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Abstract

The effects of exercise training (ET) on the heart of aortic stenosis (AS) rats are

controversial and the mechanisms involved in alterations induced by ET have been

poorly clarified. In this study, we analyzed the myocardial proteome to identify

proteins modulated by moderate‐intensity aerobic ET in rats with chronic

supravalvular AS. Wistar rats were divided into four groups: sedentary control

(C‐Sed), exercised control (C‐Ex), sedentary aortic stenosis (AS‐Sed), and exercised

AS (AS‐Ex). ET consisted of five treadmill running sessions per week for 16 weeks.

Statistical analysis was performed by ANOVA or Kruskal–Wallis and Goodman tests.

Results were discussed at a significance level of 5%. At the end of the experiment,

AS‐Ex rats had higher functional capacity, lower blood lactate concentration, and

better cardiac structural and left ventricular (LV) functional parameters than the

AS‐Sed. Myocardial proteome analysis showed that AS‐Sed had higher relative

protein abundance related to the glycolytic pathway, oxidative stress, and

inflammation, and lower relative protein abundance related to beta‐oxidation than

C‐Sed. AS‐Ex had higher abundance of one protein related to mitochondrial

biogenesis and lower relative protein abundance associated with oxidative stress

and inflammation than AS‐Sed. Proteomic data were validated for proteins related to

lipid and glycolytic metabolism. Chronic pressure overload changes the abundance

of myocardial proteins that are mainly involved in lipid and glycolytic energy

metabolism in rats. Moderate‐intensity aerobic training attenuates changes in

proteins related to oxidative stress and inflammation and increases the COX4I1

protein, related to mitochondrial biogenesis. Protein changes are combined with

improved functional capacity, cardiac remodeling, and LV function in AS rats.
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1 | BACKGROUND

Heart failure (HF) is the final route for several cardiovascular diseases

and represents one of the most relevant public health issues, with

high morbidity, mortality, and health costs (Tsao et al., 2023).

The heart, in response to several stimuli, undergoes cardiac

remodeling, defined as alterations in genome expression, which

results in molecular, cellular, and interstitial changes, and clinically

manifests as changes in heart size, shape, and function (Cohn et al.,

2000). The rodent aortic stenosis (AS) model has been extensively

used to induce cardiac remodeling, characterized by left ventricular

(LV) hypertrophy, diastolic and systolic dysfunction, and HF (Mazeto

et al., 2021; Sant'Ana et al., 2018, 2023; Silva et al., 2022). The

mechanisms related to functional impairment in the AS heart are

complex and not fully elucidated; alterations in cardiomyocytes,

myocardium, and cardiac chambers are involved (Hartupee &

Mann, 2017).

Physical exercise has been recommended as a nonpharmacolo-

gical therapy to attenuate cardiac remodeling in different injury

cardiac models (Lin et al., 2020). Although exercise training (ET)

induces cardioprotection in AS rats (Mota et al., 2020; de Souza et al.,

2015, 2020; Souza et al., 2014), the mechanisms responsible for

improving cardiac performance have not been fully elucidated. We

have previously shown that the β‐adrenergic system (de Souza et al.,

2020), renin–angiotensin system (Mota et al., 2020), and cardiomyo-

cyte cell cycle (Mota et al., 2020) are not involved in the functional

benefit of exercise in AS rats.

Technological advances have contributed to a better under-

standing of cardiac remodeling (Pandey & Mann, 2000). Proteomics

aims to assess changes in relative protein abundance to elucidate the

pathophysiology of cardiovascular disease development and progres-

sion (McGregor & Dunn, 2006). Studies with this approach have been

conducted in clinical cardiology research (Beck et al., 2018) and

experimental models such as myocardial infarction (Mitra et al.,

2015), systemic arterial hypertension (Manakov et al., 2016), diabetes

mellitus (Ma et al., 2016), obesity (Vileigas, Harman, et al., 2019), and

aortic constriction (Bugger et al., 2010; Chang et al., 2013; Dai et al.,

2012; Guan et al., 2016; Hollander et al., 2011; Kararigas et al., 2014;

Li et al., 2016). Mitochondria (Bugger et al., 2010; Dai et al., 2012;

Hollander et al., 2011), lipid droplets (Li et al., 2016), myocardial

tissue (Guan et al., 2016; Kararigas et al., 2014), and protein

phosphorylation (Chang et al., 2013) have been evaluated in AS

models. The effects of ET have also been analyzed by myocardial

proteome in healthy rodents (Boluyt et al., 2006; Burniston, 2009;

Dantas et al., 2016; Ferreira et al., 2014; Kavazis et al., 2009),

obesity cardiomyopathy (Petriz et al., 2013), myocardial infarction

(Bansal et al., 2010), arterial hypertension (Petriz et al., 2015) and

diabetes mellitus (Cox & Marsh, 2013). The effects of aerobic ET in

AS rats using the proteomic approach had not been explored.

In this study, we evaluated myocardial relative protein abun-

dance in sedentary and exercised rats with supravalvular AS‐induced

cardiac dysfunction by the shotgun proteomics approach followed by

marker‐free quantification.

2 | METHODS

2.1 | Animals and experimental design

Male Wistar rats (70–90 g, 3 weeks old) from the Central Laboratory

of Botucatu Medical School were kept in collective cages in a climate‐

controlled environment with food and water supplied ad libitum.

Two experimental groups were formed initially: sham‐operated and

supravalvular AS. After 2 weeks, the rats were subjected to

echocardiogram and randomized into the following groups: sedentary

control (C‐Sed; n = 15); exercised control (C‐Ex; n = 15); sedentary AS

(AS‐Sed; n = 15); and exercised AS (AS‐Ex; n = 14, Figure 1).

