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Strength training improves heart function, 
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Abstract 

Background/objectives Myocardial infarction (MI) frequently leads to cardiac remodeling and failure with impaired 
life quality, playing an important role in cardiovascular deaths. Although physical exercise is a well‑recognized effec‑
tive non‑pharmacological therapy for cardiovascular diseases, the effects of strength training (ST) on the structural 
and functional aspects of cardiac remodeling need to be further documented. In this study, we aimed to investigate 
the role of a linear block ST protocol in the rat model of MI.

Methods and results After 6 weeks of MI induction or sham surgery, male adult rats performed ST for the follow‑
ing 12 weeks. The ladder‑based ST program was organized in three mesocycles of 4 weeks, with one load incre‑
ment for each block according to the maximal carrying load test. After 12 weeks, the infarcted‑trained rats exhibited 
an increase in performance, associated with reduced cardiac hypertrophy and pulmonary congestion compared 
with the untrained group. Despite not changing MI size, the ST program partially prevented cardiac dilatation 
and ventricular dysfunction assessed by echocardiography and hemodynamics, and interstitial fibrosis evaluated 
by histology. In addition, isolated cardiac muscles from infarcted‑trained rats had improved contractility parameters 
in a steady state, and in response to calcium or stimuli pauses.

Conclusions The ST in infarcted rats increased the capacity to carry mass, associated with attenuation of cardiac 
remodeling and pulmonary congestion with improving cardiac function that could be attributed, at least in part, 
to the improvement of myocardial contractility.
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Introduction
In 2019, almost 19 million deaths were attributed to 
cardiovascular diseases (CVD), which represented an 
increase of 17.1% compared to 2010 [1]. CVDs are a 
group of disorders where ischemic heart disease and 
myocardial infarctions (MI) are the most impactful and 
damaging. Despite the great advances in the cardiovas-
cular therapies in the last decades, MI remains the most 
common cause of heart failure (HF) in those patients 
who survive acute insults. Following the ischemic event 
that culminates in myocardial necrosis, the consequent 
chamber overload induces remodeling and hypertrophy 
of the remnant myocardium, which imply in contractile 
impairment and intensify of global cardiac dysfunction 
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characterized by exercise intolerance and a significant 
impairment on health-related quality of life [2].

It has also been documented that a sedentary lifestyle 
and physical inactivity have contributed to the increased 
incidence and prevalence of chronic illness such as CVD, 
and individuals need to implement strategies that modify 
these aspects of lifestyles. Involvement in physical activ-
ity and physical training have been widely investigated to 
reduce morbidity and mortality. Different aerobic train-
ing protocols (e.g., swimming and walking) have been 
shown to have positive effects on the cardiovascular sys-
tem, both in humans and animals [3–9]. Specifically aim-
ing the preservation of cardiac function post-MI, many 
animal studies on treadmill or swimming trainings have 
been extensively performed [10, 11, 11, 12, 12, 13, 13], 
demonstrating positive effects on cardiac remodeling 
[14], coronary perfusion [15, 16] and cardiomyocyte cal-
cium handling [17].

In addition, strength training (ST) has also been shown 
to be effective in reversing skeletal muscle atrophy and 
improving quality of life [3, 18–22], enhancing  VO2 max. 
[23], increasing strength [24] and muscular endurance 
[25] in patients post-MI. Studies indicate that isolated 
ST [26–29] or combined with aerobic exercises [23, 30, 
31], are also beneficial in animal models of MI without 
adverse events [32–35]. These effects include improve-
ment in  VO2peak [27], metabolism and structure of 
skeletal muscle [28, 36], immune and autonomic modula-
tion [29, 37] and increase in muscle strength [28, 38, 39]. 
However, the effects of ST on the structural and func-
tional aspects of cardiac remodeling need further inves-
tigation and documentation. Thus, the aim of the present 
study was to investigate the role of a structured ST pro-
tocol on cardiac remodeling and myocardial function in 
rats submitted to an MI model.

Materials and methods
Animal care and study design
All protocols were previously evaluated and approved 
by the institutional Committee on ethics in the use of 
animals (project number 10/2021). Young (8–10 weeks 
old) disease-free male Wistar rats (n = 30) were provided 
by the UFES Central Animal Facility and kept in collec-
tive boxes with water and food “ad libitum”, in an envi-
ronment with temperature control (22  ºC), air humidity 
(54%) and light cycle/dark (12/12  h). The animals were 
randomly distributed into controls (sham surgery) or 
infarcted (coronary occlusion). After 6 weeks, surviving 
infarcted animals were redistributed and kept untrained 
or trained for the following 12 weeks. For the final analy-
sis, three experimental groups were composed: control 
(C; n = 7–10), infarcted (MI; n = 9–10), and infarcted 
trained (MIT, n = 8–10).

Myocardial infarction induction
Experimental MI was produced according to a standard-
ized model described by previous studies [40, 41]. Briefly, 
animals were anesthetized with a mixture of ketamine 
(50  mg/kg i.p.) and xylazine (10  mg/kg i.p.), and after 
orotracheal intubation (Gelko-14G), mechanical ventila-
tion was instituted with a ventilator (Rodent ventilator 
Mod 683, Harvard Apparatus©, Boston-MA, USA) with a 
frequency of 90 movements/minute and a tidal volume of 
2.0 ml. Through a left thoracotomy using the third inter-
costal space as a reference, the heart was exteriorized and 
the anterior interventricular branch of the left coronary 
artery was occluded at the level of the lower border of the 
left atrium with 6.0 mononylon thread, causing perma-
nent arterial occlusion. Next, the heart was internalized 
and the thorax immediately closed using a purse-string 
ligature, previously prepared. Thereafter, animals were 
removed from artificial ventilation and natural breathing 
was stimulated. Because cardiac dysfunction becomes 
evident after the healing period of large MI, only animals 
with MI occupying more than 35% of the left ventricle 
(LV) as measured by echocardiography performed 48  h 
post-surgery were used. The control group consisted of 
animals submitted to sham coronary occlusion surgery 
(underwent thoracotomy without artery occlusion) and 
remained without physical training for the following 
18 weeks.

Echocardiography
After 48  h of surgery, the surviving animals supposedly 
infarcted were submitted to echocardiography to con-
firm MI by detecting and measuring the extent of MI in 
relation to the LV wall. Examination was done by one 
observer blinded to the animal group, with a HP SONOS 
5500 (Philips Medical Systems, Andover, MA, USA) and 
a 12-MHz/2-cm transducer, according to previously 
detailed technique [40–42]. The infarct size was meas-
ured by echocardiography at basal, medium and apical 
LV levels, by analyzing the length of the arc correspond-
ing to the hypokinetic and/or akinetic portion (infarcted 
area) and the total perimeter of the LV endocardial bor-
der at the end of diastole. Thus, the relative MI size was 
expressed in % of the LV averaged in three planes. This 
echocardiographic approach has previously been proven 
to be accurate in estimating infarct size compared to his-
tochemical method [43]. Then, all infarcted rats remained 
at rest for six weeks for complete infarct healing. At the 
end of the sixth week, infarcted rats were subsequently 
randomized in MI or MIT groups and 12  weeks after 
training protocol a complete Doppler echocardiogra-
phy was performed in all groups for the morphofunc-
tional evaluation of the LV. The LV end-diastolic and 
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end-systolic transverse areas were measured and frac-
tional area shortening (FAS) was calculated. The param-
eters of mitral diastolic inflow velocity curves derived 
from pulsed-wave Doppler (peaks of E- and A-wave 
velocities) were used to assess diastolic function.

