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ABSTRACT 

Myocardial infarction triggers cellular events that starts with the activation of inflammatory 

response and fibrogenic pathways involved in cardiac tissue remodeling. Angiotensin-(1-7) 

(Ang-(1-7)) is an endogenous heptapeptide from the renin-angiotensin system with a 

cardioprotective role due to its anti-inflammatory and anti-fibrotic activities in cardiac cells. 

Although the beneficial aspects of Ang-(1-7) in animal models of cardiac ischemia have 

been reported, the molecular events underlying Ang-(1-7) cardioprotective effect remains 

elusive. This study investigated the impact of oral treatment with Ang-(1-7) included in 

hydroxypropyl β-cyclodextrin (HPβCD/Ang-(1-7)) on the cardiac proteome dysregulation 

due to experimental myocardial infarction. Wistar male rats were submitted to experimental 

myocardial infarction and treated daily with HPβCD/Ang-(1-7) during 7 days or 60 days by 

gavage. Our results showed that HPβCD/Ang-(1-7) treatment ameliorates the post-

infarction condition due to the modulation of proteins that initially favor the resolution of 

inflammation and mitochondrial dysfunction. Moreover, this study reported for the first 

time that Ang-(1-7) treatment after experimental myocardial infarction leads to the 

downregulation of the C-X-C chemokine receptor type 4 (CXCR4).  

Significance 

Myocardial infarction triggers a sequence of cellular and molecular events that starts with 

an intense inflammatory response that is resolved in the proliferative phase.  Prolonged 

inflammatory phase can lead to adverse cardiac repair and heart failure. In this context, we 

proposed a post-MI treatment using Ang-(1-7) included in HPβCD and administrated 

orally.  We observed that HPβCD/Ang-(1-7) treatment led to CXCR4 downregulation, 

highlighting this C-X-C chemokine receptor as a potential therapeutic target for ischemic 

heart diseases. 
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1. INTRODUCTION 

Myocardial infarction (MI) results in the activation of inflammatory response 

signaling due to cardiomyocytes death, including production of reactive oxygen species 

(ROS), release of heat shock proteins, ATP depletion, stimulation of toll-like receptors 

(TLRs) via danger-associated molecular pattern (DAMPs) and activation of the 

complement system [1]. These signals trigger the innate immune pathway that drives the 

activation of inflammasome in cardiac fibroblast and leukocytes [2]. Therefore, pro-

inflammatory cytokines and chemokines are released in the infarcted myocardium. Tumor 

necrosis factor (TNF), interleukin (IL)-1, IL-6, and IL-18 promote adhesive interaction 

between leukocytes and endothelial cells with subsequent migration of inflammatory cells 

into the infarcted area. Counteracting these events, CXC and CC chemokines stimulate the 

chemotactic recruitment of neutrophils, monocytes, and T-lymphocytes that play distinct 

roles in phagocytosis of cell debris amplifying immune response, and in the degradation of 

extracellular matrix (ECM) [2, 3]. 

The resolution of the inflammatory phase is followed by the proliferative phase and 

includes the secretion of inhibitory molecules by apoptotic neutrophils and macrophages 

[4], the transdifferentiation of fibroblasts into myofibroblasts, and ECM enrichment [3]. As 

a consequence, the ventricular architecture is modified, represented by wall thinning, 

dilatation and alteration of the border zone that finally causes myocyte hypertrophy with a 

subsequent formation and maturation of collagen scar [5]. Nonetheless, aversive left 

ventricle (LV) remodeling that eventually leads to heart failure has been associated with 

persistent post-infarction inflammatory response [6, 7]. In this way, the cardioprotective 

effect of some peptides from the renin-angiotensin system (RAS) - including Angiotensin-

(1-7) (Ang-(1-7)) and Alamandine - represent a potential therapeutic alternative since these 
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peptides lead to anti-inflammatory and anti-fibrotic activities [8-13]. To shed lights on the 

molecular mechanisms involved in the cardioprotective role of Ang-(1-7), we conducted a 

quantitative comparison of LV proteome from male Wistar rats submitted to experimental 

MI and treated daily with Ang-(1-7) for 7 days (short-term treatment) or 60 days (long-term 

treatment). We included this heptapeptide in β-cyclodextrin (HPβCD/Ang-(1-7)) to allow 

its oral administration [14, 15].   

2. METHODS 

2.1. Reagents 

TMT 6-plex Isobaric Mass Tagging Kit was purchased from Thermo Scientific. 

Trifluoroacetic acid solution (100% v/v), acetonitrile solution (100% v/v), formic acid 

solution (83% v/v), triethylammonium bicarbonate, iodoacetamide, and dithiothreitol 

(DTT) were purchased from Sigma. Protease inhibitor cocktail was from Roche. Poros R2 

and R3 reversed-phase resins were from PerSeptive Biosystems. Sequencing Grade 

Modified Trypsin was from Promega. TRIzol reagent (for Real-Time PCR) was from 

Invitrogen. M-MLV reverse transcriptase was from ArrayScript (Ambion). 

2.2. Myocardial infarction (MI) and treatment 

All the procedures were approved by the local ethics committee for animal experimentation 

(CETEA-UFMG protocol 002/09). Procedures were conducted in accordance to the NIH 

Guide for the Care and Use of Laboratory Animals. Adult male Wistar rats (approximated 3 

months of age) weighting 180-210 g were maintained under standard laboratory conditions 

with chow and water available ad libitum.  

Induction of myocardial infarction (MI) was done essentially as previously described [15]. 