AS was surgically induced as previously described (Mazeto et al.,

2021; Sant'Ana et al., 2018; Silva et al., 2022). Briefly, rats were

anesthetized with a mixture of ketamine hydrochloride (50mg/kg;

i.p.) and xylazine hydrochloride (10mg/kg; i.p.), and the hearts were

exposed through median thoracotomy. A stainless‐steel clip (0.6 mm

internal diameter) was placed in the ascending aorta, approximately

3mm from its root. During surgery, the rats received 1mL of warm

saline intraperitoneally and were manually ventilated with positive

pressure with 100% oxygen. After the procedure, rats were kept

warm until full consciousness was regained. Analgesia was performed

with intraperitoneal administration of carprofen (5 mg/kg). Control

animals were submitted to the same procedure but without the

constriction of the aorta.

At the end of the experiment, rats were anesthetized with a

mixture of ketamine hydrochloride (60mg/kg; i.p.) and xylazine

hydrochloride (10mg/kg; i.p.) and euthanized by decapitation. The

heart was dissected, and the left ventricle (LV) was removed and

immediately frozen in liquid nitrogen. Blood samples were collected,

and serum was separated by centrifugation at 1620g for 10min

at 4°C.

The study was approved by the Animal Research Ethics

Committee of Botucatu Medical School, Sao Paulo State University

(1324/2020), and all protocols were conducted following the Guide

for the Care and Use of Laboratory Animals published by the National

Academies Collection (2011).
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F IGURE 1 Schematic representation of the experimental design. AS‐Ex, exercised aortic stenosis; AS‐Sed, sedentary aortic stenosis; C‐Ex,
exercised control; C‐Sed, sedentary control.

2.2 | Treadmill exercise testing

Functional capacity was assessed by graded treadmill exercise testing

(TET). Maximal speed, total time, and distance run were evaluated as

previously described (Mota et al., 2020). TET was performed on a

motorized treadmill for rats (AVS Projects) after 5 days of adaptation

to the treadmill environment. The rats exercised at a speed of

5m/min/day with increasing duration from 10min on the first day to

30min on the fifth day.

During TET, treadmill speed was initiated at 6m/min and increased

by 3m/min every 3min until exhaustion. Exhaustion was defined as the

inability to maintain the proposed speed. TET was performed before

training to guide running speed, at the end of the third and seventh

weeks to adjust running speed, and at the end of the experiment.

2.3 | ET protocol

The ET protocol was modified from previously published protocols (Mota

et al., 2020; Wisløff et al., 2007). The rats exercised 5 days/week for 16

weeks, at 60% of the maximal speed achieved during the TET. Exercise

duration from the first to the sixth week was progressively increased by

2min/week until 20min/day and then remained constant. Animals

received low‐voltage electrical stimulation during the training.

2.4 | Echocardiographic study

Echocardiograms were performed 2 and 18 weeks after surgery using a

commercially available echocardiogram (General Electric Medical Systems,

Vivid S6) equipped with a 5–11.5MHz multifrequency probe as

previously described (Gregolin et al., 2021; da Silva et al., 2023; de

Souza et al., 2023; Vileigas, Marciano, et al., 2019). All examinations were

performed blind by a cardiologist and specialist in echocardiography. Rats

were anesthetized by intraperitoneal injection with a mixture of ketamine

hydrochloride (50mg/kg) and xylazine hydrochloride (1mg/kg) (Mota

et al., 2020). A two‐dimensional parasternal short‐axis view of the LV was

obtained at the level of the papillary muscles. M‐mode tracings were

obtained from short‐axis views of the LV at or just below the tip of the

mitral valve leaflets, and at the level of the aortic valve and left atrium.

M‐mode images of the LV were printed on a black‐and‐white thermal

printer (Sony UP‐890MD) at a sweep speed of 100mm/s. Measurements

are the average of at least five cardiac cycles from M‐mode tracings.

Cardiac structure was evaluated by LV diastolic diameter (LVDD), LV

diastolic posterior wall thickness (DPWT), left atrium (LA) and aorta (AO)

diameters, and LA/AO ratio. LV function was assessed based on posterior

wall shortening velocity (PWSV), ejection fraction (EF), mesocardial

shortening fraction (MFS), early and late diastolic mitral inflow velocities

(E and A waves), E/A ratio, E‐wave deceleration time (EDT), and isovolu-

metric relaxation time (IVRT). Additionally, LV function was evaluated by

tissue Doppler imaging (TDI) of systolic (S′), early (E′), and late (A′)

diastolic velocity of the mitral annulus (arithmetic average of the lateral

and septal walls), and E/E′ ratio. Heart rate (HR) was also evaluated.

2.5 | HF characterization

During euthanasia, in‐vivo (tachypnea) and post‐mortem (ascites,

pleural effusion, atrial thrombi, and liver congestion) HF features

were assessed by two blind observers.

MOTA ET AL. | 3 of 19
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2.6 | Blood lactate concentration

Lactate concentration, a biomarker of physical fitness, was assessed

immediately after the final TET to determine ET protocol effectiveness.

After alcohol sterilization, the distal portion of the animal's tail was

sectioned with a little prick and 25µL of blood was collected. Samples

were deposited in Eppendorf tubes containing 50µL of 1% sodium

fluoride (Quimesp Quimica). Blood lactate concentration was measured

by the electroenzymatic method using a blood lactate analyzer YSI 2300

(Stat Plus Glucose Lactate Analyzer). Collected blood was maintained on

ice during the procedures and then stored in a freezer for later analysis.

2.7 | Shotgun proteomics followed by label‐free
quantification

For full experimental details of this analysis, see supplementary

materials. LV non‐pooled samples from 10 rats in each group were

used in the proteomics analysis. LV protein was extracted by

homogenization in 500 μL of 50mmol/L ammonium bicarbonate

containing protease inhibitors (Sigma Fast Protease Inhibitor Cocktail

Tablets EDTA‐Free), using a bead beater homogenizer (Bullet

Blender®, Next Advance, Inc.), followed by centrifugation at

5000 rpm for three cycles (5 min with a 1‐min interval at 2–8°C).

Total protein quantification was determined by a Pierce BCA Protein

Assay Kit (Thermo Scientific) according to manufacturer instructions.

