blot analysis
Rat hearts were removed, immediately frozen in liq-
uid nitrogen, and stored at − 80 ℃ until further use. 
The cardiac tissues or cultured cells were sonicated in 
Radio Immunoprecipitation Assay [31] lysis buffer and 
homogenized. The debris was removed, and the super-
natant was collected after centrifugation at 12,000×g 
for 10 min at 4 °C. The protein concentration was then 
determined at 562  nm using the Pierce™ BCA Protein 
Quantitation Kit (Invitrogen, Shanghai, China) in a 
microplate reader. About 30–50 μg of protein were sep-
arated by electrophoresis, and according to the molecu-
lar weight of the target protein, the labeled bands in the 
desired molecular weight range were separated. A poly-
vinylidene fluoride membrane (PVDF) (Millipore) was 
cut to the size of a separation gel, immersed in anhy-
drous methanol for 5  min, covered with the gel, and 
transferred at a constant current of 300 mA for 120 min. 
and blocking Tris-buffered saline in bovine serum 
albumin (BSA). Membranes were mixed with collagen 
I, (1:1000; No.14695-1-AP; Proteintech Co., Wuhan, 
China), α-SMA (1:1000; No.14395-1-AP; Proteintech), 
TGF-β (1:1000; No.21898-1-AP; Proteintech), CC3 

(1:1000; #9664; Cell Signaling Technology), C3 (1:1000; 
#9662; Cell Signaling Technology), Bcl2 (1:1000; #3498; 
Cell Signaling Technology), Bax (1:1000; #5023; Cell 
Signaling Technology), and GAPDH (1:1000; AF0006; 
Beyotime Biotechnology Co., Shanghai, China) over-
night at 4 °C with gentle shaking. Goat anti-rabbit IgG-
HRP (1:2000, ab6721) was added as secondary antibody 
and incubated for 2 h at 37 °C with gentle shaking. The 
PVDF membrane was then rinsed three times (5  min 
each) with TBST at room temperature. Next, chemilu-
minescent reagent (ECL) (Pierce) was evenly spread on 
the PVDF membrane. Images were analyzed using the 
Image-Pro Plus software.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‐qPCR)
Total RNA was extracted from myocardial tissue using 
Trizol (Invitrogen, Shanghai, China). Total RNA was 
synthesized into cDNA by reverse transcription in 
10 μL reactions according to the instructions of Pri-
meScript™ RT Master Mix Kit (TaKaRa Biomedical 
Technology, Beijing, China). Primers for genes were 
designed and synthesized by Genscript (Table 1). Sub-
sequently, mRNA was assessed by SYBR Green I fluo-
rescence. All samples were amplified in triplicate for 
40 cycles in 384-well plates. The 2-ΔΔCt method was 
used to determine the ratio of target gene expression 
between the experimental group and the control group.

TUNEL staining assay
The TUNEL staining assay was performed according to 
the One Step TUNEL Apoptosis Assay Kit (Beyotime, 
Shanghai, China). First, the cells were fixed with 4% 
paraformaldehyde for 15 min at room temperature, and 
permeabilized with 0.5% Triton X-100 for 5 min to rup-
ture the membrane. Then, the cells were incubated with 
the TUNEL reaction mixture provided with the stain-
ing kit for 60  min at 37  °C in the dark before staining 
with DAPI. Finally, the stained cells were scanned and 
imaged under a fluorescence microscope.

Table 1 List of utilized primers for qRT-PCR

α-SMA α-smooth muscle actin, TGF-β transforming growth factor-β, GAPDH glyceraldehyde-3-phosphate dehydrogenase

Gene Species Forward primer Reverse primer

α-SMA Rat GCA TCC ACG AAA CCA CCT A CAC GAG TAA CAA ATC AAA GC

TGF-β Rat TCT GCA TTG CAC TTA TGC TGA AAA GGG CGA TCT AGT GAT GGA 

Collagen I Rat GCT CCT CTT AGG GGC CAC T CCA CGT CTC ACC ATT GGG G

GAPDH Rat GGC ACA GTC AAG GCT GAG AATG ATG GTG GTG AAG ACG CCA GTA 
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Measurement of intracellular reactive oxygen species 
(ROS) levels
Intracellular ROS levels were measured using the 
assay kit (Beyotime Biotechnology, Shanghai, China); 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) is eas-
ily oxidized by intracellular ROS to fluorescent dichlo-
ride Fluorescein (DCF) is the main component of this 
kit. Briefly, NRCF cells were seeded in 96-well plates 
as described above and divided into different groups 
required for the experiment. Then, cells were incubated 
with DCFH-DA in the kit for 20  min at 37  °C and co-
incubated with DAPI for 5 min. The images were finally 
captured under a fluorescence microscope.

Statistical analyses
GraphPad Prism 7.0 (GraphPad Software Inc., San 
Diego, CA, USA) was applied to present all the data as 
mean ± standard error of the mean (SEM). All the data 
was analyzed for normality using the D’Agostino & Pear-
son’s test. The statistical significance for multigroup com-
parisons was evaluated by one-way analysis of variance 
(ANOVA), followed by Bonferroni’s post-hoc tests.

Results
Ala alleviated MI‑induced cardiac dysfunction
Heart failure was induced by MI in mice, and Ala was 
injected two week after MI lasting two weeks. Rep-
resentative images of echocardiography in the three 
groups were shown (Fig. 1a). The EF and FS of LV were 
reduced in MI mice, which were reversed after injection 
of Ala (Fig. 1b, c). The LVVs, LVVd, LVEDs and LVEDd 
of LV were elevated in MI mice. These increases were 
attenuated after treating with Ala in vivo (Fig. 1d–g). Ala 
administration significantly alleviated cardiac damage of 
I/R mice (Fig. 1h, i).

Ala alleviated MI‑induced cardiac fibrosis
MI-induced HF produced cardiac fibrosis. The fibrosis 
of heart was enhanced in MI-induced HF mice, and this 
enhancement was significantly attenuated by Ala treat-
ment via detecting with masson staining (Fig.  2a). The 
biomarkers of cardiac fibrosis were detected in the next 
research. The protein levels of collagen I, α-SMA, TGF-
β, MMP2 and MMP9 were increased in the heart of MI 
mice, which were suppressed via treating with Ala in vivo 
(Fig. 2c–h).