Strength training program
The apparatus used to perform ladder-based resistance 
(strength) training was adapted from previous stud-
ies [44, 45] and consisted of a vertical ladder measuring 
110  cm high by 18  cm wide, 80° inclination, and with 
spacing of 2  cm between steps. At the top there was a 
20 × 20 × 20 cm chamber for rest between climbing sets 
[45], and at the base, an elevated structure was fixed 
avoiding any contact of the animal’s tail or the load sys-
tem with the ground. To fix the loads to the animal, stain-
less steel cable was used to attach cylinder weights.

Adaptive training and apparatus familiarization con-
sisted of rats performing five attempts per day from dif-
ferent points on the ladder: near the top, in the middle, 
and the bottom; during ten consecutive days without any 
load attached to the animal’s tail. In the first week, the 
animals remained for 120  s in the rest chamber (at the 
top of the ladder) in order to realize that the environment 
did not present any danger to the animals. In the first and 
second attempts, animals were placed near to the top 
at a distance of approximately 35 cm from the chamber 
entrance. On the third and fourth attempts, the animals 
were positioned in the middle, and in the last attempt, 
the animals were placed at the bottom (beginning) of the 
ladder, 110 cm away from the chamber entrance.

Ten days after complete adaptation, the maximum car-
rying load capacity was assessed for each rat by perform-
ing climbs with progressively heavier loads. On the first 
attempt, rats climbed the ladder carrying a load equiva-
lent to 70% of their body mass. Then, an additional 30 g 
of load was added at every successful climb until the 
rats could not climb the entire ladder for three consecu-
tive attempts with a 5-min interval between attempts. 
The heaviest load successfully carried was considered 
the maximum carrying load. The maximum load was 
assessed every week for each rat. The ST protocol con-
sisted of 12 daily climbs with different loads referring to 
the % of the maximum carrying load, with a 90-s recov-
ery interval between sets, five times a week, for 12 weeks, 

as previously described in a study by our group [46]. The 
ladder length permits 8 to 12 movements (repetitions) to 
climb from the bottom to the top. The load evolutions are 
described in Table  1, being increased proportionally to 
the training period during the week period.

Hemodynamic assessment
Cardiac hemodynamics were assessed at the end of the 
18th week of experiment with the animals anesthetized 
with urethane (1.2  g/kg, i.v., Sigma, MO, USA), kept 
warm (± 37  °C) and under mechanical ventilation (fre-
quency: 100 movements/minute and tidal volume: 10 ml/
kg) enriched with oxygen, according to the standardized 
technique in the laboratory [42]. The right femoral vein 
was catheterized to maintain the anesthetic plane, drug 
and hydro saline administration. Right ventricle (RV) 
catheterization was performed from the right external 
jugular vein through a PE20 polyethylene catheter 8 cm 
in length, whose distal end was positioned inside the RV. 
To assess LV pressures, a micromanometer (MikroTip® 
2F, Millar Instruments Inc., Houston, TX, USA) had its 
distal end positioned inside this cavity after catheteriza-
tion of the right common carotid artery. Intraventricular 
pressure data were obtained using AcqKnowledge® 3.7.5 
software (Biopac Systems Inc., CA, USA) and the follow-
ing parameters was measured or calculated: systolic and 
end-diastolic ventricular pressures (mmHg), heart rate 
(bpm) and first temporal derivative of pressure (dP/dt, in 
mmHg/s).

Determination of cardiac masses and lung water content
The atrial and ventricular masses were measured, and 
lung water content was estimated as previously detailed 
[40, 41]. Briefly, the heart was dissected, separating the 
right and left atria, as well as the left and right ventricles, 
and all chambers were weighed on a calibrated preci-
sion scale. In addition, lung water content was estimated 
in a sensitive analysis and an indicator of tissue conges-
tion, as verified in other studies [40, 41]. After the kill-
ing of the animals in the experimental groups, the right 
lung was isolated by stitching with cotton thread around 
the pulmonary hilum to avoid fluid loss during manipu-
lation. It was then removed from the animal and imme-
diately weighed, which allowed calculation of wet mass. 
Tissue samples were kept in an oven (85 ºC for 12 h) and 

Table 1 Strength training sessions design

% intensity in relation to the maximum carrying load

Week Block 1 Block 2 Block 3

1 2 3 4 5 6 7 8 9 10 11 12

Intensity (%) 60 65 70 75 60 65 70 75 60 65 70 75
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later weighed. After that, the dry mass of the samples was 
determined. Once the dry mass of the lung was reached, 
the water content (%H2O) was defined by the equation:

Myocardial contractility assessed “in vitro”
Mechanical performance of the cardiac muscle was 
evaluated in papillary muscles isolated from the LV. 
Throughout a median thoracotomy, the hearts were 
quickly removed and placed in a Krebs–Henseleit nutri-
ent solution (132 NaCl; 4.69 KCl; 1.5 CaCl; 1.5  MgSO4; 
1.18  KH2PO4; 5.50 glucose and 20 of HEPES as a buffer) 
previously heated to 29  °C and bubbled with oxygen 
according to the standard technique [3, 10]. Briefly, the 
right ventricular free wall was excised to expose the 
interventricular septum, which was sectioned to access 
the LV papillary muscles. The posterior papillary mus-
cle was carefully dissected, and its ends were fixed by 
stainless steel rings. Then, the muscles were transferred 
to a glass chamber filled with oxygenated Krebs–Hense-
leit nutrient solution kept at 29 °C, and were electrically 
stimulated (model AVS-100, AVS Projetos Especiais, São 
Paulo, SP, Brazil) by square waves with a duration of 5 ms 
and a voltage approximately 10–15% higher than the 
minimum necessary to provoke a mechanical response, 
at a frequency of 0.2 Hz. Then, the muscle was carefully 
stretched by micromanipulator (model 2046F, Mitutoyo 
Sul Americana, São Paulo, SP, Brazil) attached to force 
transducer (model FT03E, Grass Instruments, Quincy, 
MA, USA), until it reached the top of the length/ten-
sion curve  (Lmax: diastolic length of the muscle in which 
the developed isometric tension reached the maximum 
value). The following parameters were analyzed in  Lmax: 
developed tension (DT); rest tension (RT); rate of ten-
sion variation, considering the maximum positive (+dT/
dtmax) and negative (-dT/dtmax) rates, time to peak of ten-
sion (TPT) and time for 50% relaxation (TR50%). After 
obtaining data under steady-state conditions, the follow-
ing protocols were also performed:

Post-pause potentiation: Pauses of stimuli (5, 10, 15, 
30, 45, 60 and 120 s) was produced, and the twitch that 
immediately followed the pause normalized by the con-
traction that preceded the pause was used to provide 
information on the calcium cycling [47–49].