For in‐solution digestion, 50 µg of protein was incubated at 80°C

with RapiGest (0.05% w/v final concentration, Waters), digested with

trypsin (Trypsin Gold Mass Spectrometry, Promega) and incubated at

37°C. The samples containing peptides were analyzed by liquid

chromatography coupled with mass spectrometry (LC‐MS/MS).

Peptide identification was performed using Xevo QTof mass

spectrometer (Waters).

The resulting raw data were processed using Progenesis QI for

Proteomics v.4.0 (Nonlinear Dynamics, Waters) for quantitative assay.

The peak list was exploited by the UniProt database of Rattus norvegicus

using Mascot v.2.6 (Matrix Science, UL; 7,989 sequences; 4,044,314

residues, June 2022). Trypsin was the specified enzyme, and a missed

cleavage was allowed. Cysteine carbamidomethylation was defined as a

fixed modification and methionine oxidation as a variable modification. A

precursor mass tolerance of 10 ppm and a fragment ion tolerance of

0.01Da were applied. A false discovery rate (FDR) of 1% was considered.

A relative quantification, using nonconflicting peptides, was selected to

quantify proteins. The criteria used to consider proteins differentially up

or downregulated were: identification and quantification using at least

two unique peptides and a q value < 0.05.

2.8 | Proteomic bioinformatics

The proteins differentially identified by label‐free shotgun were subjected

to enrichment analysis for the gene ontology (GO) terms “molecular

function,” “biological process,” and “cellular component” using the “KEGG

Orthology‐Based Annotation System” tool (KOBAS 3.0; http://kobas.cbi.

pku.edu.cn/). Protein–protein interaction networks were constructed

using the online database Search Tool for the Retrieval of Interacting

Genes (STRING, v.11.0; https://string-db.org). All STRING network

analysis was performed with a medium confidence level of 0.4.

2.9 | Western blot analysis

After identifying the proteins differentially abundant between the

groups, the expression of four proteins was validated by Western

blot analysis (Deus et al., 2019). As most modulated proteins are

involved in metabolic processes, proteins linked to lipid metabolism

(fatty acid‐binding protein, Fabp3, and medium‐chain acyl‐CoA

dehydrogenase, Mcad) and the glycolytic pathway (lactate

dehydrogenase, Ldh, and pyruvate kinase, Pk) were selected.

LV protein was extracted by homogenization in RIPA buffer

containing protease (Sigma‐Aldrich) and phosphatase (Roche Diagnostics)

inhibitors using a bead beater homogenizer (Bullet Blender®, Next

Advance, Inc.), followed by centrifugation (12,000g, 4°C, 20min). Proteins

were quantified, separated on a polyacrylamide gel, and transferred to a

nitrocellulose membrane. The membranes were incubated with primary

antibodies overnight at 4°C and then with the secondary antibodies.

Immunodetection was performed using the chemiluminescence method

according to the manufacturer's instructions (Enhancer Chemi‐

Luminescence, Amersham Biosciences). The nitrocellulose membranes

were analyzed in an ImageQuant™ LAS 4000 photodocumenter (GE

Healthcare Life Sciences) and quantitative analyses of the blots were

performed using ImageJ software (National Institutes of Health). The

primary antibodies were: anti‐LDHA (2012S), PK (3186S) (Cell Signal-

ing), Fabp3 (ab133585), and MCAD (ab110296) (Abcam). Protein levels

were normalized to glyceraldehyde‐3‐phosphate dehydrogenase—

GAPDH (sc‐32233, Santa Cruz Biotechnology).

2.10 | Statistical analysis

Data were tested for normality using the Shapiro–Wilk test and were

expressed using descriptive measures. Comparisons between groups

were performed by two‐way ANOVA followed by Bonferroni for

parametric data or Kruskal–Wallis, followed by Dunn for non-

parametric data. The Goodman test was used to compare the

frequency of HF features. Statistical conclusions were discussed at

the 5% significance level. Statistical analyses were performed using

Sigma Plot 12.0 (Microsoft) and graphs were generated using

GraphPad Prisma 9 (GraphPad Software).

3 | RESULTS

The C‐Ex and AS‐Ex groups had higher exhaustion speed, total time,

and run distance in the treadmill than their respective controls,

showing that ET improved functional capacity (Figure 2). The trained
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 10974652, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcp.31199 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [15/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://kobas.cbi.pku.edu.cn/
http://kobas.cbi.pku.edu.cn/
https://string-db.org


groups presented lower lactate levels than their controls (Figure 2).

The AS‐Ex had attenuation of clinical and pathological HF features

compared to AS‐Sed, with a lower frequency of tachypnea, pleural

effusion, atrial thrombi, hepatic congestion, and ascites (Figure 3).

Survival rates did not differ between AS‐Ex and AS‐Sed groups (data

not shown).

We performed echocardiographic evaluation before ET to

assure homogeneity between controls and AS groups (Supporting

F IGURE 2 Final treadmill exercise testing and lactate concentration. Exhaustion speed (a), total time in treadmill (b), total run distance (c),
and blood lactate concentration (d). AS‐Ex, exercised aortic stenosis; AS‐Sed, sedentary aortic stenosis; C‐Ex, exercised control; C‐Sed,
sedentary control; n = 13–15 per group. Data are mean ± SD and individual values; two‐way ANOVA and Bonferroni; * p < 0.05; ** p < 0.001.

F IGURE 3 Frequency of heart failure
features. AS‐Ex, exercised aortic stenosis; AS‐Sed,
sedentary aortic stenosis; n = 13–15 per group.
Data are expressed as percentages. Goodman
test; * p < 0.05 versus AS‐Sed.

MOTA ET AL. | 5 of 19
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TABLE 1 Final echocardiographic data.