Ala alleviated OGD‑induced fibrosis and apoptosis 
of NRCFs
The mRNA levels of collagen I, α-SMA and TGF-β were 
increased in OGD-treated NRCFs, and these increases 
were inhibited after Ala treatment in vivo (Fig. 3a–c). Ala 
also suppressed the increases of collagen I, α-SMA and 

TGF-β proteins induced by OGD in NRCFs (Fig. 3d–g). 
The biomarkers of apoptosis were detected to determine 
the effect of Ala on OGD-induced apoptosis of NRCFs. 
The results showed that the increases of Bax/Bcl2 and 
cleaved caspase3/caspase induced by OGD in NRCFs 
were suppressed by Ala treatment (Fig.  3h–j). In addi-
tion, the TUNEL staining was performed to further eval-
uate the role of Ala in OGD-induced NRCFs apoptosis. 
We found that Ala treatment significantly attenuated 
the increase of TUNEL positive cells induced by OGD 
in vitro (Fig. 3k, l).

Ala alleviated OGD‑induced oxidative stress in NRCFs
MI-induced oxidative stress may deteriorate cardiac 
repair, resulting in the pathological cardiac remodeling 
[32]. Thus, we further investigated the role of oxidative 
stress in the protective effects of Ala on OGD-induced 
NRCFs. 8-OHdG level and DHE staining were detected 
to evaluate the oxidative stress. We found that the num-
ber of 8-OHdG positive cells was increased in the heart 
of MI mice, which was suppressed after Ala administra-
tion (Fig. 4a, b). DHE staining showed that ROS level was 
elevated in OGD-treated NRCFs, and this increase was 
attenuated after administration of Ala in vitro (Fig. 4c, d).

Oxidative stress enhancement reversed the effects of Ala 
in NRCFs
tBHP is an exogenous inducer of oxidative stress. DHE 
staining showed that the inhibiting effect of Ala on OGD-
induced ROS increase was reversed by tBHP in NRCFs 
(Fig. 5a). The attenuating effects of Ala on the increases of 
collagen I, α-SMA and TGF-β mRNA in NRCFs induced 
by OGD were recovered after treatment with tBHP 
(Fig.  5c–e). These effects of Ala were further proved by 
detecting the protein levels of collagen I, α-SMA and 
TGF-β (Fig. 5f–i). Similarly, the inhibiting effects of Ala 
on the increases of Bax/Bcl2 and cleaved caspase3/cas-
pase3 induced by OGD in NRCFs were reversed by tBHP 
treatment (Fig. 5j–l). In addition, the attenuating role of 
Ala in the increase of TUNEL positive cell induced by 
OGD in NRCFs was reversed by administration of tBHP 
in vitro (Fig. 5m, n).

NAC is a well-known antioxidant. DHE staining 
showed that NAC suppressed the increase of ROS level 
in NRCFs induced by OGD (Additional file 1: Figure S1a, 
b). The increases of collagen I, α-SMA and TGF-β mRNA 
in OGD-treated NRCFs were attenuated via NAC treat-
ment (Additional file  1: Figure S1c–e). The increases of 
collagen I, α-SMA and TGF-β protein in NRCFs induced 
by OGD were inhibited by treating with NAC (Addi-
tional file 1: Figure S1f–i). The increases of Bax/Bcl2 and 
cleaved caspase3/caspase induced by OGD in NRCFs 
were inhibited by NAC (Additional file  1: Figure S1j–l). 
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Fig. 1 Ala alleviated MI-induced cardiac dysfunctionn. a–g Ala administration reversed the decreases of EF and FS, and the increases of LVVs, 
LVVd, LVEDs and LVEDd in MI-induced HF mice. N = 6 in Sham + Saline and MI + Ala groups, and N = 7 in MI + Saline group. h–i Ala administration 
alleviated the cardiac damage of I/R mice. N = 4 for each group. The results are expressed as mean ± SEM
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NAC administration markedly suppressed the increase of 
TUNEL positive NRCFs induced by OGD in vitro (Addi-
tional file 1: Figure S1m, n).

Discussion
As the main cellular constituent in the myocardium, car-
diac fibroblasts can differentiate into synthetic myofibro-
blasts with high proliferative capacity [33]. The persistent 
myofibroblast activation may aid with cardiac restoration 
and healing manifested as activated matrix-preserving 
program and cardiac fibrosis [34]. Several commonly 
therapeutic approaches for CVDs exert pleiotropic 
effects on cardiac fibroblasts [35], suggesting that cardiac 
fibroblasts could become a promising target for HF sub-
sequent to MI.

OGD was found to induce ischemic heart injury by 
triggering a complex pathological process that included 
excessive ROS production and extrinsic and intrinsic 
apoptosis in cardiac cells [36, 37]. Thus, here in our study, 
OGD was applied to the cardiac fibroblasts to construct 
a cellular model of ischemic heart injury in vitro. Indeed, 
our data showed that OGD induced fibrosis in cardiac 
fibroblasts in vitro.

Till now, most agents designed targeting different 
pathogenesis of HF have been introduced to play preven-
tive protective role in MI-induced cardiac remodeling via 
pre-administration before or at the onset of the injure, 
while their efficacy gradually diminishes as the course 
of the disease progresses [38, 39]. The sudden onset of 
MI and its extreme narrow therapeutic window enable 

Fig. 2 Ala alleviated MI-induced cardiac fibrosis. a, b The fibrosis of heart was alleviated after administration of Ala in MI-induced HF mice. c–h The 
increases of collagen I, α-SMA, TGF-β, MMP2 and MMP9 in the heart of MI-induced HF mice were suppressed after administration of Ala. N = 6 in 
each group. The results are expressed as mean ± SEM
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physicians rarely to accurately predict and timely admin-
ister drugs, making it considered challenged to trans-
late these therapeutic strategies which need pre-injury 
administration into the clinical realm [40]. Thus, it is 

of great interest to develop novel strategy that is time-
insensitive to the ischemic insult [41].