Briefly, animals were anesthetized using 80 mg/Kg ketamine and 10 mg/Kg xylazine via 

intraperitoneal injection and the proximal left anterior descending coronary artery (LAD) 
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was occluded. Animals from the Sham group were subjected to all surgical procedures 

without LAD occlusion. 

To evaluate MI progression and the cardioprotective effects of daily oral treatment with 

HPβCD/Ang-(1-7) [16] on cardiac proteome, six experimental groups were designed 

(Figure 1A); (1) Sham 7 days (S_7), animals were subjected to surgical simulation without 

induction of MI and treated with a daily oral administration of the vehicle HPβCD (46 

μg/Kg/day) for 7 days; (2) MI 7 days (MI_7), induction of MI and short-term daily oral 

treatment with the vehicle HPβCD (46 μg/Kg/day) for 7 days; (3) Treatment 7 days (T_7), 

induction of MI and short-term daily oral treatment with the inclusion compound 

HPβCD/Ang-(1-7) (46 μg/Kg/day of HPβCD + 30 μg/Kg/day of Ang-(1-7)) for 7 days; (4) 

Sham 60 days (S_60), animals were subjected to surgical simulation without induction of 

MI and treated with a daily oral administration of the vehicle HPβCD (46 μg/Kg/day) for 

60 days; (5) MI 60 days (MI_60), induction of MI and long-term daily oral treatment with 

the vehicle HPβCD (46 μg/Kg/day) for 60 days; (6) Treatment 60 days (T_60), induction of 

MI and long-term daily oral treatment with the inclusion compound HPβCD/Ang-(1-7) (46 

μg/Kg/day of HPβCD + 30 μg/Kg/day of Ang-(1-7)) for 60 days.  

Oral administration of HPβCD or HPβCD/Ang-(1-7) was performed by gavage starting 

immediately before surgery. Cardiovascular parameters (function and morphology) were 

measured in vivo (fractional shortening, ejection fraction, systolic left and diastolic left 

ventricular volume, interventricular septal dimension in systole and diastole). In addition, 

the end diastolic and end systolic LV volumes, stroke volume, and cardiac output were 

calculated after LAD occlusion followed by HPβCD/Ang-(1-7) treatment by 

echocardiography of the LV. Cardiac functional data was previously published [14, 15]. 
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Following 7 days or 60 days of treatment, animals were euthanized by decapitation. Hearts 

were dissected to collect the left ventricle (LV) for proteomics and Real-Time PCR. 

Samples were immediately frozen on liquid nitrogen and stored at -80 °C until further 

analysis.  

2.3. Sample preparation for proteomic analysis 

A total of 50 mg LV tissue was homogenized with 450 μL of 0.1 mol/L Tris-HCl pH 7.6, 

using an Ultra Turbax Blender at maximum speed for 30 s at 4 °C (on ice). Aliquots of 50 

μL containing 20 % (w/v) of SDS and 1 mol/L DTT were added to each homogenate. The 

samples were incubated at 95 °C for 3 min followed by tip sonication on ice (3 cycles of 20 

s). Tissue debris was removed by centrifugation at 16,000 g for 5 min at room temperature 

(RT). The samples were further prepared using filter-aided sample preparation (FASP) 

protocol [17]. Briefly, 66 μL of supernatant was diluted in 200 μL of 8 mol/L urea and 

centrifuged in Amicon Ultra 0.5 mL centrifugal filters MWCO 10 kDa (Millipore) for 

14,000 g for 40 min at RT. The filter was washed with 200 μL of 8 mol/L urea followed by 

the same centrifugation condition. Reduced thiol groups were alkylated with 100 μL of 

0.05 mol/L iodoacetamide added to the filter and incubated for 30 min at RT in the dark. 

After centrifugation, the filter was washed three times with 100 μL of 0.05 mol/L TEAB. 

Proteins were digested with 120 μL of 0.05mol/L TEAB containing trypsin 1:100 (trypsin 

to protein ratio). After overnight incubation (~16h), the sample was centrifuged to recovery 

the tryptic peptides, and the filter was washed with 50 μL 0.5 mol/L NaCl followed by 20 

min centrifugation. The samples were acidified to 1 % (v/v) formic acid and desalted using 

self-made micro-columns packed with Poros R2/R3 reversed-phase resin. Samples were 

vacuum-dried and quantified by amino acid analysis (Biochrom 30, Biochrom, UK) prior 

labeling with TMT-6plex kit according to the manufacturer protocol. Fifty micrograms of 
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labelled peptides from each experimental group (S_7, MI_7, T_7, S_60, MI_60, and T_60) 

were mixed in equal amounts (1:1:1:1:1:1 ratio). Experiments were performed as five 

independent biological replicates (n = 5) (Figure 1B). 

2.4. Online 2D LC-MS/MS analysis 

Samples were fractionated and analyzed by online two-dimensional chromatography, using 

high pH (pH = 10) reversed-phase (RP) followed by low pH (pH = 2) RP implemented on  

a nanoAcquity Ultraperformance Liquid Chromatography (UPLC) system (Waters) 

essentially as previously described [18]. Briefly, peptides were resuspended in 3% (v/v) 

acetonitrile, 20 mM ammonium formate (pH = 10) and trapped on the first dimension RP 

column (XBridge BEH, C18 RP column, 300 μm × 50 mm, 5 μm particle size; Waters). 