Length–tension curves: After stabilization at  Lmax 
(100%), the DT was determined in the lengths cor-
responding to 92%, 94%, 96%, and  98% of  Lmax, which 
enabled the determination of the active length–tension 
curve (Frank–Starling relationship) and passive length–
tension curve (myocardial stiffness) [3, 10].

Contractile response to extracellular calcium: After 
stabilization the nutrient solution containing 1.5  mM 

%H2O =

(

wet mass − dry mass
)

/ wet mass x 100.

of calcium was replaced by another containing a higher 
concentration of calcium (2.5 mM).

Once the maneuvers assessing myocardial values were 
completed, the muscles were removed from the system 
and the segment between the steel rings was isolated and 
weighed on an OCCU-124 model scale (Fisher Scientific, 
Pittsburg, PA, USA). Thereby, tension measured obtained 
in grams was then corrected by the respective cross-sec-
tional area (g/mm2).

Histopathological study
After weighing and transversely cut, the apical half of 
LV was fixed with 4% formalin buffered with phosphate 
buffer solution (0.01 mM; pH 7.4) to obtain sections cut 
from the mid-transversal face of the heart, for micros-
copy according to Antonio et al. [40]. The samples were 
processed in an auto-technical device with a total cycle 
of 12  h for dehydration, clearing and paraffinization. 
Dehydration was performed with increasing concentra-
tions of ethyl alcohol until reaching absolute alcohol, 
cleared in xylol, impregnated and embedded in paraffin 
at 60ºC to obtain 3 μm cuts in a Minot-type microtome 
(Leica Microsystems Ltd, Germany). The light micros-
copy images were visualized in a microscope (Leica 
DM/LS, Leica Microsystems Ltd, Germany) connected 
to the image digitalization system (Leica Imaging Solu-
tions, Leica Microsystems Ltd, Germany) and the digital-
ized images of the hearts were analyzed using software 
(Leica QWin Plus V.3.2.0., Leica Microsystems Imaging 
Solutions Ltd., Cambridge, UK). To estimate myocyte 
hypertrophy, the average nuclear volume of cardiomyo-
cytes was measured in histological sections stained with 
hematoxylin and eosin, in areas remote from the infarc-
tion zone (septum and posterior wall) as previously pub-
lished [10, 50–52]. For each animal studied, 50 nuclei 
were measured, evaluated in a total of 10–15 fields of 
75,000 μm each, calculating the volume of each nucleus 
according to the equation [52]:

where d was the shorter diameter and D the longer diam-
eter measured.

To evaluate the collagen content in the interstitium of 
the myocardium remote to the infarction, sections were 
mounted on slides and stained using the picrosirius red 
according to previously published [42]. The calibra-
tion of the optical and digital system of the Image Tool 
3.0 software will allow us to analyze the images with an 
Olympus lens. Each image was captured with an UPlanFI 
40 × objective. Ten to fifteen fields captured from the 
interventricular septum and posterior wall remote from 
the infarct scar of each animal were evaluated. In the case 
of the posterior wall, to ensure that the area analyzed was 

Nuclear volume nuclear(V ) = π x D x d
2/ 6,
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tissue remote from the infarction zone, at least five fields 
of vision moving away from the area occupied by the scar 
were disregarded, to then be considered an area of analy-
sis. The results were expressed in percentage of the area 
occupied by collagen fibers in relation to the respective 
field of approximately 300,000 μm2 of area [51].

Statistical analysis
Data are presented as means ± standard error of the 
mean. The normality of data distribution was assessed 
using the Shapiro–Wilk’s test. Bivariate comparisons 
were performed using Student’s t test, for independent 
samples, and multivariate comparisons using 1-way or 
2-way analysis of variance (ANOVA), complemented by 
Tukey’s post hoc test if necessary. All analyzes were per-
formed using Prism 8.0 (GraphPad Software Inc., San 
Diego, CA, USA) and SPSS for Windows (version 12.0, 
SPSS Inc., Chicago, Illinois, USA) programs, with a sig-
nificance level set at p < 0.05.

Results
Effects of the strength training program on functional 
performance
The animals in the MIT group showed a progressive 
increase in the total load volume lifted in each block 
(1st: 32,514 ± 5,388  g, 2nd: 45,608 ± 3,237  g and 3rd: 
55,250 ± 7,370  g;  F(1.320, 11.88) = 41.20; p < 0.001), with 
an average total load volume of 44,424 ± 10,900  g. Fig-
ure  1 shows the maximum mass-bearing capacity of all 
groups over the follow-up period: while the C and MI 
groups did not differ significantly from each other over 
the training protocol, the MIT animals exhibited a mean 
increase of 60 ± 3% in relation to the evaluation prior to 
the beginning of the protocol. The assessment of strength 

capacity at the beginning of the experimental program 
(that is, after the MI healing period) indicated that the 
animals from the MI and MIT groups had a lower maxi-
mum capacity to carry load than the C group (F = 4.827; 
p = 0.0173). Furthermore, the MI and MIT groups did 
not differ before the beginning of the physical training 
protocols, showing homogeneity in the randomization 
process. Furthermore, while the untrained groups (i.e., 
C and MI) did not have significant changes in the maxi-
mum load carried (C:  F(3, 24) = 0.9254; p = 0.4436 and MI: 
 F( 3, 36) = 0.1254; p = 0.9444), the MIT group showed a 
significant and progressive increase, which confirms the 
effectiveness in improving muscle strength over time  (F(3, 

36) = 63.67; p < 0.0001).
Regarding the body mass, although an effect was found 

over time  (F(1, 25) = 635; p < 0.0001) indicating weight gain 
at the end of follow-up, as shown in Fig.  1B, it was not 
identified an effect of group  (F(2, 25) = 2.092; p = 0.1445). 
It is worth mentioning here that there were no animal 
deaths during follow-up.

Effect of strength training program on the cardiac mass 
and lung water content
In Table  2, absolute and relative masses (indexed by 
respective body mass) of the atria increased in the 
infarcted groups compared to the C group. However, the 
increases in the cardiac mass observed after infarction 
were significantly mitigated by the ST program, where 
the absolute and relative masses of the right ventricles 
(RV) and left ventricles (LV) of the MIT group were 
smaller than those from the MI group. The lung water 
content, as an indicator of pulmonary congestion, signifi-
cantly increased in the MI and MIT group in comparison 
to the C group. Nevertheless, the ST program signifi-
cantly attenuated this index.