Not only the circulating AngII and aldosterone, but 
also local AngII produced by MI stimulation accentuates 

Fig. 3 Ala alleviated OGD-induced fibrosis and apoptosis of NRCFs. a–c Ala inhibited the increases of collagen I, α-SMA and TGF-β mRNA induced 
by OGD in NRCFs. d–g Ala inhibited the increases of collagen I, α-SMA and TGF-β proteins induced by OGD in NRCFs. h–j Ala inhibited the increases 
of Bax/Bcl2 and cleaved caspase3/caspase3 induced by OGD in NRCFs. k, l Ala inhibited the increase of TUNEL positive cells induced by OGD in 
NRCFs. N = 3 in each group (a–j), and N = 4 in each group (k, l). The results are expressed as mean ± SEM
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Fig. 4 Ala alleviated OGD-induced oxidative stress in NRCFs. a, b Ala inhibited the increase of 8-OHdG positive cells in the heart of MI-induced HF 
mice. c, d Ala inhibited the increase of ROS level induced by OGD in NRCFs. N = 4 in each group (a, b), and N = 5 in each group (c, d). The results are 
expressed as mean ± SEM

(See figure on next page.)
Fig. 5 Oxidative stress enhancement reversed the effects of Ala in NRCFs. a, b tBHP reversed the inhibiting effect of Ala on OGD-induced ROS 
increase in NRCFs. c–e tBHP reversed the inhibiting effect of Ala on OGD-induced the increases of collagen I, α-SMA and TGF-β mRNA in NRCFs. 
f–i tBHP reversed the inhibiting effect of Ala on OGD-induced the increases of collagen I, α-SMA and TGF-β proteins in NRCFs. j–l tBHP reversed the 
inhibiting effect of Ala on OGD-induced the increases of Bax/Bcl2 and cleaved caspase3/caspase3 in NRCFs. m, n tBHP reversed the inhibiting effect 
of Ala on OGD-induced the increase of TUNEL positive cells in NRCFs. N = 5 in each group (a, b), N = 3 in each group (c, l), and N = 4 in each group 
(m, n). The results are expressed as mean ± SEM
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Fig. 5 (See legend on previous page.)



Page 10 of 14Zhao et al. Biology Direct           (2022) 17:25 

overactive cardiac fibrosis by promoting myofibroblast 
differentiation and matrix synthesis in the infarcted myo-
cardium [42, 43]. The cardiac RAAS was well-described 
to be a complex endocrine system that carries out regu-
latory actions in the development and pathogenesis of 
muscular (vascular and cardiac) hypertrophy and fibrosis 
in various pathological states, such as MI [42, 44]. The 
fact that MI-induced imbalance of RAAS could lead to 
the resultant cardiac remodeling makes blocking RAAS 
a promising treatment for an overwhelming number of 
cardiovascular and renal complications following MI 
[45]. In this context, extensive experimental evidence and 
clinical trials have suggested the clinical practice of ACEI 
or ARB in the treatment of chronic HF [46, 47].

Relatively, there is still a lack of understanding towards 
the contribution of AT2 receptors in cardiac remod-
eling. Despite the barely detection of AT2 receptors in 
the infarcted rat myocardium [48], AT2 receptor was still 
reported to favorably influence post-MI cardiac wound 
healing and repair [49]. Activation of AT2R, which has 
the opposing effects against AT1R-mediated cardiac 
hypertrophy, has been revealed to reduce the early mor-
tality and attenuate myocardial remodeling following MI 
[50–52].

Recently, bone marrow mesenchymal stem cell-derived 
exosomes (BMSC-EX) was found to form sustained 
myocardial protection against acute MI partly through 
accelerating the conversion of AngII to Ang-(1-7) [53]. 
Olmesartan [30] has also been reported to attenuate 
myocardial remodeling via activating ACE2-Ang-(1-7)-
MasR axis [54], suggesting new strategy utilizing ACE2-
Ang-(1-7)-MasR axis as a promising pharmacological 
target in MI.

The introduction of Ang-(1-7) appears to afford 
improved effects on oxygenation while attenuating 
inflammation and fibrosis [55]. Studies on animals indi-
cated that Ang-(1-7) alone could protect significantly 
against High glucose (HG) or I/R-stimulated cardiac 
injure as an inhibitor of oxidative stress [56, 57]. Also, 
Ang-(1-7) may potentiate the cardioprotective effects of 
ischemic preconditioning (IPC) or other conventional 
approaches on combating mitochondrial dysfunction, 
reactive oxygen species (ROS) production and apoptosis 
in CVDs [55, 56]. The significant anti-apoptotic and anti-
oxidative actions of Ang-(1-7) during cardiac dysfunction 
provide a new direction for the clinical treatment of MI-
induced heart failure [10, 58, 59].

Notably, previous study showed increased Ang-(1-7) 
expression in the myocytes of rats with HF subsequent 
to MI [60]. Another study indicated circulating rather 
than cardiac Ang-(1-7) to be beneficial after MI [61]. 
Moreover, Ang-(1-7) or Ang-(1-7) receptor Mas ago-
nist AVE-0991 could present a cardioprotective role in 

the development of HF and cardiac remodeling post-MI 
[62, 63]. Also, Ang-(1-7) oral treatment after MI may 
improve cardiac remodeling [64]. Above studies charac-
terized Ang-(1-7) as a potential diagnostic and therapeu-
tic tool in MI. The apparent similarity of biological effects 
between Ala and Ang-(1-7) aroused interest in develop-
ing Ala as a promising therapeutic target for HF [13–15]. 
Also, Ala was shown to protect hearts from I/R injury 
[18]. Cardiac myofibroblasts were reported as not only 
the major non-myocyte cells participated in the post-MI 
infarct healing and the subsequent cardiac remodeling, 
but also the major cells expressing AT1R upon MI [35, 
65]. It is noteworthy that the activated infarct myofi-
broblasts that survive the ischemic injure may gener-
ate AngII in the infarcted myocardium which facilitates 
heart failure progression [65], prompting whether Ala, a 
member in the RAAS protective arm could alleviate HF. 
Consistent with our supposition, our present data proved 
that the introduction of Ala improved HF subsequent to 
MI in mice. To our knowledge, we demonstrated for the 
first time that Ala attenuated MI-induced cardiac dys-
function and OGD-induced cardiac fibrosis and apop-
tosis via inhibiting oxidative stress in  vivo and in  vitro, 
respectively.