Peptide fractions were eluted from the 1st RP column using a stepwise gradient of 

acetonitrile (12.0%, 15.4%, 18.3%, 21.7%, and 50.0% (v/v)). Each of the 5 fractions were 

online acidified with solvent A (0.1% (v/v) formic acid), and then separated on the 2nd RP 

analytical column (BEH C18 RP, 75 μm × 250 mm, 1.7 μm particle size; Waters) at 400 

nL/min flow rate with a 75 min gradient of 5% to 35% solvent B (99.9% (v/v) acetonitrile, 

0.1% (v/v) formic acid). Eluted peptides were online analyzed by the LTQ-Orbitrap Velos 

(Thermo). The instrument was operated in positive polarity and data-dependent acquisition 

mode (DDA). The ten most intense precursor ions (Top 10) from each MS survey scan (300 

– 1650 m/z; 30,000 resolution at 400 m/z) were selected for HCD fragmentation (1.5 Th 

isolation width; 48% normalized collision energy; 0.1ms activation time). Fragment ions 

were also resolved in the orbitrap (7,500 resolution at 400 m/z). Selected ions were set in 

the dynamic exclusion list for 45s.  

2.5. Data analysis 
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Tandem mass spectra (MS/MS) were processed using MaxQuant software (v.1.6.1.0) with 

Andromeda search engine [19] against the Rattus novergicus UniProt/TrEMBL database 

(downloaded on August 2018) concatenated with a reverse and common contaminant 

databases. Trypsin was set as proteolytic enzyme allowing up to two missing cleavages. 

The mass error was set to 20 ppm for precursor ions for the search against the contaminant 

database and 4.5 ppm mass tolerance for the main search. The mass error tolerance was set 

to 0.02 Da for fragment ions. Quantification type was set as reporter ion MS
2
 with 6plex 

TMT on the N-terminus and lysine. Carbamidomethylation of cysteines was set as fixed 

modification while methionine oxidation and protein N-terminal acetylation were set as 

variable modifications. False discovery rate for peptide and protein were specified at 1%. 

All other parameters were set as default values specified by MaxQuant. Dante R software 

(https://omics.pnl.gov/software/danter) [20] was used to: i) transform reporter ion 

intensities in log2 values; ii) normalize log-transformed intensities based on median values 

(Supporting Information, Figure S1); iii) identify regulated features by one-way ANOVA 

(p-value < 0.05) and; iv) create volcano plots, box-plots, histograms, Q-Q plots, and 

principal component analysis (PCA). Functional enrichment analysis was done with 

Ingenuity Pathway Analysis software (IPA, Qiagen Bioinformatics) [21] and MetaCore 

(Clarivate Analytics), using Rattus norvegicus database as background. 

2.6. Proteomics data availability 

Mass spectra (.raw) and associated data were deposited into PRIDE (ProteomeXchange 

Consortium) under the dataset identifier PXD012896.  

Data deposited into PRIDE is not available for general public yet. During the reviewing 

process, Reviewers can access data using the following information: Website: 

https://www.ebi.ac.uk/pride/archive/login; 
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 Email: reviewer55733@ebi.ac.uk; 

 Password: vYTEenVm. 

2.7.  Reverse Transcription Real-Time PCR  

Real-Time PCR experiments were performed as previously described [15]. Briefly, LV was 

transversally divided into three parts: basal, middle and apical. Isolation of total RNA of the 

middle part was performed according to TRIzol reagent protocol. The cDNA was 

synthesized from DNase treated total RNA using M-MLV reverse transcriptase 

(ArrayScript, Ambion) with reverse primers from 3’- 5’. Real-Time PCR was carried out 

with the sense and reverse primers (Table 1) in an ABI Prism 7000 Sequence Detector 

(Applied Biosystems). The expression of the genes was semi-quantitative using the delta 

CT method (threshold cycle), where CT values of S26 were subtracted from the CT values 

of each sample. The data were analyzed using one-way ANOVA followed by the Newman-

Keuls. The level of significance was set at p-value < 0.05 (GraphPad Prism 7.0). 

Table 1. Primers sequence used for the analysis of gene expression (Real-Time PCR) 

Oligonucleotides Primer sequence (5’  3’) Acc. number 

CXCR4 (Sense) GCT GAG GAG CAT GAC AGA CA NM_022205.3 

CXCR4 (Reverse) GAT GAA GGC CAG GAT GAG AA NM_022205.3 

SDF-1α (Sense) ATG CCC CTG CCG ATT CTT TC NM_001033883.1 

SDF-1α (Reverse) TGT TGT TGC TTT TCA GCC TTG C NM_001033883.1 

CXCR4: C-X-C chemokine receptor type 4. SDF-1α (CXCL12): CXCR4 agonist. SDF-1α: 

Stromal cell-derived factor 1   
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1. RESULTS AND DISCUSSION 

1.1. Experimental design, protein identification, and quantitation 

Ang-(1-7) included in hydroxypropyl β-cyclodextrin (HPβCD/Ang-(1-7)) was 

developed to allow the oral administration of Ang-(1-7). The β-cyclodextrin (HPβCD) 

consists in cyclic oligosaccharides that form inclusion compounds capable to fit small 

molecules such as peptides into their cavities. HPβCD is widely used by pharmaceutical 

companies as drug carrier [22]. In the case of HPβCD/Ang-(1-7), the formulation protects 

Ang-(1-7) from proteolysis in gastrointestinal tract. In the colon, β-cyclodextrin is 

hydrolyzed by microbiota into small saccharides releasing Ang-(1-7) that is absorbed by 

intestinal mucosa [16]. Oral administration of HPβCD/Ang-(1-7) significantly increases the 

bioavailability of Ang-(1-7) in plasma after 6h of administration. Plasmatic Ang-(1-7) level 

returns to basal after 24h [14]. 