Morphofunctional analysis by Doppler echocardiography
No differences were found in infarct size between the MI 
(45.2 ± 1.5% of LV) and MIT groups (45.4 ± 1.8% of LV) 
after 12 weeks of ST program (t = 0.082; 95% CI − 4.879–
5.279; p = 0.9350). However, significant changes were 
observed in the cardiac structural and functional param-
eters (Table  3). Although the LV areas were larger in 
both infarcted groups compared to the C group, the MIT 
group exhibited diastolic and systolic areas of the LV 
significantly smaller than MI animals. Similarly, the ST 
program also partially preserved the functional param-
eters impacted by the MI. The LV fractional shortening 
was higher in the MIT groups compared to MI, even 
when both groups had reduced values compared to the C 
group. The A and E wave velocities were changed in the 
MI compared to C animals, but not significantly in the 
MIT groups. In addition, the elevation of the E/A ratio 

Fig. 1 A Maximum carrying load measured before (Pre) and after the 
progressive blocks of the ST program of the infarcted and trained 
group (MIT, n = 10) compared with the untrained controls (C, n = 7) 
and infarcted (MI, n = 10) animals. B Body mass of groups measured 
before (Pre) and after training program (Post). Two‑way ANOVA 
plus Tukey’s post hoc test in A (*p < 0.05 vs. Pre, †p < 0.05 vs. MI, 
‡p < 0.05 vs. C and B (*p < 0.05 vs. Pre). Symbols and bars represent 
mean ± SEM
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observed in the MI group was not present in infarcted-
trained rats.

Effects of the strength training program on left ventricular 
hemodynamics
Table  4 shows the LV hemodynamics data from the 
groups assessed at the end of follow-up. No differences 
were observed between HR values between groups. By 
direct catheterization of the LV, a reduction of the sys-
tolic intraventricular pressure was observed in the MI 
group that was totally prevented by the ST program. LV 
end-diastolic pressure (LVEDP) was elevated in both 
infarcted groups, although MIT had LVEDP significantly 
lower than untrained MI rats. Similar behavior was 
found in the first derivative of pressure (dP/dtmax): +dP/
dtmax and -dP/dtmax and were impaired by infarction, but 
the ST program partially preserved these parameters 

of global cardiac function. Finally, no differences were 
observed in HR values between groups.

Effects of the strength training program on “in vitro” 
myocardial contractility
There were no significant differences in the lengths (C: 
7.37 ± 1.00 mm, MI: 5.40 ± 0.71 mm, MIT: 5.38 ± 0.58 mm; 
F = 2.77, p = 0.0814) and masses (C: 5.40 ± 0.71  mg, MI: 
6.34 ± 0.63 mg, MIT: 5.17 ± 0.45 mg; F = 0.97, p = 0.3912) 
of the papillary muscles isolated from the experimen-
tal groups. However the muscle cross-sectional area 
was larger in the MI group than the C group, while 
MIT had intermediary values (C: 0.73 ± 0.05   mm2, 
MI: 1.21 ± 0.07   mm2, MIT: 0.98 ± 0.03   mm2, F = 18.94, 
p < 0.001).

Myocardial mechanics evaluated at steady-state condi-
tion are shown in Table 4. Cardiac muscles from MI rats 
exhibited depressed maximal developed tension (DT) 
and its time-derivative when compared with the C group, 
while MIT muscle mechanics were partially preserved 
with parameters significantly better than MI, although 
it was still lower than the C group. For the time param-
eters of contraction and relaxation (i.e., TPT and  TR50%), 
the ST program was not able to interfere in the changes 
caused by infarction, which means that values of the MI 
and MIT groups were similar and both groups had longer 
times to contract and relax when compared to C. No dif-
ferences were observed in RT values between groups.

Under the use of different protocols for analysis of 
myocardial performance, additional significant effects 
of the ST program were noted. As shown in Fig.  2, 
pauses in the electrical stimulus induced potentiation 
of developed tension when stimuli were restarted, being 
this effect proportional to the pause duration. However, 

Table 2 Cardiac masses and lung water content

Values are means ± SEM of control (C, n = 10), infarcted (MI, n = 9) and infarcted and trained (MIT, n = 9) groups. Absolute masses of the cardiac chambers were indexed 
by the respective body mass (relative, mg/g of body mass)

RV, right ventricle. LV, left ventricle

*p < 0.05 vs. C. †p < 0.05 vs. MI, by 1-way ANOVA plus Tukey’s post hoc

C MI MIT F p

Atrial mass

 Absolute (mg) 27.6 ± 1.2 90.8 ± 13.6* 82.2 ± 15.6* 9.06 0.0011

 Relative (mg/g) 0.07 ± 0.01 0.25 ± 0.03* 0.23 ± 0.04* 9.30 0.0010

RV mass

 Absolute (mg) 156.2 ± 8.2 296.1 ± 29.9* 222.2 ± 18.7† 12.10 0.0002

 Relative (mg/g) 0.42 ± 0.02 0.83 ± 0.08* 0.61 ± 0.05† 12.46 0.0002

LV mass

 Absolute (mg) 487.6 ± 9.4 793.1 ± 19.3* 673.0 ± 6.1*† 150.1  < 0.0001

 Relative (mg/g) 1.31 ± 0.02 2.24 ± 0.05* 1.87 ± 0.02*† 170.2  < 0.0001

 Lung water (%) 77.80 ± 0.46 81.67 ± 0.50* 79.89 ± 0.26*† 98,22  < 0.0001

Table 3 Echocardiographic parameters of left ventricle after 
strength training program

Values expressed as mean ± SEM of control (C, n = 10), infarcted (MI, n = 10) and 
infarcted and trained (MIT, n = 10) groups

LVDA: left ventricle diastolic area, LVSA: left ventricle systolic area, E: E wave 
velocity, A: A wave velocity, E/A: E to A ratio, LVFS: LV fractional shortening

*p < 0.05 vs. C. †p < 0.05 vs. MI, by 1-way ANOVA plus Tukey’s post hoc

Parameters C MI MIT F p

Structural

 LVDA (mm) 26.3 ± 1.8 47.3 ± 5.8* 37.5 ± 2.1*† 80.90  < 0.0001

 LVSA (mm) 12.2 ± 0.7 37.3 ± 5.6* 26.3 ± 2.2*† 126.2  < 0.0001

Functional

 E (m/s) 73.6 ± 9.8 89.9 ± 13.3* 80.5 ± 12.8 4.58 0.0193

 A (m/s) 28.2 ± 5.6 18.4 ± 2.4* 27.5 ± 5.8† 12.58 0.0001

 E/A 2.71 ± 0.71 5.18 ± 0.54* 2.80 ± 0.42† 59.85  < 0.0001

 LVFS (%) 53.4 ± 3.1 21.4 ± 3.9* 29.8 ± 7.3*† 104.7  < 0.0001
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compared to the C group, this behavior was blunted in 
the muscles isolated from the MI group, having even a 
decay of force after each pause in relation to the steady-
state contractions. On the other hand, the MIT group 
showed partially preservation of the post-pause poten-
tiation of force. To simplify the analysis, the area under 
the curve (AUC) was calculated for each experiment 
and as shown in Fig. 2B, there was a reduction on the 
AUC of the group MI compared to C, while MIT exhib-
ited AUC smaller than C but significantly larger than 
MI  (F(2, 25) = 14.92; p < 0.0001).