In addition to MI, myocardial I/R, which is more closely 
paralleled the clinical scenario, may also do harm to the 
heart tissues [66]. In order to provide a more accurate 
model of I/R injury than in vitro OGD, although previous 
studies have reported the cardioprotective effects of Ala 
against acute and chronic myocardial I/R injury, respec-
tively [18, 67], we still investigated the role of Ala in I/R-
induced myocardial ischemic injury. We also established 
the I/R mice model with 30 min of ischemia followed by 
2 h of reperfusion as previously report [26, 27]. Indeed, 
we found that Ala diminished I/R-induced infarct size of 
hearts, which may further verify the beneficial role of Ala 
in hypoxic-induced cardiac damage.

Myocyte apoptosis in response to ischemic injure was 
considered as one of the mechanisms by which HF pro-
gressed [68, 69]. Initially, the collagen-secreting cardiac 
fibroblasts would undergo apoptosis upon MI-induced 
acute myocardial injury [70]. Then, the remained acti-
vated fibroblasts within cardiac scars may potentiate 
and perpetuate the pathophysiologic processes of car-
diac replacement fibrosis and hypertrophy [71, 72]. The 
exosomes derived from hypoxia-induced cardiomyo-
cytes was found to promote cardiac fibroblasts apoptosis 
[73]. Thus, we further investigated the capability of Ala 
in suppressing cell apoptosis upon OGD stimulation. 
Our data showed that Ala reduced OGD-induced apop-
tosis in cardiac fibroblasts and MI-induced apoptosis in 
heart tissues in  vivo and in  vitro. Notably, the previous 
study reported that OGD was able to increase apoptosis 
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in cardiac fibroblasts, thereby inducing cardiac injury 
[74], which was in accordance with our observations. 
Interestingly, another study, which may contradict the 
recognized viewpoint that anoxia could stimulate cardiac 
fibroblast proliferation, has observed that I/R or ischemia 
stimulation could induce significant apoptosis in cardiac 
fibroblasts, which could be explained by the differences 
in methodology (anoxia vs hypoxia) of in  vitro experi-
ments in these two studies [30, 75]. Indeed, our model 
of OGD that included hypoxic stimulation, nutrient dep-
rivation and glycolysis inhibition was more deleterious 
than anoxia itself.

Pathological stimulation-evoked oxidative stress could 
active various signaling pathways involved in the car-
diomyocyte apoptosis, including caspase-3 [12, 31]. 
Also, oxidative stress was proposed to trigger myocytes 
apoptosis in ischemic heart diseases, which is mainly 
manifested by the upregulation of proapoptotic proteins, 
including Bax and caspases [76, 77].

The substantial evidence has shown that MI-induced 
oxidative disruptions to the myocardium could dete-
riorate cardiac repair phase and further contribute to 
adverse cardiac outcomes, including cardiac fibrosis and 
malfunction [32]. The imbalanced redox state induced 
by ischemia or hypoxia-stimulated overproduction of 
ROS may be manifested as increased production of lipid 
peroxides, such as MDA, a significant hallmark of oxida-
tive stress [78]. The ROS implicated in CVDs generated 
mainly from mitochondria [79]. Mitochondrial damage 
was reported to be related to the increased generation 
of ROS when oxygen availability decreases [80]. Besides, 
the deranged mitochondria with relatively excess reac-
tive oxygen species (ROS) production were found in the 
peripheral blood mononuclear cells (PBMCs) isolated 
from patients with chronic HF, suggesting that oxida-
tive stress may be one of the most important mecha-
nisms responsible for the occurrence and progression 
of cardiac remodeling in HF [81, 82]. Accordingly, it 
was found that the anti-oxidant, vitamin E or probucol, 
could markedly prevent post-MI cardiac remodeling and 
hemodynamics, while scavenging oxidative stress [72, 
83]. Also, Ala co-therapy could improve LPS or Doxoru-
bicin (DOX)-induced cardiac dysfunction by its antioxi-
dant and anti-apoptotic activities [28, 84]. The inhibitory 
effects of non-secretory renin in ODG-induced oxida-
tive stress and cardiomyoblasts apoptosis provides us 
further incentives to explore the role of oxidative stress 
in the anti-apoptotic and anti-fibrotic effects of Ala in 
OGD-induced cardiac fibroblast [85]. In our study, Ala 
suppressed OGD-induced ROS production and MDA 
levels and apoptosis in cardiac fibroblasts. Then, the anti-
fibrotic effects of Ala were enhanced by pre-treatment of 
ROS scavenger N-acetylcysteine in vitro, while that was 

reversed by ROS producing agent tBHP in vitro, suggest-
ing that the effects of Ala functionally dependent on ROS 
level.

The understanding of the balance between the two 
branches of RAS under different physiopathological 
conditions furnish novel therapeutic targets that may 
mitigate the development of CVDs [86]. Previous studies 
have confirmed the cardioprotective effects of ACE2 acti-
vators and ACE inhibitors (ACEIs) against MI-induced 
cardiac injure [87–90]. Notably, ACEIs were found to 
increase circulating Ang-(1-7) levels [91]. Ang-(1-7) 
was confirmed to reverse AngII-induced cardiac injure 
through the Mas receptor [92]. Recently, increasing Ang-
(1-7) have been considered to be a promising alternative 
mean to ACEIs or ACE2 activators that could improve 
cardiac function [93, 94]. Likewise, each of the compo-
nents in the non-canonical branch of RAS, including 
Ang-(1-7), Ang-(1-9), ACE2, AT2R, and Ala, has also 
been shown to counteract the effects of AngII/AT1R axis 
[95].  Among them, Ala possessed its biological actions 
by binding to its endogenous receptor Mas-related G 
protein-coupled receptor member D (MrgD), which was 
blocked by the AT2R antagonist PD123319 or Mas/MrgD 
antagonist D-Pro(7)-angiotensin-(1-7) [12, 96]. To our 
minds, since Ala was formed from the hydrolysis of Ang 
A via ACE2 [97], it could be a viable alternative to well-
established ACE2 activators in order to achieve higher 
Ala levels. Also, Ala may be a potential add-on therapy of 
patients with HF with reduced ejection fraction (HFrEF), 
which is yet to be supported by the results of more rig-
orous clinical randomized controlled trials. Especially, 
the difference of Ala concentration in peripheral blood 
or in situ heart tissues between patients with myocardial 
infarction and normal healthy subjects detected by liquid 
chromatography-mass spectrometry could provide more 
valuable basis for the clinical introduction of Ala for the 
treatment of HF post-MI.