C‐Sed C‐Ex AS‐Sed AS‐Ex

BW (g) 491 ± 66.9 430 ± 54.4§ 422 ± 48.6* 364 ± 49.1#&

HR (bpm) 289 ± 25 323 ± 38 316 ± 53 321 ± 55

LVDD (mm) 7.48 ± 0.50 7.47 ± 0.45 8.42 ± 0.61* 7.47 ± 0.93#

DPWT (mm) 1.53 (1.53–1.53) 1.53 (1.50–1.53) 2.81 (2.65–2.81)* 2.55 (2.30–2.68)&

RWT 0.42 ± 0.04 0.41 ± 0.03 0.67 ± 0.06* 0.68 ± 0.10&

LA (mm) 4.85 (4.60–5.11) 4.85 (4.60–5.11) 7.92 (7.66–8.43)* 7.15 (6.39–8.17)&

LA/AO 1.24 ± 0.10 1.23 ± 0.08 1.99 ± 0.19* 1.78 ± 0.34#&

EF (%) 93.4 ± 2.00 93.5 ± 2.00 85.0 ± 5.00* 90.0 ± 3.00#&

MFS (%) 27.2 ± 3.89 27.9 ± 3.00 20.6 ± 3.78* 23.7 ± 2.52#&

PWSV (mm/s) 72.5 ± 3.80 72.8 ± 7.26 44.6 ± 6.68* 56.1 ± 11.8#&

S′ (cm/s) 5.80 (5.70–5.90) 5.70 (5.60–5.80) 4.20 (3.80–4.40)* 4.70 (4.40–5.10)&

IRVT (ms) 24.0 (22.0–25.0) 22.0 (22.0–25.0) 14.0 (12.0–15.0)* 15.0 (13.5–22.0)&

EDT (ms) 48.6 ± 2.80 48.3 ± 2.99 26.1 ± 6.44* 36.4 ± 10.3#&

Mitral E (cm/s) 83.8 (82.0–87.5) 82.0 (79.0–86.3) 132 (116–143)* 105 (95–121)&

Mitral A (cm/s) 51.2 (48.2–53.6) 55.4 (49.3–62.7) 22.8 (20.3–25.5)* 23.9 (19.7–66.1)&

E/A (cm/s) 1.61 ± 0.17 1.50 ± 0.19 5.86 ± 0.96* 4.07 ± 2.48#&

TDI E′ (cm/s) 5.65 ± 0.69 6.14 ± 0.73 5.08 ± 0.70* 5.52 ± 0.74&

TDI A′ (cm/s) 3.83 ± 0.70 4.00 ± 0.38 2.77 ± 0.84* 3.52 ± 1.00#

E/E′ (cm/s) 15.3 ± 1.08 13.7 ± 1.36 26.2 ± 4.98* 20.1 ± 3.95#&

Note: Data are mean ± SD or median and percentiles. Two‐way ANOVA and Bonferroni or Kruskal–Wallis and Dunn; n = 13–15 per group; p < 0.05:
* vs C‐Sed; # vs AS‐Sed; & vs C‐Ex.

Abbreviations: A′, TDI of end‐diastolic velocity of mitral annulus; AO, aorta diameter; AS‐Ex, exercised aortic stenosis; AS‐Sed, sedentary aortic stenosis;
BW: body weight; C‐Ex, exercised control; C‐Sed, sedentary control; DPWT, diastolic posterior wall thickness; E′, TDI of early diastolic velocity of mitral
annulus; E/A, ratio of early (E)‐to‐late (A) diastolic mitral inflow; EDT, E‐wave deceleration time; EF, ejection fraction; HR, heart rate; IVRT, isovolumetric
relaxation time; LA, left atrium diameter; LVDD, left ventricular diastolic diameter; MSF, myocardial shortening fraction; PWSV, posterior wall shortening
velocity; RWT, relative wall thickness; S′, tissue Doppler imaging (TDI) of systolic shortening velocity.

TABLE 2 Anatomical data.

C‐Sed C‐Ex AS‐Sed AS‐Ex

Tibia (cm) 4.36 ± 0.07 4.30 ± 0.06 4.25 ± 0.12 4.24 ± 0.10

Heart (g) 1.21 ± 0.13 1.10 ± 0.18 2.45 ± 0.32* 1.86 ± 0.30,#&

LV (g) 0.85 ± 0.09 0.77 ± 0.13 1.49 ± 0.19* 1.27 ± 0.15,#&

RV (g) 0.25 ± 0.02 0.22 ± 0.03 0.52 ± 0.08* 0.32 ± 0.08,#&

AT (g) 0.11 ± 0.01 0.11 ± 0.02 0.44 ± 0.09* 0.27 ± 0.09,#&

Heart/Tibia (g/cm) 0.28 ± 0.03 0.25 ± 0.04 0.58 ± 0.07* 0.44 ± 0.07,#&

LV/Tibia (g/cm) 0.19 ± 0.02 0.18 ± 0.03 0.35 ± 0.04* 0.30 ± 0.04,#&

RV/Tibia (g/cm) 0.057 ± 0.006 0.052 ± 0.008 0.123 ± 0.019* 0.075 ± 0.019,#&

AT/Tibia (g/cm) 0.026 ± 0.003 0.025 ± 0.004 0.102 ± 0.021* 0.063 ± 0.021,#&

Note: Data are mean ± SD. n = 13–15 per group. Two‐way ANOVA and Bonferroni; p < 0.05: *vs C‐Sed; #vs AS‐Sed; &vs C‐Ex.

Abbreviations: AS‐Ex, exercised aortic stenosis; AS‐Sed, sedentary aortic stenosis; AT, atria weight; C‐Ex, exercised control; C‐Sed, sedentary control;

LV, left ventricle weight; RV, right ventricle weight; Tibia, tibia length.
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Information: Table S1). Table 1 shows the final echocardiogram data

after ET protocol. AS‐Sed had higher LVDD, DPWT, RWT, LA, LA/AO

ratio, E wave, and E/A and E/E′ ratios, and lower BW, EF, MFS,

PWSV, S′, IRVT, EDT, Mitral A, and TDI E′ and A′ than C‐Sed. AS‐Ex

had lower BW, LVDD, LA/AO, E/A, and E/E′, and higher EF, MFS,

PWSV, EDT, and TDI A′ than AS‐Sed. These results show that ET

attenuates structural changes and systolic and diastolic dysfunction

in AS rats (Table 1).