Our research group has reported the cardiovascular effects of HPβCD/Ang-(1-7) oral 

administration. In spontaneously hypertensive rats (SHR) the main findings were: i) 

reduction of mean arterial blood pressure; ii) decreased myocardium hypertrophy; and iii) 

improved cardiac function [23]. In experimental MI model, HPβCD/Ang-(1-7) oral 

administration significantly reduced infarct area and tissue fibrosis. Treatment improved 

cardiac function after 7 days of treatment [14]. Similar beneficial effects were also 

observed after 60 days of treatment [15]. 

Although the cardioprotective effect of Ang-(1-7) has been well-characterized in the 

past years [14, 15, 24-27], we currently lack a robust characterization of the molecular 

mechanisms underlying Ang-(1-7) protective effect in the heart. Therefore, we explored the 

LV proteome remodeling due to experimental MI on animals treated (or not) with daily oral 
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doses of HPβCD/Ang-(1-7) (46 μg/Kg/day of HPβCD + 30 μg/Kg/day of Ang-(1-7)) 

(Figure 1).  

Our proteomic approach allowed the quantitation of 2,163 LV proteins. Normalized 

intensities were used to evaluate the dataset by plotting histograms, Q-Q plot distribution of 

protein intensities and principal component analysis (PCA) (Supporting Information, 

Figures S2 to S4).  

In order to find the regulated features between the experimental groups, we applied 

ANOVA (p-value < 0.05). The comparisons after 7 days of surgery showed 364 regulated 

proteins (17%) after MI induction and treated with HPβCD (MI_7 vs. S_7 datasets), and 82 

regulated proteins (4%) after MI induction and treated with HPβCD/Ang-(1-7) (T_7 vs. 

MI_7 datasets) (Figure 2A). After 60 days of surgery, we observed 117 regulated proteins 

(5%) induced by MI and treated with HPβCD (MI_60 vs. S_60 datasets) and 49 regulated 

proteins (2%) induced by MI and treated with HPβCD/Ang-(1-7) (T_60 vs. MI_60 datasets) 

(Figure 2B). This result indicates that the LV proteome undergoes greater remodeling after 

7 days of MI induction. The complete list of regulated proteins after 7 days and 60 days of 

treatment are shown in the Supporting Information Table S1 and S2, respectively. 

 

1.2. Experimental myocardial infarction leads to cardiac proteome remodeling 

We performed a functional enrichment analysis using MetaCore (Clarivate Analytics) 

comparing the datasets MI_7 vs. S_7 (named MI_7 only) and MI_60 vs. S_60 (named 

MI_60 only) to gain insights on the molecular basis behind experimental MI on cardiac 

remodeling. In general, MI significantly dysregulated several network processes including 

muscle contraction, cell-adhesion, cytoskeleton, protein folding, transcription mRNA 
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processing, insulin signaling, oxidative-glycolytic, and mitochondrial homeostasis (Figure 

3).  

As mentioned before, most proteomic changes were observed after 7 days of MI 

infarction. We can highlight several downregulated proteins associated to mitochondrial 

processes (including electron transport chain complexes, tricarboxylic acid cycle, fatty acid 

β-oxidation, and carriers), muscle contraction, and insulin signaling. On the other hand, we 

observed only upregulated proteins related to transcription mRNA processing (Figure 3).  

Mitochondrial dysfunction leads to ATP depletion in a coordination event with 

impaired muscle contractility. Decreased fatty acid β-oxidation also affects muscle 

contractile function [28]. Not surprisingly, we found the endothelial nitric oxide synthase 

(UniProt accession number: F1LQC7, gene name: NOS3, also known as eNOS) as one of 

the top three downregulated proteins at 7 days post-MI (Figure 3, and Supporting 

Information Table S1). This enzyme produces nitric oxide (NO) that is a cardioprotective 

molecule involved in different processes such as vasodilatation, platelet aggregation, 

inhibition of oxidative stress among others [29]. Decreased NO concentration leads to 

reduction of muscle contraction and can be associated with the inhibition of mitochondrial 

ATP synthesis [30]. Moreover, NO impairment in cardiac failure is associated with the 

metabolic shift from fatty acid β-oxidation to increased glucose uptake and glycolysis [29, 

31]. However, we observed downregulation of proteins associated to glucose uptake 

(Figure 3, insulin signaling), suggesting lower glycolysis rate together with reduced 

mitochondrial fatty acid β-oxidation. Sena et al. [32] demonstrated that insulin signaling 

impairment enhanced post-MI mitochondrial dysfunction, similar to our study (Figure 3). 

Moreover, decreased insulin signaling explains the observed Nos3 downregulation, and 

consequent limited NO production [33, 34]. In addition, we observed downregulation of 
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glycogen synthase kinase 3β (UniProt accession number: A0A0G2JSH4, gene name: GSK-

3β). This event has been shown to promote cardiac hypertrophy [35].  