Conclusions
Overall, our current data sheds light on the cardioprotec-
tive effects of Ala in MI rats. Mechanistically, Ala could 
attenuate OGD-induced cardiac fibrosis and apoptosis 
via suppressing oxidative stress in vitro, which paving the 
way for developing it as a promising clinical treatment.
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by OGD in NRCFs. j–l NAC inhibited the increases of Bax/Bcl2 and cleaved 
caspase3 induced by OGD in NRCFs. m, n NAC inhibited the increase of 
TUNEL positive cells induced by OGD in NRCFs. N = 5 in each group (a, b), 
N=3 in each group (c–l), and N = 4 in each group (m, n). The results are 
expressed as mean ± SEM.

Acknowledgements
Not applicable.

Author contributions
KZ and THX performed the research. YKM and XGW analyzed the data. DXH 
wrote the manuscript. YHS and PL wrote and edited the manuscript, and 
provided funding. All authors accepted the final version of the manuscript.

Funding
This work was supported by grants from the National Natural Science Founda-
tion of China (No. 82070438), and Gusu School, Nanjing Medical University 
(GSRCKY20210203 to Y. S.)

Availability of data and materials
Available upon requests.

Declarations

Ethics approval and consent to participate
Animal procedures were approved by the Experimental Animal Care and Use 
Committee of Nanjing Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Cardiology, The First Affiliated Hospital of Nanjing Medical 
University, 300 Guangzhou Road, Nanjing 210029, Jiangsu, China. 2 Depart-
ment of Cardiology, The Affiliated Suzhou Hospital of Nanjing Medical Uni-
versity, Suzhou Municipal Hospital, Gusu School, Nanjing Medical University, 
Suzhou, Jiangsu, China. 3 Department of Cardiology, Jiangsu Province Hospital, 
Nanjing, Jiangsu, China. 

Received: 27 July 2022   Accepted: 20 September 2022

References
 1. Lagonegro P, Rossi S, Salvarani N, et al. Synthetic recovery of impulse 

propagation in myocardial infarction via silicon carbide semiconduc-
tive nanowires. Nat Commun. 2022;13:6.

 2. Zhao K, Li Y, Zhou Z, et al. Ginkgolide A alleviates cardiac remodeling in 
mice with myocardial infarction via binding to matrix metalloprotein-
ase-9 to attenuate inflammation. Eur J Pharmacol. 2022;923: 174932.

 3. Hunt SA, Abraham WT, Chin MH, et al. 2009 focused update incor-
porated into the ACC/AHA 2005 Guidelines for the Diagnosis and 
Management of Heart Failure in Adults: a report of the American 
College of Cardiology Foundation/American Heart Association Task 
Force on Practice Guidelines: developed in collaboration with the 
International Society for Heart and Lung Transplantation. Circulation. 
2009;119:e391-479.

 4. Roger VL. The heart failure epidemic. Int J Environ Res Public Health. 
2010;7:1807–30.

 5. Nicolaou PA. Sex differences in heart failure medications targeting 
the renin-angiotensin-aldosterone system. Eur J Pharmacol. 2021;897: 
173961.

 6. Rajtik T, Galis P, Bartosova L, Paulis L, Goncalvesova E, Klimas J. Alternative 
RAS in various hypoxic conditions: from myocardial infarction to COVID-
19. Int J Mol Sci. 2021;22:12800.

 7. Patel VB, Zhong JC, Grant MB, Oudit GY. Role of the ACE2/angioten-
sin 1–7 axis of the renin-angiotensin system in heart failure. Circ Res. 
2016;118:1313–26.

 8. Liao X, Wang L, Yang C, et al. Cyclooxygenase mediates cardioprotection 
of angiotensin-(1-7) against ischemia/reperfusion-induced injury through 
the inhibition of oxidative stress. Mol Med Rep. 2011;4:1145–50.

 9. Xu H, An X, Tian J, et al. Angiotensin-(1-7) protects against sepsis-associ-
ated left ventricular dysfunction induced by lipopolysaccharide. Peptides. 
2021;144: 170612.

 10. Chang RL, Lin JW, Kuo WW, et al. Angiotensin-(1-7) attenuated long-term 
hypoxia-stimulated cardiomyocyte apoptosis by inhibiting HIF-1α nuclear 
translocation via Mas receptor regulation. Growth Factors. 2016;34:11–8.

 11. Schindler C, Bramlage P, Kirch W, Ferrario CM. Role of the vasodilator 
peptide angiotensin-(1-7) in cardiovascular drug therapy. Vasc Health Risk 
Manag. 2007;3:125–37.

 12. Lautner RQ, Villela DC, Fraga-Silva RA, et al. Discovery and characterization 
of alamandine: a novel component of the renin-angiotensin system. Circ 
Res. 2013;112:1104–11.

 13. Villela DC, Passos-Silva DG, Santos RA. Alamandine: a new member of the 
angiotensin family. Curr Opin Nephrol Hypertens. 2014;23:130–4.

 14. Liu C, Yang CX, Chen XR, et al. Alamandine attenuates hypertension and 
cardiac hypertrophy in hypertensive rats. Amino Acids. 2018;50:1071–81.

 15. Rockman HA, Ross RS, Harris AN, et al. Segregation of atrial-specific 
and inducible expression of an atrial natriuretic factor transgene in an 
in vivo murine model of cardiac hypertrophy. Proc Natl Acad Sci USA. 
1991;88:8277–81.

 16. Jesus ICG, Scalzo S, Alves F, et al. Alamandine acts via MrgD to induce 
AMPK/NO activation against ANG II hypertrophy in cardiomyocytes. Am J 
Physiol Cell Physiol. 2018;314:C702-c711.

 17. Silva MM, de Souza-Neto FP, Jesus ICG, et al. Alamandine improves 
cardiac remodeling induced by transverse aortic constriction in mice. Am 
J Physiol Heart Circ Physiol. 2021;320:H352-h363.

 18. Song XD, Feng JP, Yang RX. Alamandine protects rat from myocardial 
ischemia-reperfusion injury by activating JNK and inhibiting NF-κB. Eur 
Rev Med Pharmacol Sci. 2019;23:6718–26.