In response to stretching (Fig.  3A), the best fit to the 
length–tension relationship resulted in a linear regres-
sion indicating that increase in the active tension was 
found for each stretch. As shown in Fig.  3B, significant 
differences were observed only between groups (F(2, 
25) = 4.841; p = 0.0167): the cardiac muscle isolated from 
the MI rats exhibited flattened responses with lower 
slopes (0.08 ± 0.01 g/mm2/%Lmax) than those from the C 
group (0.31 ± 0.08  g/mm2/%Lmax). However, this linear 
coefficient of the MIT group (0.16 ± 0.03  g/mm2/%Lmax) 
was intermediary and not statistically different from 
either C or MI slopes. The passive tension also increased 
as a function of muscle stretching, but the relation-
ship between stretching and passive tension had expo-
nential function as better fitting (Fig.  3C). As a result, 
Fig. 3D shows differences were evaluated as a function of 
the growth rate constant (K) that was higher in the MI 
group than C  (F(2, 25) = 4.785; p = 0.0174; C: 0.22 ± 0.01 g/
mm2/%Lmax; MI: 0.39 ± 0.05 g/mm2/%Lmax) suggesting an 
increased stiffness, while the MIT was partially preserved 
(0.29 ± 0.03 g/mm2/%Lmax).

The increase in the  Ca2+ concentration in the nour-
ishing solution from 1.5  mM to 2.5  mM stimulated 
the contractility of papillary muscle from all groups, 
as shown in Fig.  4. The increase in developed ten-
sion in response to  Ca2+ was insignificant in the MI 
group in relation to the response in the C group, while 
in the MIT group this response was partially pre-
served. Significant differences were found after chang-
ing the  Ca2+ from 1.5 mM to 2.5 mM in C (before  Ca2+ 
change: 6.54 ± 0.33  g/mm2 vs. after: 9.68 ± 0.46  g/mm2; 

Table 4 Hemodynamics of left ventricle and myocardial mechanics after strength training program

Values expressed as mean ± SEM of the control (C, n = 10), infarcted (MI, n = 10) and infarcted and trained (MIT, n = 9) groups.

HR: heart rate, LVSP: left ventricular systolic pressure, LVEDP: left ventricular end-diastolic pressure, +dP/dtmax: maximum rate of positive variation in LV pressure, -dP/
dtmax: maximum rate of negative variation in developed pressure, DT: developed tension, RT: rest tension, +dT/dt: maximum rate of positive variation of tension, -dT/
dtmax: maximum rate of negative variation of tension, TPT: time to peak of tension.  TR50%: time for RT to decay by 50%

*p < 0.05 vs. C. †p < 0.05 vs. MI, by 1-way ANOVA plus Tukey’s post hoc

Parameters C MI MIT F p

Hemodynamics

 HR (bpm) 357 ± 33 344 ± 26 333 ± 21 1.76 0.1914

 LVSP (mmHg) 117 ± 7 105 ± 7* 113 ±  6† 8.47 0.0015

 LVEDP (mmHg) 3 ± 1 17 ± 7* 10 ± 5*† 17.62  < 0.0001

  +dP/dtmax (mmHg/s) 8,863 ± 763 4,716 ± 1,211* 7,355 ± 1,408*† 33.35  < 0.0001

 ‑dP/dtmax (mmHg/s) 6,090 ± 551 3,602 ± 715* 4,959 ± 754*† 33.97  < 0.0001

Myocardial mechanics

 DT (g/mm2) 6.24 ± 0.27 2.36 ± 0.28* 3.81 ± 0.24*† 54.12  < 0.0001

 RT (g/mm2) 1.04 ± 0.09 1.00 ± 0.06 1.07 ± 0.08 0.13 0.8716

  +dT/dtmax (g/mm2/s) 61.56 ± 4.75 18.83 ± 2.85* 35.01 ± 1.64*† 39.46  < 0.0001

 ‑dT/dtmax (g/mm2/s) 45.47 ± 3.22 11.32 ± 1.66* 21.94 ± 1.33*† 57.97  < 0.0001

 TPT (ms) 174.00 ± 7.02 259.90 ± 9.74* 233.30 ± 10.37* 23.89  < 0.0001

  TR50% (ms) 139.77 ± 7.72 217.20 ± 14.36* 204.40 ± 12.84* 13.02 0.0001

Fig. 2 Panel A: effect of increasing pause durations on the relative 
contraction (post‑rest contraction divided by previous twitch 
of tension) of the control (C, n = 10), infarcted (MI, n = 9) and infarcted 
and trained (MIT, n = 8) groups. Panel B: area under curves calculated 
from the sided graphic. In A, *p < 0.05 vs. C. †p < 0.05 vs. MI, by 2‑way 
ANOVA plus Tukey’s post hoc. In B, *p < 0.05 vs. C. †p < 0.05 vs. MI, 
by 1‑way ANOVA plus Tukey’s post hoc. Symbols and bars represent 
mean ± SEM
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MD[95% CI] −  3.14[−  3.45–−  2.84]; p < 0.05) and MIT 
groups (before  Ca2+ change: 3.59 ± 0.47 g/mm2 vs. after: 
4.37 ± 0.54  g/mm2; MD[95% CI] −  0.78[−  1.10–−  0.46]; 
p < 0.05), but not in the MI group (before  Ca2+ change: 
1.87 ± 0.25  g/mm2 vs. after: 2.18 ± 0.30  g/mm2; MD[95% 
IC]: −  0.30[−  0.62–0.01]; p > 0,05). Similarly, the posi-
tive derivative of tension increased in response to 
change of calcium concentration in the C group (before 
 Ca2+ change: 75.4 ± 3.4  g/mm2; after: 110.3 ± 4.9  g/mm2; 
MD[95% IC]: −  34.93[−  41.73–−  28.13]; p < 0.05) and 
actually did not significantly change in the MI group 
(before: 21.0 ± 3.9  g/mm2, after: 23.9 ± 4.4  g/mm2; 
MD[95% CI]: −  2.87[−  10.04–4.29]; p > 0.05). However, 
it was partially preserved in the MIT group (before: 
38.2 ± 2.6  g/mm2; after: 48.3 ± 4.6  g/mm2; MD[95% IC]: 
− 7.86[− 15.03–− 0.69]; p < 0.05). Finally, the analysis of 
-dT/dtmax in response to elevation on the  Ca2+ concen-
tration showed significant lusitropic response only in C 
(before  Ca2+ change: 57.6 ± 5.7 g/mm2, after: 89.2 ± 8.6 g/
mm2; MD[95% CI]: −  31.63[−  37.29–−  25.98]; p < 0.05) 
and MIT group (before: 27.4 ± 2.1  g/mm2, after: 
33.6 ± 2.1 g/mm2; MD[95% CI]: −  6.18[−  12.15–−  0.22]; 

p < 0.05), without significant increase on the MI group 
(before: 10.3 ± 1.8  g/mm2; after: 11.8 ± 2.1  g/mm2; 
MD[95% CI]: − 1.48[− 7.44–4.47]; p > 0.05).

Effects of the strength training program 
on histomorphometry of the myocardium remote 
to infarction
Figure 5 represents the nuclear volume of the cardiomyo-
cytes measure in the reminiscent myocardium, used as 
an index of hypertrophy. There were significant increase 
in both infarcted groups when compared to the nuclei 
volume assessed in equivalent regions of myocardium tis-
sue from the C group (Fig. 5A). However, the MIT group 
presented statistically smaller nuclear volumes than the 
untrained MI group, suggesting a partial prevention of 
the hypertrophic remodeling. Similarly, the percent of 
collagen fibers occupying the myocardium remote to the 
infarct area (Fig. 5B) was greater in the MI group, while 
interstitial fibrosis of the remodeled tissue was partially 
prevented in the MIT group.