The post mortem cardiac macroscopic data are presented in

Table 2. For better understanding, we have also added

Supporting Information: Table S2, with the actual numbers used to

generate the percentages (Supporting Information: Table S2). Except

for the tibia, all parameters were higher in AS‐Sed than C‐Sed and

AS‐Ex groups.

3.1 | Identification of differentially abundant
proteins

Analysis by Progenesis software identified 404 myocardial proteins;

165 proteins were considered for the comparative study, as they met

the criterion of two or more unique peptides. ANOVA was used to

F IGURE 4 Label‐free myocardial proteomic
data of AS‐Sed versus C‐Sed groups. (a)
Hierarchical clustering analyses (heatmap) using
unsupervised Euclidean distance of all
differentially abundant proteins between groups.
A detailed description of protein names is shown
in Supporting Information: Table S3. (b)
Unsupervised multivariate principal component
analysis (PCA). AS‐Ex, exercised aortic stenosis;
AS‐Sed, sedentary aortic stenosis.
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identify comparisons of interest. The abundance of 58 proteins

significantly differed between groups; AS‐Sed had 26 proteins

increased and 26 proteins decreased in relation to C‐Sed. AS‐Ex

had the abundance of one protein increased and nine proteins

decreased compared to the AS‐Sed. This information is detailed

in Supporting Information: Table S3. To graphically represent

the myocardial proteome results and the level of significance

and magnitude of the changes, we performed a hierarchical

cluster analysis of all proteins differentially abundant between

AS‐Sed versus C‐Sed and AS‐Ex versus AS‐Sed; this revealed

evident separation between groups (Figures 4a and 5a, respec-

tively). We also performed multivariate principal component

analysis (PCA), showing differences according to treatment

(Figures 4b and 5b).

3.2 | Bioinformatics analysis

Proteomic results were acquired by label‐free quantitative analysis

(shotgun label‐free) and were submitted to a functional enrichment

analysis using GO terms and the KOBAS software. The procedure

allowed the identification of biological processes linked to the

differentially abundant proteins with both increased and decreased

abundance, focusing on two comparisons, AS‐Sed versus C‐Sed and

AS‐Ex versus AS‐Sed. The list of proteins with their related biological

process is presented in Tables 3 and 4, and the gene names are

detailed in Supporting Information: Table S3.

A protein–protein interaction network was constructed using the

STRING database to visualize the possible relationship between

proteins differentially observed. A network of interactions was

observed between most of the 52 proteins that were differentially

abundant. Most changed proteins from AS‐Sed versus C‐Sed rats

were related to metabolic processes; these are represented by red

circles (FDR: 6.49e−18). The network analysis also highlighted

changes in lipid metabolism (gray circle); this functional category

had the highest number of changed proteins (Figure 6). AS‐Ex had

alterations in 10 proteins compared to AS‐Sed; the interaction

network showed that 50% of these are related to biological

regulation. Network analysis highlighted strong evidence for changes

in cellular oxidant detoxification (gray circle) and acute inflammatory

response (Figure 7).

GO enrichment analysis showed changes in molecular function,

such as acetyl‐CoAtransferase activity, fatty acyl‐CoA binding, and

electron transfer activity, with most proteins downregulated in AS‐

Sed compared to C‐Sed (Figure 8). Most of the enriched pathways for

the GO biological process showed a decrease in proteins involved in

lipid metabolism, highlighting fatty acid beta‐oxidation, electron

transport chain, and tricarboxylic acid cycle. On the other hand,

upregulated proteins were related to the glycolytic process,

carbohydrate metabolism, response to oxidative stress, and hypoxia.

Other altered proteins were involved in cell death regulation,

stress‐activated MAPK cascade, and intermediate filament‐based

process. Finally, GO cellular component analysis suggested that most

of the changed proteins were related to mitochondria and mitochon-

drial matrix.

Analysis of the GO molecular functions for AS‐Ex versus AS‐Sed

(Figure 9) showed that exercise had beneficial effects on oxidant and

cytochrome c‐oxidase activities, and cytoskeleton constituents.

Evaluation of GO biological processes shows alterations in cellular

oxidant detoxification, vasodilation, regulation of the glycolytic

process, and immune system. Interestingly, all these pathways were

reduced by ET. As for the GO cellular component, most of the

enriched pathways were related to mitochondria, cytoskeleton,

contractile machinery, and the haptoglobin‐hemoglobin complex,

which were decreased by ET.

3.3 | Validation of differentially expressed proteins
by Western blot analysis

To validate differentially abundant proteins, Western blot analysis

was performed to probe four proteins involved in cardiac energy

metabolism, which were selected based on confidence in protein

identification, magnitude of change by proteomics, and biological role

F IGURE 5 Label‐free myocardial proteomic data of AS‐Ex versus
AS‐Sed groups. (A) Hierarchical clustering analyses (heatmap) using
unsupervised Euclidean distance of all differentially abundant
proteins between groups. A detailed description of protein names is
shown in Supporting Information: Table S3. (B) Unsupervised
multivariate principal component analysis (PCA). AS‐Ex, exercised
aortic stenosis; AS‐Sed, sedentary aortic stenosis.
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in cardiac remodeling (Figure 10 and Supporting Information:

Figure S1). The proteomic data were confirmed for proteins MCAD

and FABP3 which were lower and LDH which was higher in AS‐Sed

than C‐Sed. PK expression did not differ between the groups, thus

not corroborating with proteomic results.

4 | DISCUSSION

The molecular changes related to cardioprotection from ET in AS

rodents are still poorly understood. Label‐free shotgun proteomics is

a robust tool to provide insights into biological mechanisms. The

technique identified 58 proteins differentially abundance between

the groups, most involved in energy lipid and glycolytic metabolism,

oxidative stress, inflammation, and structural architecture.