 19. Hill MF, Singal PK. Right and left myocardial antioxidant responses 
during heart failure subsequent to myocardial infarction. Circulation. 
1997;96:2414–20.

 20. Wang X, Jian C, Zhang X, et al. Superoxide flashes: elemental events 
of mitochondrial ROS signaling in the heart. J Mol Cell Cardiol. 
2012;52:940–8.

 21. Takimoto E, Kass DA. Role of oxidative stress in cardiac hypertrophy and 
remodeling. Hypertension. 2007;49:241–8.

 22. Belch JJ, Bridges AB, Scott N, Chopra M. Oxygen free radicals and conges-
tive heart failure. Br Heart J. 1991;65:245–8.

 23. Janbandhu V, Tallapragada V, Patrick R, et al. Hif-1a suppresses ROS-
induced proliferation of cardiac fibroblasts following myocardial infarc-
tion. Cell Stem Cell. 2022;29:281-297.e212.

 24. Huang Y, Li Y, Lou A, et al. Alamandine attenuates hepatic fibrosis by 
regulating autophagy induced by NOX4-dependent ROS. Clin Sci (Lond). 
2020;134:853–69.

 25. Zhu J, Qiu JG, Xu WT, Ma HX, Jiang K. Alamandine protects against renal 
ischaemia-reperfusion injury in rats via inhibiting oxidative stress. J Pharm 
Pharmacol. 2021;73:1491–502.

 26. Lahnwong S, Palee S, Apaijai N, et al. Acute dapagliflozin administration 
exerts cardioprotective effects in rats with cardiac ischemia/reperfusion 
injury. Cardiovasc Diabetol. 2020;19:91.

 27. Thummasorn S, Apaijai N, Kerdphoo S, Shinlapawittayatorn K, Chat-
tipakorn SC, Chattipakorn N. Humanin exerts cardioprotection against 
cardiac ischemia/reperfusion injury through attenuation of mitochon-
drial dysfunction. Cardiovasc Ther. 2016;34:404–14.

 28. Li P, Chen XR, Xu F, et al. Alamandine attenuates sepsis-associated 
cardiac dysfunction via inhibiting MAPKs signaling pathways. Life Sci. 
2018;206:106–16.

 29. Karuppagounder SS, Basso M, Sleiman SF, et al. In vitro ischemia 
suppresses hypoxic induction of hypoxia-inducible factor-1α by 
inhibition of synthesis and not enhanced degradation. J Neurosci Res. 
2013;91:1066–75.



Page 13 of 14Zhao et al. Biology Direct           (2022) 17:25  

 30. Vivar R, Humeres C, Ayala P, et al. TGF-β1 prevents simulated ischemia/
reperfusion-induced cardiac fibroblast apoptosis by activation of both 
canonical and non-canonical signaling pathways. Biochim Biophys Acta. 
2013;1832:754–62.

 31. Dash SK, Chattopadhyay S, Ghosh T, et al. Self-assembled betulinic acid 
protects doxorubicin induced apoptosis followed by reduction of ROS-
TNF-α-caspase-3 activity. Biomed Pharmacother. 2015;72:144–57.

 32. Takahashi M, Suzuki E, Takeda R, et al. Angiotensin II and tumor necrosis 
factor-alpha synergistically promote monocyte chemoattractant pro-
tein-1 expression: roles of NF-kappaB, p38, and reactive oxygen species. 
Am J Physiol Heart Circ Physiol. 2008;294:H2879-2888.

 33. van den Borne SW, Diez J, Blankesteijn WM, Verjans J, Hofstra L, Narula J. 
Myocardial remodeling after infarction: the role of myofibroblasts. Nat 
Rev Cardiol. 2010;7:30–7.

 34. Turner NA, Porter KE. Function and fate of myofibroblasts after myocardial 
infarction. Fibrogenesis Tissue Repair. 2013;6:5.

 35. Porter KE, Turner NA. Cardiac fibroblasts: at the heart of myocardial 
remodeling. Pharmacol Ther. 2009;123:255–78.

 36. Wong R, Steenbergen C, Murphy E. Mitochondrial permeability transition 
pore and calcium handling. Methods Mol Biol. 2012;810:235–42.

 37. Liu J, Yang S, Zhang X, Liu G, Yue X. Isoflurane reduces oxygen-glucose 
deprivation-induced oxidative, inflammatory, and apoptotic responses in 
H9c2 cardiomyocytes. Am J Transl Res. 2016;8:2597–608.

 38. Pöss J, Link A, Böhm M. Pharmacological treatment of acute heart 
failure: current treatment and new targets. Clin Pharmacol Ther. 
2013;94:499–508.

 39. Nyolczas N. Novelties in the pharmacological treatment of chronic heart 
failure. Orv Hetil. 2016;157:1517–21.

 40. Heusch G, Gersh BJ. The pathophysiology of acute myocardial infarction 
and strategies of protection beyond reperfusion: a continual challenge. 
Eur Heart J. 2017;38:774–84.

 41. Cannon RO 3rd. Mechanisms, management and future directions for rep-
erfusion injury after acute myocardial infarction. Nat Clin Pract Cardiovasc 
Med. 2005;2:88–94.

 42. Passier RC, Smits JF, Verluyten MJ, Daemen MJ. Expression and localization 
of renin and angiotensinogen in rat heart after myocardial infarction. Am 
J Physiol. 1996;271:H1040-1048.

 43. Sun Y, Weber KT. Angiotensin converting enzyme and myofibroblasts 
during tissue repair in the rat heart. J Mol Cell Cardiol. 1996;28:851–8.

 44. Sun Y. Intracardiac renin-angiotensin system and myocardial repair/
remodeling following infarction. J Mol Cell Cardiol. 2010;48:483–9.

 45. Patel S, Rauf A, Khan H, Abu-Izneid T. Renin-angiotensin-aldosterone 
(RAAS): the ubiquitous system for homeostasis and pathologies. Biomed 
Pharmacother. 2017;94:317–25.

 46. Tokmakova M, Solomon SD. Inhibiting the renin-angiotensin system in 
myocardial infarction and heart failure: lessons from SAVE, VALIANT and 
CHARM, and other clinical trials. Curr Opin Cardiol. 2006;21:268–72.