Discussion
Methodological aspects
Although the techniques used in the present study are 
well recognized, some methodological issues are worth 
noting. Despite MI studies in animal models are consist-
ently performed in different species including rats [53, 
54], mice [55, 56], rabbits [56] and pigs [57], we chose to 
use rats due to the higher probability of developing HF 
after the acute ischemic insult. Based on the technique 
originally developed by Heimburger [58], the procedure 
has been improved over the decades and is widely used 
currently [42, 53, 59, 60]. Another issue is the choice of 
lineage and sex of the animals. Most work with rats uses 
Wistar or Sprague–Dawley strains. For this study, Wistar 
rats were used, and are currently the most used in animal 
facilities, and frequently used in experimental research 
for MI induction [61–63]. Although inconclusive, the 
post-MI pathophysiological process points to impor-
tant distinctions between the sexes of the animals [64] 
due to estrogen-related cardioprotection, allowing mild 
cardiac dysfunction and remodeling in females if com-
pared to males, as well as the upregulated integrin-linked 
kinases that provide some myocardial regeneration [65], 
increased angiogenesis and reduced myocyte apopto-
sis [66] in females. Thus, in the present study we chose 
to use male rats to avoid the cardioprotective effects in 
females acting as a confounding factor and promoting 
inconsistent findings.

Moreover, the method to produce MI is also worth 
mentioning. Although other models are available in the 
related literature [67, 68], the permanent surgical occlu-
sion of the anterior intraventricular branch of the left 

Fig. 3 Data of active tension (A–B) and passive tension (C–D) 
in response to muscle stretching of the control (C, n = 10), infarcted 
(MI, n = 9) and infarcted and trained (MIT, n = 9) groups. Bars 
represent slopes of the linear regressions (B) or growth rate 
constant of the exponential function (D). In B and D, *p < 0.05 vs. C, 
by 1‑way ANOVA plus Tukey’s post hoc. Symbols and bars represent 
mean ± SEM
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Fig. 4 Effect of increasing the concentration of calcium in the nutrient solution on the contractile parameters of the isolated papillary muscle 
in the control (C, n = 10), infarcted (MI, n = 9) and infarcted and trained (MIT, n = 9) groups. In A‑C, the effects on developed tension, maximal 
positive (+ dT/dtmax) and negative (‑dT/dtmax) time‑derivatives of tension are represented. In D–F, the percent of increase in respective contractile 
parameters as result of the increasing calcium concentration. Two‑way ANOVA plus Tukey’s post hoc test in A–C (*p < 0.05 vs.  Ca2+ 1.5 mM, †p < 0.05 
vs. C, ‡p < 0.05 vs. MI) and 1‑way ANOVA plus Tukey’s post hoc test in D–F (†p < 0.05 vs. C, ‡p < 0.05 vs. MI). Symbols and bars represent mean ± SEM

Fig. 5 Representative microphotographs of the remote remodeled myocardium stained with eosin–hematoxylin to nuclear volume mensuration 
(upper pictures) and eosin–picrosirius red for collagen occupied area evaluation (lower pictures). Remodeling parameters included myocyte 
hypertrophy as estimated by averaged nuclear volume (A) and interstitial fibrosis estimated by % of area occupied by collagen fibers (B) evaluated 
in the control (C, n = 8), infarcted (MI, n = 10) and infarcted and trained (MIT, n = 10) groups. *p < 0.05 vs. C. †p < 0.05 vs. MI, by 1‑way ANOVA 
plus Tukey’s post hoc. Symbols and bars represent mean ± SEM
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coronary artery is the most used strategy in experimental 
research [53]. By using this technique, myocardial necro-
sis that follows induces rapid hemodynamic overload and 
cardiac decompensation that reproduce complications 
that mimic those found in humans, allowing evaluations 
on the processes enrolled in the ischemic event, cardiac 
remodeling, and HF development, as well as potential 
therapeutic opportunities [53].

However, despite the advantages of the method, surgi-
cal occlusion of the coronary artery can lead to different 
infarct sizes and, consequently, different cardiac remod-
eling and ventricular dysfunction. In fact, Tucci [53] 
reports that infarcts greater than 40% of the LV are asso-
ciated with relevant cardiac morphofunctional repercus-
sions, such as severe cardiac dysfunction with higher 
end-diastolic volume/pressures, decreased cardiac out-
put and significant pulmonary congestion. On the other 
hand, smaller infarcts cause only mild changes on the 
ventricular function and atrial emptying and, therefore, 
do not lead to pulmonary congestion or any repercus-
sions to the RV. Additionally, dos Santos [42] reported 
that rats with MI smaller than 35% of the LV often could 
present hemodynamic parameters normal or very similar 
to normal, complicating the appropriate characterization 
of cardiac dysfunction. Thus, as a strategy to minimize 
the possible effects that different MI sizes could pro-
duce, only those animals with MI larger than 35% of the 
LV comprised the infarcted groups. In the present study, 
no significant differences were observed in the infarct 
size of the MIT and MI groups before the initiation of 
ST program (47,1 ± 5,6 vs. 45,0 ± 3,9% of the LV, data not 
shown), which demonstrates homogeneity and adequate 
randomization. Furthermore, at the end of protocols, the 
infarct size of these groups remained similar, indicating 
that differences observed were not a result of exercise 
changes on the infarct size.

Effects of strength training
Several ST protocols are available for rodents, including 
platform jumping [69, 70], squatting [71, 72] and climb-
ing [62, 73, 74]. In this study, we opted for climbing due 
to its effectiveness in promoting important neuromuscu-
lar adaptations such as skeletal muscle hypertrophy and 
increased physical capacity [45, 75, 76] without causing 
serious injuries or death (Krause [77]. Lourenço et al. [78] 
performed a meta-analysis of studies that used climbing 
and reinforced that, in fact, such a procedure is effective 
in increasing muscle mass, as well as maximum strength. 
In these ST protocols, factors such as the number of 
repetitions (depending on the height of the stairs and 
distance between the steps), the total number of climbs 
in the session (depending on the number of series and 
duration of intervals), the weekly frequency of training, 

as well as the duration of the program. However, even if 
these variables are considered simple, it is possible to rec-
ognize numerous possibilities in the organization of the 
training program.

Considering ST programs in infarcted animals, there 
are few data in the literature. Grans et al. [19] that used 
12 weeks of training, 5 days a week with an intensity of 
40–60% of the maximum load capacity. Meanwhile, more 
recently Garza et al. [73] applied a 10-week training pro-
gram, with an initial intensity of 50% of the maximum 
load that was intensified by 5% at each climb totaling 
8–10 climbs per session, with 2-min break between sets. 
In the present study, the animals were submitted to a 
training program with greater volume (given by weekly 
frequency and number of climbs) and longer duration, 
but with a block-based organization. Fundamentally, 
this design was based on previous findings by our group 
[46, 79], which demonstrated that spontaneously hyper-
tensive animals submitted to the same ST program had 
attenuation of arterial hypertension and preservation of 
ventricular function, without major changes in cardiac 
mass.