Long-term (60 days) effects of MI led to downregulation of the mitogen-activated 

protein kinase 3 (UniProt accession number: P21708, gene name: Mapk3, also known as 

Erk 1). This kinase was associated to cell-adhesion and cytoskeleton functional terms, thus 

confirming that cellular apoptosis during LV remodeling after infarction is orchestrated by 

the ablation of downstream signaling elements from Erk 1/2 pathway (Figure 3 and 

Supporting Information, Table S2). Several studies have demonstrated that Erk1/2 

activation provides cardioprotection against cellular injury and preserves myocardial 

integrity after ischemia-reperfusion [36, 37]. Other important kinase regulated after 60 days 

post-MI was Rho-associated protein kinase (UniProt accession number: F1LQT3, gene 

name: Rock2) (Figure 3 and Supporting Information, Table S2). Opposite to Erk1, this 

kinase was found upregulated in our study. Rock2 is associated with several cellular 

processes including, but not restricted to, cytoskeleton action filament, cell adhesion, and 

muscle contraction. Activation of Rock2 in acute and chronic heart failure, as well as post-

MI has been reported [38-40]. Therefore, Rock2 is a potential target for MI treatment since 

its inhibition has cardioprotective roles including amelioration of cardiac remodeling, 

cardiac function, and reduction of hypertrophy, fibrosis, and inflammation [41-44]. 

 

1.3. Effects of HPβCD/Ang-(1-7) treatment on infarcted heart proteome 

We next focused our analysis in the potential beneficial effects of HPβCD/Ang-(1-7) 

treatment in the cardiac proteome after experimental MI by comparing the T_7 vs. MI_7 

(short-term treatment) and T_60 vs. MI_60 (long-term treatment) datasets. To simplify the 

ratio names, we will refer only as T_7 and T_60, omitting the reference datasets (MI_7 and 
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MI_60, respectively). Figure 4A and 4B represent the overrepresented canonical pathways 

associated with T_7 and T_60 datasets, respectively (only regulated proteins were included 

in this analysis). Highlighted pathways in Figure 4 will be further discussed in more details  

After 7 days of treatment, most overrepresented canonical pathways were related to 

energetic metabolism, including but not restricted to, mitochondrial dysfunction. 

Inflammation-related pathways including chemokine, acute phase response signaling and 

agranulocyte adhesion and diapedesis were also found overrepresented after short-term 

HPβCD/Ang-(1-7) treatment (Figure 4A). These pathways correspond to the initial phase 

of MI injury in which inflammatory signals mediates intense cellular transmigration to the 

infarcted zone [45]. Agranulocyte adhesion and diapedesis was also found overrepresented 

after 60 days of treatment (Figure 4B). This pathway is involved in the migration of 

lymphocytes and monocytes from the vascular system to injury site, which is a crucial 

process in the inflammatory response [45]. These results are in accordance with data 

previously published by Marques et al. [14], indicating that HPβCD/Ang-(1-7) oral 

treatment induces a persistent protection on the cardiac tissue due to the modulation of the 

exacerbated inflammatory response [46-48]. After 60 days of treatment, the 

overrepresented pathways were mainly related to cell-signal responses associated to 

inflammation and cardiac hypertrophy modulation (Figure 4B).  

We observed the CXCR4 signaling overrepresented only after 60 days of treatment 

(Figure 4B). The C-X-C chemokine receptor 4 (CXCR4) is related to several biological 

processes, including immune system response and stem cell migration [48]. These receptors 

interact with chemokines, low molecular weight proteins (7-12 kDa) that attract immune 

cells [49]. Precisely, CXCL12 or stromal cell-derived factor-1 (SDF-1) is the chemokine 
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that binds to CXCR4, having essential roles in cardiac development, angiogenesis and 

inflammation [50]. 

Chemokine receptors are regarded as critical mediators of a chronic inflammation 

state that can occur during the reparative phase after MI. Some studies reported the 

attenuation of CXCR4 expression in the presence of inflammatory cytokines such as tumor 

necrosis factor-α (TNF-α), interferon-γ (INF-γ), and IL-1β. More recently, it has been 

hypothesized that the antagonism of CXCR4 preserves the cardiac function and stimulates 

the migration of progenitor cells to the injury site after MI [51, 52]. Indeed, Thackeray and 

collaborators [53] demonstrated a regional CXCR4 upregulation in the early phase of post-

MI inflammation using positron emission tomography (PET) imaging with 
68

Ga-pentixafor. 

Furthermore, Wang et al. [54] have recently demonstrated that the peptidic CXCR4 

antagonist POL5551 induced beneficial effects after MI including, but not restricted to, 

angiogenesis in the infarct border zone, reduced LV remodeling and scar size in mice and 

pigs. Muhlstedt et al. [55] demonstrated in CXCL12 KO mice that the ablation of 

CXCL12/CXCR4 axis favored cardiac recovery after MI due to the negative modulation of 

pro-inflammatory and pro-fibrotic response. 

Therefore, our study suggests that at least one of the molecular events behind the 

cardioprotective effect of Ang-(1-7) in MI is due to the modulation of CXCR4 signaling. 

1.4. Dynamics of the identified proteins related to inflammatory and metabolic 

pathways 

Due to the importance of inflammation and metabolic response during MI induction 

and treatment, we decided to dig deeper on the proteins associated with mitochondria 

dysfunction, agranulocyte adhesion and diapedesis, as well as CXCR4 signaling (Figure 5).  
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Proteins associated with agranulocyte adhesion and diapedesis included the guanine 

nucleotide-binding protein, alpha inhibiting activity polypeptide 3 (UniProt accession 

number: P08753, gene name: Gnai3), a Gαi protein subunit that mediates receptor-

regulated K
+
 channels. Short-term HPβCD/Ang-(1-7) treatment induced a significant 

upregulation of Gnai3 (Figure 5A). Isoflurane pretreatment has been reported to reduce 

myocardial infarct size via Gαi-mediated activation of K
+
 channels in experimental MI 

[56]. In addition, Gnai3 has a role in the regulation of autophagy, an intracellular process 

that mediates protein turnover and degradation of misfolded proteins, lipid aggregates and 

damaged organelles [57]. This process is activated in response to several stimuli, including 

cellular stress and ischemic injury [57].. Interesting, this protein is also a member of the 

CXCR4 signaling (Figure 5E and F). Therefore, our study suggests that the 

cardioprotective effect of Ang-(1-7) in MI could also be due to autophagy regulation. 