 47. Romero CA, Orias M, Weir MR. Novel RAAS agonists and antagonists: clini-
cal applications and controversies. Nat Rev Endocrinol. 2015;11:242–52.

 48. Sun Y, Weber KT. Angiotensin II receptor binding following myocardial 
infarction in the rat. Cardiovasc Res. 1994;28:1623–8.

 49. Kaschina E, Lauer D, Schmerler P, Unger T, Steckelings UM. AT2 receptors 
targeting cardiac protection post-myocardial infarction. Curr Hypertens 
Rep. 2014;16:441.

 50. Oishi Y, Ozono R, Yano Y, et al. Cardioprotective role of AT2 receptor in 
postinfarction left ventricular remodeling. Hypertension. 2003;41:814–8.

 51. Chung O, Unger T. Angiotensin II receptor blockade and end-organ 
protection. Am J Hypertens. 1999;12:150s–6s.

 52. Castoldi G, di Gioia CRT, Roma F, et al. Activation of angiotensin type 2 
(AT2) receptors prevents myocardial hypertrophy in Zucker diabetic fatty 
rats. Acta Diabetol. 2019;56:97–104.

 53. Xiao M, Zeng W, Wang J, et al. Exosomes protect against acute myocardial 
infarction in rats by regulating the renin-angiotensin system. Stem Cells 
Dev. 2021;30:622–31.

 54. Wang J, He W, Guo L, et al. The ACE2-Ang (1-7)-Mas receptor axis attenu-
ates cardiac remodeling and fibrosis in post-myocardial infarction. Mol 
Med Rep. 2017;16:1973–81.

 55. Chappell MC. (2019) The angiotensin-(1-7) axis: formation and metabo-
lism pathways. Angiotensin-(1-7), pp 1–26

 56. Pachauri P, Garabadu D, Goyal A, Upadhyay PK. Angiotensin 
(1-7) facilitates cardioprotection of ischemic preconditioning on 

ischemia-reperfusion-challenged rat heart. Mol Cell Biochem. 
2017;430:99–113.

 57. Lei Y, Xu Q, Zeng B, et al. Angiotensin-(1-7) protects cardiomyocytes 
against high glucose-induced injuries through inhibiting reactive 
oxygen species-activated leptin-p38 mitogen-activated protein kinase/
extracellular signal-regulated protein kinase 1/2 pathways, but not the 
leptin-c-Jun N-terminal kinase pathway in vitro. J Diabetes Investig. 
2017;8:434–45.

 58. Wang L, Luo D, Liao X, et al. Ang-(1-7) offers cytoprotection against 
ischemia-reperfusion injury by restoring intracellular calcium homeo-
stasis. J Cardiovasc Pharmacol. 2014;63:259–64.

 59. Liu HZ, Gao CY, Wang XQ, et al. Angiotensin(1-7) attenuates left 
ventricular dysfunction and myocardial apoptosis on rat model of 
adriamycin-induced dilated cardiomyopathy. Zhonghua Xin Xue Guan 
Bing Za Zhi. 2012;40:219–24.

 60. Averill DB, Ishiyama Y, Chappell MC, Ferrario CM. Cardiac angioten-
sin-(1-7) in ischemic cardiomyopathy. Circulation. 2003;108:2141–6.

 61. Wang Y, Qian C, Roks AJ, et al. Circulating rather than cardiac angioten-
sin-(1-7) stimulates cardioprotection after myocardial infarction. Circ 
Heart Fail. 2010;3:286–93.

 62. Qi Y, Shenoy V, Wong F, et al. Lentivirus-mediated overexpression of 
angiotensin-(1-7) attenuated ischaemia-induced cardiac pathophysiol-
ogy. Exp Physiol. 2011;96:863–74.

 63. Ferreira AJ, Jacoby BA, Araújo CA, et al. The nonpeptide angioten-
sin-(1-7) receptor Mas agonist AVE-0991 attenuates heart failure 
induced by myocardial infarction. Am J Physiol Heart Circ Physiol. 
2007;292:H1113-1119.

 64. Gómez-Mendoza DP, Marques FD, Melo-Braga MN, et al. Angioten-
sin-(1-7) oral treatment after experimental myocardial infarction leads to 
downregulation of CXCR4. J Proteomics. 2019;208: 103486.

 65. Sun Y, Weber KT. Cells expressing angiotensin II receptors in fibrous tissue 
of rat heart. Cardiovasc Res. 1996;31:518–25.

 66. Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Ischemia/reperfusion. Compr 
Physiol. 2016;7:113–70.

 67. Park BM, Phuong HTA, Yu L, Kim SH. Alamandine protects the heart 
against reperfusion injury via the MrgD receptor. Circ J. 2018;82:2584–93.

 68. Kajstura J, Liu Y, Baldini A, et al. Coronary artery constriction in rats: 
necrotic and apoptotic myocyte death. Am J Cardiol. 1998;82:30k–41k.

 69. Li Z, Bing OH, Long X, Robinson KG, Lakatta EG. Increased cardiomyocyte 
apoptosis during the transition to heart failure in the spontaneously 
hypertensive rat. Am J Physiol. 1997;272:H2313-2319.

 70. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and 
regeneration. Nature. 2008;453:314–21.

 71. Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac fibrosis: the 
fibroblast awakens. Circ Res. 2016;118:1021–40.

 72. Sia YT, Parker TG, Liu P, Tsoporis JN, Adam A, Rouleau JL. Improved 
post-myocardial infarction survival with probucol in rats: effects on left 
ventricular function, morphology, cardiac oxidative stress and cytokine 
expression. J Am Coll Cardiol. 2002;39:148–56.

 73. Wang L, Zhang J. Exosomal lncRNA AK139128 derived from hypoxic car-
diomyocytes promotes apoptosis and inhibits cell proliferation in cardiac 
fibroblasts. Int J Nanomed. 2020;15:3363–76.

 74. Cao Y, Dong Z, Yang D, Ma X, Wang X. LSD1 regulates the expressions 
of core cardiogenic transcription factors and cardiac genes in oxygen 
and glucose deprivation injured mice fibroblasts in vitro. Exp Cell Res. 
2022;418: 113228.