Regarding the improvement in skeletal muscle endur-
ance, there was a 60% increase in the maximum load 
capacity of infarcted and trained rats, greater to that 
reported by Grans et al. [19] in infarcted rats, and simi-
lar to others using hypertensive rats [46]  or a postmeno-
pausal rat model [79]. A point that needs consideration 
corresponds to the effect of this design on the pres-
ence or not of any previous involvement. As previously 
mentioned, there are few studies that have analyzed the 
influence of strength training in infarcted rats [19, 73], 
although only Grans et al. [19] reported some results on 
increased skeletal muscle strength. Therefore, our study 
reinforces current knowledge and clinical data in the 
literature that indicates a relevant role for this type and 
training in improving capacity, especially in CVD.

In this perspective, Perilhão et  al. [46] demonstrated 
that there is a correlation between strength gain and 
blood pressure reduction in spontaneously hypertensive 
rats, indicating that gains in strength may be correlated 
with better clinical conditions in CVD. Clinically, this 
association between improved strength and health con-
ditions is already well established, including evidence of 
reduced morbidity and mortality in HF patients [80].

Notwithstanding, a minimal parcel of the current lit-
erature on the effects of ST in animal models of CVD is 
concerned with calculating total training volume. Actu-
ally, despite numerous proposals to calculate the volume, 
few studies have addressed this parameter [46, 74]. In the 
present study the training volume could be calculated by 
multiplying the load used, the number of repetitions and 
the series number, as previously proposed [46, 74, 81]. 
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This is relevant, as Krause Neto et al. [81] demonstrated 
that the adaptations promoted by ST on the development 
of strength and muscle hypertrophy in elderly rats could 
be explained by the total load of the protocol. Indeed, 
as training volume plays a key role in strength training 
adaptations, it should be imperative that this approach 
be considered for studies in this field. For example, 
Krause Neto et al. [74] suggested that ST protocols with 
the aim of promoting muscle hypertrophy need to be 
based on volume scaling, maintaining a positive correla-
tion between muscle hypertrophy and load progression, 
training volume and total load, since a program based 
on climbing to exhaustion may limit morphological 
adjustments.

Effects of strength training program on body mass
At the beginning of the protocol, all animals were 
weighed before the surgical procedures for coronary 
occlusion or sham surgery, with no differences between 
groups were identified. Similarly, 12 weeks after the rand-
omization to participate in the ST protocol or stay at rest, 
there were also no differences between the body mass of 
the experimental groups. Our results are similar to the 
findings of other studies [82, 83], however, unlike oth-
ers that demonstrated that infarcted animals had greater 
body mass [62], whose differences could be explained 
by the age diversity of the rats used, as well as control of 
caloric intake and follow-up time. In the present study, 
the animals are considered young adults [84] and the 
caloric intake of the animals was not controlled.

Effects of the strength training program on global cardiac 
function and pulmonary congestion
In the present study, the MI animals exhibited reduced 
fractional shortening and elevated E/A ratio by echocar-
diography, associated with increased pulmonary water 
content compared to the C group, which is in agreement 
with the large infarct size. In fact, the percentage of pul-
monary water content, as an estimate of congestion, is 
a strong indicator of HF [53, 82, 85–89]. On the other 
hand, there was an attenuation of pulmonary congestion 
in the MIT group, a fact that has already been identified 
by other studies involving different models of physical 
training in infarcted rats [62, 82]. In the clinical scenario, 
these findings are relevant and reinforce the protective 
role of exercise, especially due to the evidence that indi-
cates that greater pulmonary congestion is associated 
with worse prognosis and high mortality rate [90].

There are only two previous studies available that tested 
the effects of ST by climbing in infarcted animals [19, 73]. 
Grans et al. [19] submitted infarcted rats to 12 weeks of 
training with 15 daily series under 40–60% of the max-
imum load carried, 5  days a week, and as in our study, 

found an increase in strength associated with a reduction 
in the E/A ratio and cardiac performance by echocardi-
ography, in addition to additional benefits on cardiovas-
cular autonomic control. Likewise, despite using different 
structure of the ST program (10  weeks of training with 
progressive increase in intensity at each session of 8–10 
climbs), Garza et  al. [73] also showed partial preserva-
tion of the shortening by echocardiography and improve-
ment in systolic and diastolic hemodynamic performance 
assessed by positive and negative derivatives of ventricu-
lar pressure. Thus, our echocardiographic and hemody-
namic data corroborate these previous findings on the 
ladder-based ST-related benefits regarding cardiac dila-
tation and dysfunction. However, this remarkable effect 
should not be credited to a reduction in infarct size, but 
rather to actions in remodeling the tissue reminiscent of 
the infarct.

Effects of the strength training program on cardiac adverse 
remodeling
The histological data present in this study may be con-
sidered an important point of theme, since the it topic 
is not fully clarified on literature. As expected, the car-
diac mass of the infarcted animals was greater than that 
of the control group, which was confirmed by histology, 
showing cardiomyocyte hypertrophy evaluated in the 
myocardium remote from the MI area. From this per-
spective, it is worth mentioning that post-MI remodeling 
occurs asymmetrically, with hypertrophy of the remain-
ing muscle, an important contributor to ventricular dys-
function [40, 91]. It is known that after MI, despite the 
loss of contractile tissue in the ischemic area, there is an 
overload and consequent hypertrophic remodeling of the 
reminiscent issue, associated with an intense inflamma-
tory process and collagen accumulation, leading the total 
cardiac mass to increase. According to our data, the LV 
mass indexed by body mass was 60% greater in the MI 
group when compared to the C group, similar to the 
information already published by our laboratory and by 
other authors, in animals with infarct sizes greater than 
35% of the LV after 6  weeks of surgery [14, 73, 92–97]. 
Cardiomyocyte hypertrophy is described by the increase 
in cell and nucleus size, and the production and reorgani-
zation of its components [52]. In this sense, the increase 
in the nuclear volume of cardiomyocytes in the infarcted 
animals in the present study confirms that myocardial 
hypertrophy was indeed present.

Regarding the effects of the ST program on this param-
eter, our data revealed an attenuation in the post-MI 
increase in cardiac chamber mass and also in the car-
diomyocyte hypertrophy, which is in agreement with 
the other functional results obtained, since ventricular 
hypertrophy is associated with ventricular dysfunction 
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and higher morbidity and mortality both in humans [98] 
and in animal models. This effect of the hypertrophic 
process present in post-MI adverse remodeling has 
already been reported in studies with rats that performed 
aerobic exercise by swimming [82] or running [19, 99]. To 
our knowledge, only one previous study [19] suggested 
attenuation in the cardiac mass estimated by echocar-
diography in infarcted animals after ST, and the present 
study is the first to demonstrate a protective effect of a 
ST program on post-MI hypertrophy by weighing the 
cardiac chambers and performing histological analysis 
of the cardiac tissue. Although the present study did not 
aim to evaluate molecular pathways involved in this ST 
effect, it was previously proposed that physical training is 
capable of downregulating essential proteins in pathways 
involved in pathological hypertrophy [17].