4.1 | Effects of physical training on functional
capacity and the heart

Exercise prevents damage to the heart caused by various types of

injury (Pazzianotto‐Forti et al., 2020; Saco‐Ledo et al., 2020; Sjölin

et al., 2020; Suppan et al., 2020). As rats with persistent pressure

overload are intolerant to physical effort, we used a moderate‐

volume, low‐intensity training protocol (de Souza et al., 2020; Mota

et al., 2020). ET improved functional capacity in both C‐Ex and AS‐Ex

groups, which may be related to improved muscular and cardiocircu-

latory oxidative efficiency (Souza et al., 2014). Decreased lactate

concentration in the trained groups reinforces improved functional

capacity. Reduced lactate concentration may be due to higher

oxidation of fatty acids, the conversion of lactate into glycogen, and

lower anaerobic glycolysis (Brooks, 2018).

TABLE 3 Biological process of AS‐Sed versus C‐Sed groups.

Biological process
Proteins
Up Down

Lipid metabolism

Receptor of fatty acids ─ FABP3

Mitochondrial β‐Oxidation ─ ACADM; HADHB; HADH; ACAT1;

HADHA; ACADS; ETFB; ACSL1

Glucose metabolism

Glycolysis PGM1; PGAM1; PKLR; TPI1;
LDHA; GPI

─

Ketone body metabolism

Catabolism OXCT1 ─

Tricarboxylic acid cycle ─ CS; GLUD1

Oxidative phosphorylation

Electron transport chain ─ ETFDH; SDHA; COX7A2; UQCRFS1;
NDUFA10; DLD

ATP‐synthase complex ─ ATP5PB

Energy transfer CKB CKM; CKMT2

Oxidative stress and inflammation KNG1; PPIA; HPX; ALDH2 ─

Antioxidant defense PRDX6; PRDX2; PARK7 ─

Cytoskeleton PFN1; FHL1; VIM; TGM2 ACTB; WASHC2C

Apoptosis ANXA5; ZC3H13; MAOA; TUFM ─

Antiapoptosis HSPB6; HSPB1; CRYAB ─

Transport

Protons ─ SLC25A4; ATP5PO

Oxygen ─ HBB

Intracellular protein ─ UQCRFS1

Note: Biological process of the main up‐ and downregulated proteins identified by proteomics. A detailed description of proteins is shown in Supporting
Information: Table S3.

Abbreviations: AS‐Sed, sedentary aortic stenosis; C‐Sed, sedentary control.
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AS had LV and atrial hypertrophy, which was attenuated by ET.

Studies have suggested that exercise‐activated physiological

pathways counter‐regulate pathological pathways (Bernardo

et al., 2018). Long‐term AS induces concentric hypertrophy; if

this process persists, LV function is impaired (Mota et al., 2020). At

the end of the experiment, most AS rats presented HF features,

which were attenuated by ET. Physical training attenuated LV and

atrial structural changes and improved systolic and diastolic

function in AS‐Ex.

Research on the influence of exercise in pressure overloaded‐

induced cardiac remodeling has produced disparate results in

rodents. Spontaneously hypertensive rats subjected to low‐intensity

exercise had improved contractility and cardiac remodeling (Pagan

et al., 2015, 2021, 2019). However, when subjected to voluntary

wheel running, which is characterized by short periods of intense

activity (Gomes et al., 2016), hypertensive rats (Pagan et al., 2019)

and AS mice (van Deel et al., 2011) had impaired cardiac remodeling.

Furthermore, exercise initiated 18 weeks after AS induction failed to

improve ventricular function in rats (Gomes et al., 2016; Reyes et al.,

2019). Our data showed that starting training before functional

deterioration is useful to reduce pathological remodeling. Thus, both

TABLE 4 Biological process of AS‐Ex versus AS‐Sed groups.

Biological process
Proteins
Up Down

Ketone body metabolism

Catabolism ─ OXCT1

Glucose metabolism

Glycolysis ─ PGAM1

Oxidative Phosphorylation

Electron transport chain COX4I1 ─

Antioxidant defense ─ MAOA; HPX;

PRDX6; HP

Oxidative stress
andinflammation

─ KNG1

Cytoskeleton ─ VIM; PFN1

Note: Biological process of the main up‐ and downregulated proteins
identified by proteomics. A detailed description of proteins is shown in
Supporting Information: Table S3.

Abbreviations: AS‐Ex, exercised aortic stenosis; AS‐Sed, sedentary aortic
stenosis.

F IGURE 6 Network of protein–protein interactions differentially abundant in the myocardium of AS‐Sed versus C‐Sed groups. The
interaction network analysis was constructed using STRING online software with a medium confidence level of 0.4. Circles represent proteins,
while straight lines represent interactions between different proteins. Line thickness indicates strength of evidence, with thicker connections
indicating greater interaction robustness. Red circles represent metabolic process proteins and gray circles represent lipid metabolism proteins.
AS‐Sed, sedentary aortic stenosis; C‐Sed, sedentary control.
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intensity and timing of physical training are important players in

adaptations occurring during pressure overload‐induced cardiac

remodeling.

4.2 | Effects of AS on the myocardial proteome

The most evident influence of AS on the cardiac proteome was

related to the energy metabolism. AS‐Sed had lower lipid‐related

protein abundance and higher glycolytic pathway‐related proteins

than C‐Sed. Energy metabolism changes play a major role in

ventricular dysfunction (Nakamura & Sadoshima, 2018). The heart

has a high metabolic plasticity; it can use different substrates such

as fatty acids (FAs), glucose, lactate, ketone bodies, and amino

acids to generate ATP (Kadkhodayan et al., 2013). FA is the main

source of energy; under physiological conditions, approximately

50%–70% of heart ATP synthesis comes from FA oxidation;

glycolytic pathway contribution is around 30%–40% (Kolwicz

et al., 2013). In pathological remodeling, decreased FA metabolism

is secondary to lower expression and activity of the proteins

involved in FA uptake and oxidation. Glycolysis is increased,

although with no proportional increase in glucose mitochondrial

oxidation (Nakamura & Sadoshima, 2018). In fact, the abundance

of proteins involved in the Krebs cycle, electron transport chain,

and ATP‐synthase complex was lower in AS‐Sed, suggesting an

impairment in mitochondrial energy production.