 75. Chen K, Li D, Zhang X, Hermonat PL, Mehta JL. Anoxia-reoxygenation 
stimulates collagen type-I and MMP-1 expression in cardiac fibroblasts: 
modulation by the PPAR-gamma ligand pioglitazone. J Cardiovasc Phar-
macol. 2004;44:682–7.

 76. Kumar D, Jugdutt BI. Apoptosis and oxidants in the heart. J Lab Clin Med. 
2003;142:288–97.

 77. Bialik S, Cryns VL, Drincic A, et al. The mitochondrial apoptotic pathway 
is activated by serum and glucose deprivation in cardiac myocytes. Circ 
Res. 1999;85:403–14.

 78. Nielsen F, Mikkelsen BB, Nielsen JB, Andersen HR, Grandjean P. Plasma 
malondialdehyde as biomarker for oxidative stress: reference interval and 
effects of life-style factors. Clin Chem. 1997;43:1209–14.

 79. Sugamura K, Keaney JF Jr. Reactive oxygen species in cardiovascular 
disease. Free Radic Biol Med. 2011;51:978–92.



Page 14 of 14Zhao et al. Biology Direct           (2022) 17:25 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 80. Perrelli MG, Pagliaro P, Penna C. Ischemia/reperfusion injury and car-
dioprotective mechanisms: role of mitochondria and reactive oxygen 
species. World J Cardiol. 2011;3:186–200.

 81. Coluccia R, Raffa S, Ranieri D, et al. Chronic heart failure is characterized 
by altered mitochondrial function and structure in circulating leucocytes. 
Oncotarget. 2018;9:35028–40.

 82. Tsutsui H, Kinugawa S, Matsushima S. Oxidative stress and heart failure. 
Am J Physiol Heart Circ Physiol. 2011;301:H2181-2190.

 83. Palace VP, Hill MF, Farahmand F, Singal PK. Mobilization of antioxidant 
vitamin pools and hemodynamic function after myocardial infarction. 
Circulation. 1999;99:121–6.

 84. Hekmat AS, Navabi Z, Alipanah H, Javanmardi K. Alamandine significantly 
reduces doxorubicin-induced cardiotoxicity in rats. Hum Exp Toxicol. 
2021;40:1781–95.

 85. Wanka H, Lutze P, Staar D, et al. Non-secretory renin reduces oxidative 
stress and increases cardiomyoblast survival during glucose and oxygen 
deprivation. Sci Rep. 2020;10:2329.

 86. Poznyak AV, Bharadwaj D, Prasad G, Grechko AV, Sazonova MA, Orekhov 
AN. Renin-angiotensin system in pathogenesis of atherosclerosis and 
treatment of CVD. Int J Mol Sci. 2021;22:6702.

 87. Zhao YX, Yin HQ, Yu QT, et al. ACE2 overexpression ameliorates left 
ventricular remodeling and dysfunction in a rat model of myocardial 
infarction. Hum Gene Ther. 2010;21:1545–54.

 88. Coutinho DCO, Santos-Miranda A, Joviano-Santos JV, et al. Diminazene 
Aceturate, an angiotensin converting enzyme 2 (ACE2) activator, pro-
motes cardioprotection in ischemia/reperfusion-induced cardiac injury. 
Peptides. 2022;151: 170746.

 89. Borchert T, Hess A, Lukačević M, Ross TL, Bengel FM, Thackeray JT. 
Angiotensin-converting enzyme inhibitor treatment early after myocar-
dial infarction attenuates acute cardiac and neuroinflammation without 
effect on chronic neuroinflammation. Eur J Nucl Med Mol Imaging. 
2020;47:1757–68.

 90. Ma Y, Yuan J, Hu J, Gao W, Zou Y, Ge J. ACE inhibitor suppresses cardiac 
remodeling after myocardial infarction by regulating dendritic cells and 
AT(2) receptor-mediated mechanism in mice. Biomed Pharmacother. 
2019;114: 108660.

 91. Yamada K, Iyer SN, Chappell MC, Ganten D, Ferrario CM. Converting 
enzyme determines plasma clearance of angiotensin-(1-7). Hypertension. 
1998;32:496–502.

 92. Teixeira LB, Parreiras ESLT, Bruder-Nascimento T, et al. Ang-(1-7) is an 
endogenous β-arrestin-biased agonist of the AT(1) receptor with protec-
tive action in cardiac hypertrophy. Sci Rep. 2017;7:11903.

 93. Qaradakhi T, Apostolopoulos V, Zulli A. Angiotensin (1-7) and alamandine: 
similarities and differences. Pharmacol Res. 2016;111:820–6.

 94. Simões ESAC, Teixeira MM. ACE inhibition, ACE2 and angiotensin-(1-7) 
axis in kidney and cardiac inflammation and fibrosis. Pharmacol Res. 
2016;107:154–62.

 95. Paz Ocaranza M, Riquelme JA, García L, et al. Counter-regulatory 
renin-angiotensin system in cardiovascular disease. Nat Rev Cardiol. 
2020;17:116–29.

 96. Marins FR, Oliveira AC, Qadri F, et al. Alamandine but not angioten-
sin-(1-7) produces cardiovascular effects at the rostral insular cortex. Am J 
Physiol Regul Integr Comp Physiol. 2021;321:R513-r521.

 97. Schleifenbaum J. Alamandine and its receptor MrgD pair up to join the 
protective arm of the renin-angiotensin system. Front Med (Lausanne). 
2019;6:107.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Alamandine alleviated heart failure and fibrosis in myocardial infarction mice
	Abstract 
	Introduction
	Materials and methods
	Ethics approval and animal care
	Rat model of myocardial infarction
	Mice model of myocardial ischemiareperfusion (IR)
	Infarct size measurement
	Cell extraction and culture
	Western blot analysis
	Reverse transcription-quantitative polymerase chain reaction (RT‐qPCR)
	TUNEL staining assay
	Measurement of intracellular reactive oxygen species (ROS) levels
	Statistical analyses

	Results
	Ala alleviated MI-induced cardiac dysfunction
	Ala alleviated MI-induced cardiac fibrosis
	Ala alleviated OGD-induced fibrosis and apoptosis of NRCFs
	Ala alleviated OGD-induced oxidative stress in NRCFs
	Oxidative stress enhancement reversed the effects of Ala in NRCFs

	Discussion
	Conclusions
	Acknowledgements
	References