HPβCD/Ang-(1-7) short-term treatment also induced upregulation of podocalyxin 

(UniProt accession number: E9PTU4, gene name: Podxl) (Figure 5A). This protein 

returned to basal level after 60 days of treatment (Figure 5B). On MI-induced untreated 

animals, Podxl was upregulated only after 60 days (MI_60, Figure 5B). Podxl is one of the 

three members of the CD34 membrane protein family identified as cell-surface markers in 

progenitor cells and useful in the treatment of human ischemic diseases [58]. In this 

context, the treatment with HPβCD/Ang-(1-7) could potentiate the protective effect of 

cardiac progenitor cells, therefore preventing the injury extension after MI. More recently, 

it has been discussed that Ang-(1-7) treatment on patients with heart failure increased the 

migratory potential and nitric oxide production, and reduced the generation of reactive 

oxygen species in CD34
+
 dysfunctional cells [59].  
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We also found regulated in our datasets the myosin light chain 7 (UniProt accession 

number: F1M7K3, gene name: Myl7) and myosin light chain 9 (UniProt accession number: 

B0BMS8, gene name: Myl9). These proteins are associated with the agranulocyte adhesion 

and diapedesis (Figure 5A and B), and CXCR4 signaling pathways (Figure 5E and F). We 

observed different regulation profiles for Myl7 and Myl9 across our datasets. We observed 

a persistent upregulation of Myl7 in MI untreated animals (MI_7 and MI_60). Regarding 

Myl9, we observed its downregulation after 60 days post-MI (MI_60) and upregulation 

after 60 days of treatment (T_60).  

Myl9 is regarded as one of the ligands of CD69, an activation marker on leukocytes 

that interacts with Myl9 nets (CD69-Myl9 system) to modulate inflammatory response 

[60]. While Myl9 has high similarity to the human myosin regulatory light chain 2 (Mlc-2, 

smooth muscle proteoform), Myl7 is similar to Mlc-2a (atrial proteoform). Both sarcomeric 

proteins are involved in cardiac muscle contraction. Mlc-2 deficient mice were associated 

with embryonic lethality as a consequence of defects in ventricular and atrial sarcomeric 

arrange, and cardiac functional deficits. A compensatory effect by increased protein levels 

of Mlc-2a was also observed after disruption of Mlc-2v (cardiac ventricular proteoform) in 

mice [4]. 

Proteins related to mitochondrial dysfunction, such as succinate dehydrogenase 

complex subunit C (UniProt accession number: Q641Z9, gene name: Sdhc) and ubiquinone 

oxidoredutase subunit (UniProt accession number: V3Q6PCU8, gene name: Ndufv3), both 

members of the electron transfer chain, were downregulated after 7 days of HPβCD/Ang-

(1-7) treatment (Figure 5C). Downregulation of these proteins may reduce the extensive 

ROS generation provoked by succinate accumulation during the ischemic period [61-63]. 

Valls-Lacalle and collaborators [64] observed a similar effect using malonate, a reversible 
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inhibitor of succinate dehydrogenase in isolated mice hearts submitted to ischemia followed 

by reperfusion. 

In contrast, HPβCD/Ang-(1-7) treatment induced upregulation of the trafficking 

kinesin protein 1 (UniProt accession number: D4ACC5, gene name Trak1) (Figure 5C). 

This protein is homologous to Milton protein in humans, a mitochondrial adaptor protein 

belonging to the calcium-sensitive kinesin/Miro/Milton complex involved in mitochondrial 

motility. Treatment-induced upregulation of Trak1 probably improves the energy supply by 

redirecting mitochondria to regions with low cytosolic calcium levels probably caused by 

impaired Ca
2+

 homeostasis during MI [65-67]. 

 

 

1.5. Validation of CXCR4 as a downstream effector of HPβCD/Ang-(1-7) treatment 

Since our proteomic data indicated CXCR4 signaling as a potential regulation node 

for Ang-(1-7), and MI induces CXCR4 upregulation [53], we hypothesized that Ang-(1-7) 

induces downregulation of this C-X-C cytokine receptor. We used Real-Time PCR to 

quantify the mRNA levels of CXCR4 and its ligand, the stromal cell-derived factor 1 (SDF-

1), also known as CXCL12. The CXCR4 mRNA levels significantly increased after 7 days 

(Figure 6A) and 60 days (Figure 6B) of MI induction, corroborating previous reports [53, 

54]. Treatment with HPβCD/Ang-(1-7) reduced the CXCR4 mRNA to its basal levels 

(similar to Sham) after 7 days (Figure 6A) and 60 days (Figure 6B). We did not observe 

any significant change in SDF-1 expression (Figure 6C and 6D). These findings suggest 

that Ang-(1-7) cardioprotection is, at least partially, due to the negative regulation of 

CXCR4. This event is independent of CXCL12 regulation. Our data confirm CXCR4 as a 

potential MI biomarker and therapeutic target [51, 52, 54, 68]..  
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In summary, our study demonstrated that the downregulation of CXCR4 is an 

important event of Ang-(1-7)-induced cardioprotection. CXCR4 mRNA level is increased 

due to MI and CXCR4 transcription is inhibited by Ang-(1-7) treatment. We also observed 

the regulation of intracellular proteins associated to CXCR4 signaling as mentioned above. 