Myocardial changes in ketone body metabolism have received

increasing attention (Nakamura & Sadoshima, 2018). OXCT1 protein,

an enzyme responsible for ketone body catabolism, was higher in AS‐

Sed than C‐Sed. Serum ketone bodies are increased in HF and may

have a cardioprotective role by generating less reactive oxygen

species (ROS) (Schugar et al., 2014). In accordance with our results,

the proteins involved in FA use were lower and β‐hydroxybutyrate

dehydrogenase 1, a key enzyme in ketone body oxidation, was higher

in AS mice (Aubert et al., 2016). High concentrations of circulating

ketones appear to reduce myocardial inflammation and prevent HF

development (Byrne et al., 2020).

Metabolic alterations in the failing heart, mainly decreased

β‐oxidation, mitochondrial dysfunction, and increased glucose oxida-

tion, can increase ROS production. In agreement, our data showed

alterations in proteins related to antioxidant defense. Two mitochon-

drial antioxidant enzymes were increased: PRDX2, responsible for

ROS detoxification, and PRDX6, which plays a role in the turnover of

cell phospholipids, repairing the peroxidized cell membrane

(Fisher, 2017).

Parkinson's protein 7 (PARK7/DJ‐1) was higher in AS‐Sed than

C‐Sed. PARK7 reduces the proapoptotic pathway and stimulates the

PI3K/Akt pathway (Xin et al., 2020). Higher PARK7 levels are related

to reduced cell death, decreased ROS production, and increased

antioxidant enzyme synthesis (Lu et al., 2012; Yan et al., 2015). The

proteolytic activity of PARK7 against glycative stress protects from

ischemia‐reperfusion‐induced cardiac injury (Lee et al., 2012; Shimizu

et al., 2020). On the other hand, myocardial PARK7 deficiency

increases vulnerability to oxidative stress (Bonifati et al., 2003) and its

absence has been linked to worse post‐ischemia‐reperfusion injury

and pressure overload‐induced ventricular dysfunction (Billia et al.,

2013; Dongworth et al., 2014). In this study, changed PRDX6,

MAOA, PRDX2, and PARK7 abundance may be a compensatory

response to increased ROS. Although increased antioxidant defense

is observed in HF (Tsutsui et al., 2011), it is not sufficient to prevent a

pro‐oxidant state. Also, COX‐2, an oxidative stress and inflammation

marker, was higher in AS‐Sed than C‐Sed (data not shown).

Inflammation‐related PPIA, KNG1, HPX, and ALDH2 proteins were

upregulated in AS‐Sed compared to C‐Sed. An increase in these

proteins has been associated with impaired cardiomyocyte injury in

different experimental models (Alvarado et al., 2020; Belcher et al.,

2014; Cheng et al., 2021; Perrucci et al., 2015).

Cytoskeleton‐associated proteins PFN1, FHL1, VIM, and TGM2

were higher, and ACTB and WASHC2C were lower in AS‐Sed than C‐

Sed. The cardiac cytoskeleton is important for maintaining cardio-

myocyte structural and functional integrity (Sequeira & van der

Velden, 2014). An imbalance in structural proteins may explain, at

least in part, the cardiac dysfunction seen in AS‐Sed. Some proteins

that participate in apoptosis (ANXA5, ZC3H13, and MAOA) were

higher in AS‐Sed as were some antiapoptotic proteins (HSPB6,

HSPB1, and CRYAB). The proteome of AS rodents has also shown

increased abundance of apoptosis‐related proteins (Cheng et al.,

2013; Lee et al., 2006; Quindry et al., 2012).

F IGURE 7 Protein–protein interaction network for all
differentially abundant proteins in the myocardium of rats from
AS‐Ex versus AS‐Sed groups. Interaction network analyses were
constructed using STRING online software with a medium confidence
level of 0.4. Circles represent proteins, while straight lines represent
interactions between different proteins. Line thickness indicates
strength of evidence, with thicker connections indicating greater
interaction robustness. Blue circles represent proteins involved in
biological regulatory processes and gray circles represent proteins
involved in lipid metabolism. AS‐Ex, exercised aortic stenosis; AS‐Sed,
sedentary aortic stenosis.
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F IGURE 8 Gene ontology enrichment analysis for up‐ and downregulated myocardial proteins from AS‐Sed versus C‐Sed group. Analysis
was performed using the Kobas tool (http://kobas.cbi.pku.edu.cn/) providing the terms significantly enriched GO, Molecular Function, Biological
Process, and Cellular Component. In the left panel, the horizontal axis indicates the significance (−log10 p value) of the functional association,
which is dependent on the number of proteins altered in each class. In the right panel, changes in the pattern of cellular components, biological
process, and molecular function are displayed as the number of proteins with increased or decreased levels (horizontal axis). AS‐Sed, sedentary
aortic stenosis; C‐Sed, sedentary control.
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4.3 | Effects of aerobic physical training on the
myocardial proteome

Moderate‐intensity aerobic exercise had no effect on the myocardial

proteome when applied to healthy rats. ET modulated 10 proteins.

Although the number of changed proteins may be modest, the total

number is considerable, particularly when taking into account the

updated Swiss‐Prot database used for identifying rat proteins, which

contains less than half the number of proteins reviewed for Homo

sapiens. Abundance of COX4I1, a protein related to mitochondrial

biogenesis, was higher in AS‐E than in AS‐Sed. Tissue hypoxia

stimulates myocardial changes (Semenza, 2014). A master regulator

of the hypoxia response, hypoxia‐inducible factor (HIF‐1α), regulates

oxygen‐dependent oxidative enzyme cytochrome C‐oxidases (COX4)

(Fukuda et al., 2007). Under physiological conditions, COX4I1 gene

expression is high, and COX4I2 is repressed. Under hypoxia, HIF‐1α

activity is elevated along with other genes, including COX4I2,

necessary for degradation of COX4I1 (Fukuda et al., 2007). In our

study, the higher COX4I1 abundance suggests increased tissue

oxygen supply. Reinforcing this, myocardial relative protein abun-

dance of HIF‐1α was lower in AS‐E than AS‐Sed (data not shown).