As mentioned, the remodeling of the tissue remaining 
after the infarction is also accompanied by excessive syn-
thesis and deposition of interstitial collagen fibers. Eight-
een weeks after the infarction, we evidenced interstitial 
fibrosis estimated by the increase in the degree of col-
lagen deposition in both infarcted groups, which agrees 
with previous studies [97]. In fact, cardiac dysfunc-
tion that follows post-MI remodeling depends both on 
changes in the cardiomyocyte and those that also occur 
in the extracellular matrix, mainly with regard to myo-
cardial stiffness and diastolic dysfunction. Our results 
indicate that the ST program partially prevented this 
increase in collagen in the myocardial tissue, and the pre-
sent study is unique in demonstrating this effect resulting 
from this type of physical training. Despite this informa-
tion gap about the mechanisms involved, it is possible to 
speculate that similarly to that proposed by a study that 
used endurance training in infarcted rats [100, 101], a 
reduction in the activation of myofibroblasts and in met-
alloproteinases may play a key role in attenuating myo-
cardial collagen deposition. Thus, as the uncontrolled 
accumulation of the extracellular matrix by little elastic 
structural proteins such as type I collagen can substan-
tially compromise myocardial compliance, this could be 
the structural substrate of the reason why the ST pro-
gram was able to alleviate diastolic dysfunction and the 
exacerbated passive tension response to stretching of the 
papillary muscle of the infarcted animals.

Effects of the strength training program on myocardial 
contractile function
Myocardial mechanics were evaluated considering the 
important role of remnant tissue in overall cardiac per-
formance. The "in vitro" study of myocardial contractil-
ity can be performed using several methods, with their 
respective advantages and disadvantages. The analysis 
of papillary muscles to evaluate myocardial contractility 

in rats has been used in several studies [3, 102–106]. In 
studies involving infarction, multicellular preparations 
of the myocardium, such as that of the isolated papillary 
muscle remote from the scar, exempt the interpretations 
obtained from possible influences of ventricular geome-
try and the infarcted tissue itself, maintaining exclusively 
the mechanical properties of the remaining tissue [47, 
48, 51]. In this situation, adverse functional remodeling 
is characterized by reduced contractile capacity [107] 
in addition to depression of the inotropic and lusitropic 
responses and prolongation of temporal parameters [3, 
92, 108, 109]. The level of contractile dysfunction found 
in our study was similar to that from other studies [11–
13, 63, 92, 93, 108–111] and equivalent to identified in 
isolated cardiomyocytes [13, 63].

Considering the effects of the ST program, our data on 
myocardial contractility parameters in infarcted rats are 
unprecedented. Although ST is considered an effective 
adjuvant approach in preserving muscle mass, improving 
strength and endurance, as well as increasing maximum 
oxygen consumption, which justifies the improvement in 
quality of life in post-infarction patients [18, 19, 23–25], 
there were no previous studies on the effects of this type 
of training on the functional myocardial mechanisms. 
In summary, our findings indicate that ST partially pre-
served myocardial contractility, associated with positive 
effects on the contractile response to pause and to  Ca2+ 
when compared to the cardiac muscle isolated from the 
untrained MI rats.

Among the mechanisms that explain the contractile 
dysfunction of the post-MI remodeling, the most stud-
ied are those changes in the expression of many proteins 
involved in the  Ca2+ cycle and in the myofibrils [53, 54, 
112]. Impairments in the contraction and relaxation of 
cardiomyocytes isolated from areas remote from the 
infarction have been described [11, 11, 12, 12, 13, 13, 63], 
including decreases in systolic calcium and elevation of 
diastolic  Ca2+ in the myoplasm [17], that occur in parallel 
with the decrease in the trans-sarcolemmal  Ca2+ influx 
current through the L-type channels [104, 113–115] and 
an impairment in  Ca2+ reuptake by the sarcoplasmic 
reticulum (SR) by  Ca2+-ATPase (SERCA2) [63].

Although the expression of proteins involved in the 
management of  Ca2+ in the cardiomyocyte has not 
been evaluated, in the present study the "in vitro" pro-
tocol was used to analyze the potentiation of post-rest 
strength, through which it is possible to indirectly eval-
uate the behavior (or disclose abnormalities) of  Ca2+ 
kinetics on the excitation–contraction coupling [116]. 
This potentiation is due to the increase in  Ca2+ uptake 
by the SR during the pause and consequent greater 
fractional release of  Ca2+ during the post-pause con-
traction, which overlap the extrusion capacity of  Ca2+ 
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through the sarcolemma [117]. Thus, while this maneu-
ver indirectly evaluates the  Ca2+ cycle in the cardiac 
muscle [116–118], in contrast, myocardium samples 
from infarcted rats exhibit reduction of the post-pause 
contraction that is attributed to impaired  Ca2+ uptake 
by the SR and excessive  Ca2+ efflux through Na/Ca 
exchange. As expected, our results indicated impair-
ment in the MI group in contrast to the clear potentia-
tion of the contraction after increasing stimulus pauses 
in the C group. However, an important attenuation of 
this impairment was observed in the MIT group. Spe-
cifically, when evaluating the contraction after the 
longest pause (i.e., 60 s), the decay of force after pause 
in the MI group was converted back into potentiation 
by the ST program.

Additionally, the improvement in cardiac muscle 
contraction against high calcium concentrations, iden-
tified in the MIT group, can be interpreted in an inte-
grated manner, indicating that both the kinetics and the 
responsiveness to calcium were partially preserved by 
the ST program. Together, these results could be the 
result of an improvement in the molecular remodeling 
of the proteins involved in the  Ca2+ cycle, because of 
physical training.

In fact, supporting this hypothesis of the protective 
role of the ST on myocardial contractility, classic stud-
ies by Kemi et al. [119, 120] showed that an increase in 
SERCA expression can improve inotropism by increasing 
the accumulation of  Ca2+ in the SR. Furthermore, stud-
ies by Zhang et al. [13, 63] indicated that physical train-
ing could accelerate contraction and improve calcium 
kinetics in isolated cardiomyocytes (increased reuptake 
and SR content) by modulating SERCA-2 expression of 
its deregulating peptide, phospholamban, and the Na/Ca 
exchanger. However, even if our functional findings are 
like those already reported in the literature using other 
training models, future studies should be carried out to 
assess the molecular mechanism underlying the protec-
tive effects of the ST program on the remodeled myocar-
dium after MI, demonstrated in the present study.

Conclusion
The infarcted animals submitted to a structured ST 
program with linear periodization showed an increase 
in the capacity to carry mass, associated with attenua-
tion of cardiac remodeling (i.e., myocardial hypertro-
phy and intestinal fibrosis) and pulmonary congestion. 
The improvement in cardiac function can be attributed, 
at least in part, to the partial preservation of myocar-
dial contractility assessed "in vitro" and the inotropic 
response to stimulus pauses and to the increase in cal-
cium concentration.
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