Short-term (7 days) Ang-(1-7) treatment led to upregulation of Gnai3 (Gαi) while long-

term (60 days) treatment induced upregulation of Myl9 and downregulation of Mapk9 and 

Myl7 (Figure 7). However, we cannot state whether the observed protein regulations are a 

direct effect of Ang-(1-7) or due to Ang-(1-7)-induced CXCR4 downregulation.     

1. CONCLUSION 

 The HPβCD/Ang-(1-7) oral treatment on experimental MI has been shown efficient in the 

recovery of cardiac functions. Here, we report for the first time that the molecular 

mechanisms underlying this protective effect involves the downregulation of CXCR4 and 

modulation of its downstream effectors. In the same way, metabolic impairment and ROS 

production resulted from ischemia during MI may have been compensated by HPβCD/Ang-

(1-7) treatment via downregulation of SDHC, TRAK1 and other proteins related to energy 

metabolism. 
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Figure Captions 

Figure 1 - Strategies used to analyze the molecules involved in the post-infarction 

effects on LV after short-term (7 days) or long-term (60 days) oral treatment with 

HPβCD or HPβCD/Ang-(1-7). (A) Experimental design for induction of experimental 

myocardial infarction and treatment. Sham (S) groups represent animals subjected to all 

surgical procedure (anesthesia, incision, and suture). Sham animals were treated with an 

oral dose of HPβCD (46 μg/Kg/day) daily for 7 (S_7) or 60 days (S_60). The same 

treatment was performed on myocardial infarction (MI) groups that represent animals 

subjected to surgery for LAD occlusion (MI_7 or MI_60). Animals subjected to MI 

induction and treated with a daily oral dose of HPβCD/Ang-(1-7) (46 μg/Kg/day of HPβCD 

+ 30 μg/Kg/day) for 7 days or 60 days were named T_7 or T_60, respectively. (B) 

Quantitative proteomic approach to analyze the LV proteome remodeling in Sham group 

treated with vehicle (S_7 and S_60), MI treated with vehicle (MI_7 and MI_60), and MI 

treated with Ang-(1-7) (T_7 and T_60). Each group was performed using five biological 

replicates (n = 5). (C) Real-Time PCR analysis for validation on mRNA level of the 

proteomic data using the middle segment of the LV. 

Figure 2 - Regulated proteins on animals with experimental MI treated or not with 

HPβCD/Ang-(1-7). Volcano plots showing differentially regulated proteins (p-value < 

0.05) after 7 days (A) and 60 days (B) of experimental MI induction. Y-axis represents p-

values and X-axis represents the log2-transformed protein ratio. MI_7 plot represents the 

regulated proteins between MI_7 vs. S_7. The MI_60 plot represents the regulated proteins 

between MI_60 vs. S_60. On the other hand, T_7 and T_60 plots represent regulated 

proteins between T_7 vs. MI_7 and T_60 vs. MI_60, respectively. 
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Figure 3 - Experimental myocardial infarction (MI) leads to cellular processes 

impairments. Summary of the main enriched cellular processes dysregulated by the 

experimental myocardial infarction and some associated proteins. Values in the MI_7 vs. 

S_7 and MI_60 vs. S_60 columns (bottom of the figure) represent the log-transformed 

ratio. The red bars represent downregulated proteins (p-value < 0.05). The green bars 

represent upregulated proteins (p-value < 0.05). NR, not regulated proteins. 

Figure 4 - Canonical pathways enriched after MI induction and HPβCD/Ang-(1-7) 

treatment. (A) Significantly enriched (p-value < 0.05) canonical pathways associated with 

7 days of HPβCD/Ang-(1-7) treatment (T_7). (B) Significantly enriched (p-value < 0.05) 

canonical pathways associated with 60 days of HPβCD/Ang-(1-7) treatment (T_60). 

Asterisks (*) highlight the canonical pathways selected to be further discussed in the 

manuscript. 

Figure 5 - Profile of regulated proteins associated with “agranulocyte adhesion and 

diapedesis”, “mitochondrial dysfunction”, and “CXCR4 signaling”. Ratio profile (log2-

transformed) of proteins related to “agranulocyte adhesion and diapedesis” after 7 days (A) 

and 60 days (B), “mitochondrial dysfunction” after 7 days (C) and 60 days (D),  and 

associated to the “CXCR4 signaling” after 7 days (E) and 60 days (F). Ratio values in Y-

axis represent the comparison between MI vs. S groups (light red bars) or T vs. MI (light 

blue bars). Values are expressed as mean ± SD. *p-value < 0.05 (ANOVA). Gnai3, guanine 

nucleotide-binding protein G(k) subunit alpha (UniProt accession number: P08753). 

Mapk9, mitogen-activated protein kinase 9 (UniProt accession number: Q6P727). Myh11, 

myosin-11 (UniProt accession number: E9PTU4). Myl7, myosin light chain 7 (UniProt 

accession number: F1M7K3). Myl9, myosin light chain 9 (UniProt accession number: 

B0BMS8). Ndufv3, NADH: ubiquinone oxidoreductase subunit V3 (UniProt accession 
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number: Q6PCU8). Podxl, podocalyxin-like (UniProt accession number: A0A0G2K2L1). 

Sdhc, succinate dehydrogenase complex subunit C (UniProt accession number: Q641Z9). 

Trak1, similar to 106 kDa O-GlcNAc transferase-interacting protein isoform CRA_a 

(UniProt accession number: D4ACC5). 