Our results therefore suggest that one of the cardioprotection

F IGURE 9 Gene ontology enrichment analysis for up‐ and downregulated myocardial proteins from AS‐Ex versus AS‐Sed group. Analysis
was performed using the Kobas tool (http://kobas.cbi.pku.edu.cn/) providing the terms significantly enriched GO, Molecular Function, Biological
Process, and Cellular Component. In the left panel, the horizontal axis indicates the significance (−log10 p value) of the functional association,
which is dependent on the number of proteins altered in each class. In the right panel, changes in the pattern of cellular components, biological
process, and molecular function are displayed as the number of proteins with increased or decreased levels (horizontal axis). AS‐Ex, exercised
aortic stenosis; AS‐Sed, sedentary aortic stenosis.
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mechanisms generated by ET is related to mitochondrial biogenesis.

Interestingly, OXCT1 abundance decreased with ET. This enzyme

regulates ketone body catabolism. We have not found any studies

describing how training modulates OXCT1 during HF. By decreasing

OXCT1, physical training could be harmful to the heart.

Another protein negatively modulated by exercise was

the enzyme PGAM1, which catalyzes the conversion of 3‐

phosphoglycerate to 2‐phosphoglycerate (Tran & Wang, 2019). As

the glycolytic pathway is increased in HF, a reduction in PGAM1

suggests decreased myocardial glycolysis. Interestingly, exercise did

not change beta‐oxidation. Decreased glucose and ketone body

metabolism with unchanged beta‐oxidation may suggest that ET is

not a beneficial therapy in AS. However, echocardiogram did show

LV structural and functional improvement after ET.

ET decreased the abundance of proteins related to oxidative

stress and inflammation. Our results suggest that counter‐regulation

of the damage caused by increased ROS may be one of the

mechanisms for attenuating cardiac dysfunction by exercise. In fact,

regular exercise decreases systemic oxidative stress (Bozi et al.,

2016; Cardoso et al., 2013) and attenuates inflammation in rats with

ventricular dysfunction (Liao et al., 2019; Reyes et al., 2019). KNG1, a

protein with pro‐inflammatory, proapoptotic, and pro‐oxidant func-

tion, was higher in AS‐Es=x than AS‐Sed; we can therefore infer that

reduction in inflammatory, apoptotic, and oxidant processes was

involved in the improvement of AS‐Ex hearts (Xu et al., 2018).

Another protein reduced by exercise was HPX, a plasma protein with

the highest binding affinity for heme. In the cardiovascular system,

heme modulates antioxidant defense, signal transduction, oxygen

F IGURE 10 Validation of proteomic results by Western blot. Data are mean, SD, and individual values. AS‐Ex, exercised aortic stenosis;
AS‐Sed, sedentary aortic stenosis; C‐Ex, exercised control; C‐Sed, sedentary control; FABP3, fatty acid‐binding protein 3; GAPDH,
glyceraldehyde‐3‐phosphate dehydrogenase; LDH, lactate dehydrogenase; MCAD, medium‐chain acyl‐CoA dehydrogenase; PK, pyruvate
kinase. Two‐way ANOVA and Bonferroni; n = 6–7 per group; * p < 0.05; ** p < 0.001.
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transport, hemoglobin storage, and mitochondrial electron transport

(Yanatori et al., 2019). Increased heme levels are related to increased

oxidative stress in cardiomyocytes during HF (Bhoite‐Solomon et al.,

1993; Khechaduri et al., 2013). Finally, ET decreased PFN1 and

vimentin (VIM), proteins related to myocardial architecture. PFN1

modulates cytoskeletal dynamics, promoting actin polymerization,

and is linked to endothelial dysfunction and increased inflammation.

VIM is a Type III intermediate filament protein that participates in

supporting and anchoring cytosolic organelles (Katsumoto et al.,

1990). We have not found any studies addressing VIM expression in

pressure‐overloaded animals subjected to ET. Additional research is

needed to validate all proteins with changed relative abundance by

more precise methods such as Western blot and ELISA.

Figure 11 shows an overview of the effects of supravalvular AS

and ET on the rat myocardial proteome. The proteins encoded by the

genes are detailed in Supporting Information: Table S3.

5 | CONCLUSION

Chronic pressure overload changes the abundance of myocardial

proteins that are mainly involved in lipidic and glycolytic energy

metabolism in rats. Moderate‐intensity aerobic training attenuates

changes in proteins related to oxidative stress and inflammation

and increases the COX4I1 protein related to mitochondrial

biogenesis. Protein changes are combined with improved

F IGURE 11 Overview of the effects of supravalvular aortic stenosis (AS) and aerobic physical training on the rat myocardial proteome.
Identified proteins are shown according to the change: red for upregulated proteins and blue for downregulated proteins in the myocardium of
AS‐Sed versus C‐Sed rats; orange for upregulated proteins and green for downregulated proteins in the myocardium of AS‐Ex versus AS‐Sed
rats. α‐KG, α‐ketoglutarate; AGE, advanced glycation end product; CK, creatine kinase; Cr, creatine; P5C, pyrroline‐5‐carboxylate; OAA,
oxaloacetate; PCr, phosphocreatine; ROS, reactive oxygen species; SR, sarcoplasmic reticulum; SSA, semialdehyde succinate; TCA, tricarboxylic
acid cycle; I, II, III, IV, and V, mitochondrial oxidative phosphorylation complexes (I–IV: respiratory chain complexes; V: ATP synthase complex).
Description of protein names is shown in Supporting Information: Table S3.
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functional capacity, cardiac remodeling, and left ventricular

function in AS rats.
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