Figure 6 - Quantification of CXCR4 and SDF-1α mRNA levels. Quantification of 

CXCR4 mRNA expression by Real-Time PCR after 7 days (A) and 60 days (B) of 

induction of myocardial infarction (MI) and treatment with vehicle (HPβCD) (MI_7 or 

MI_60) or with HPβCD/Ang-(1–7) (T_7 or T_60). Quantification of SDF-1α (CXCR4 

agonist) mRNA expression by Real-Time PCR after 7 days (C) and 60 days (D) of MI 

induction and treatment with vehicle (HPβCD) (MI_7 or MI_60) or with HPβCD/Ang-(1–

7) (T_7 or T_60). S, Sham animals (surgical simulation) and treatment with vehicle 

(HPβCD) (S_7 or S_60). Values are expressed as mean ± SEM. One-way ANOVA 

followed by Tukey; *p-value < 0.05; **p-value < 0.01; n = 4 (A and B); n = 5 (C and D). 

Figure 7 - Modulation of CXCR4 signaling by HPβCD/Ang-(1-7) treatment on 

experimental MI. Summary of the main molecular events observed in this study associated 

with the CXCR4 signaling. Representative bar charts represent quantitation of the 

intracellular proteins and mRNA affected by HPβCD/Ang-(1-7) treatment. In the charts, 

left bars represent log-transformed ratios after 7 days of treatment (T_7 vs. MI_7), and right 

bars represent log-transformed ratios due to 60 days of treatment (T_60 vs. MI_60). 

Asterisks (*) denote differential regulations (p-value < 0.05). Gnai3, guanine nucleotide-

binding protein G(k) subunit alpha (UniProt accession number: P08753). Mapk9, mitogen-

activated protein kinase 9 (UniProt accession number: Q6P727). Myl7, myosin light chain 

7 (UniProt accession number: F1M7K3). Myl9, myosin light chain 9 (UniProt accession 

number: B0BMS8). 
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Supporting information 

Figure S1. Box-plot of sample intensities normalized by median. Sham 7 – animals  

subjected to surgery without induction of MI and treated with a daily oral administration of 

the vehicle HPβCD for 7 days; MI7 – induction of MI and daily oral treatment with the 

vehicle HPβCD for 7 days;  Ang7 – induction of MI and oral treatment with the inclusion 

compound HPβCD/Ang-(1-7) for 7 days; Sham 60 – animals  subjected to surgery without 

induction of MI and treated with a daily oral administration of the vehicle HPβCD for 60 

days; MI60– induction of MI and daily oral treatment with the vehicle HPβCD for 60 days; 

and Ang60 – induction of MI and daily oral treatment with the inclusion compound 

HPβCD/Ang-(1-7) for 60 days. Numbes  (1 to 5) in front of the experimental group name 

indicate the biological replicate. Numbers at top of the graphic indicates the number of 

identified proteins in each replicate. 

 

Figure S2. Histogram showing the normal distribution of the datasets. Sham – animals  

subjected to surgery without induction of MI and treated with a daily oral administration of 

the vehicle HPβCD for 7 or 60 days ; MI – induction of MI and daily oral treatment with 

the vehicle HPβCD for 7 or 60 days;  Ang – induction of MI and oral treatment with the 

inclusion compound HPβCD/Ang-(1-7) for 7 or 60 days. Numbers (1 to 5) in front of the 

experimental group name indicate the biological replicate. 

Figure S3. Q-Q plot of the distribution of protein intensities of each sample. Sham – 

animals  subjected to surgery without induction of MI and treated with a daily oral 

administration of the vehicle HPβCD for 7 or 60 days; MI – induction of MI and daily oral 

treatment with the vehicle HPβCD for 7 or 60 days; Ang – induction of MI and oral 
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treatment with the inclusion compound HPβCD/Ang-(1-7) for 7 or 60 days. Numbers (1 to 

5) in front of the experimental group name indicate the biological replicate. 

 

Figure S4. Principal component analysis (PCA) of proteome data distribution for each 

treatment. Sham – animals subjected to surgery without induction of MI and treated with a 

daily oral administration of the vehicle HPβCD for 7 or 60 days; MI – induction of MI and 

daily oral treatment with the vehicle HPβCD for 7 or 60 days;  Ang– induction of MI and 

oral treatment with the inclusion compound HPβCD/Ang-(1-7) for 7 or 60 days. Numbers 

(1 to 5) in front of the experimental group name indicates the biological replicate. 

 

Table S1. List of significantly regulated proteins identified after 7 days of treatment with 

HPβCD/Ang-(1-7). 

 

Table S2. List of significantly regulated proteins identified after 60 days of treatment with 

HPβCD/Ang-(1-7). 

 

Table S3. TMT experimental design for the analysis of Sham group (S), myocardial 

infarcted animals treated with HPβCD (MI), and myocardial infarcted animals treated with 

HPβCD/Ang-(1-7) (T). 

 

Table S4. List of all .Raw file names deposited at PRIDE with important information 

(replicate number, fraction name, etc) used in this work. 
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Highlights 

 Angiotensin-(1-7) protects cardiac tissue from ischemic injury. 

 Experimental myocardial infarction was induced in rats. Animals were treated with 

Ang-(1-7). 

 Ang-(1-7) modulated proteins associated to inflammation, mitochondrial 

dysfunction and cellular metabolism. 

 Myocardial infarction induced CXCR4 upregulation. Ang-(1-7) treatment induced 

CXCR4 downregulation. 

 This study reports for the first time that Ang-(1-7) modulates CXCR4 expression. 
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