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Abstract: Background: Resistance training (RT) has been associated with positive responses in patients with car-
diovascular disease, and when it is combined with continuous aerobic training (CAT), favorable adaptations appear 
to be even more pronounced. However, the effects of high-intensity RT alone or in combined with CAT in the case of 
heart failure (HF) is not completely elucidated. Methods: 28 male Wistar rats with HF (90 days old) were allocated to 
4 groups: high-intensity RT (RT, n=7), CAT (CAT, n=7), RT and CAT (RT+CAT, n=7) and sedentary (Sed, n=7). Trained 
animals were subjected to a RT protocol in an adapted squat apparatus for rats (4 bouts, 6-8 reps, 90 s interval, 
3×/week, 75% to 85% of one maximum repetition (1RM) for 8 weeks). The animals subjected to CAT performed 
it 3×/week during 50 min/session at 16 m/min. The animals of the combined exercise regimen performed both 
the RT and CAT exercise protocols. Results: The left ventricular end-diastolic pressure (LVEDP), collagen volume 
fraction and right ventricular hypertrophy were lower in RT, CAT and RT+CAT groups when compared to Sed group 
(P<0.05) for all outcomes. Regarding the inflammatory profile, only the CAT group showed greater IL-10 concentra-
tions. Conclusion: We concluded that RT combined with CAT was able to improve the strength in animals with HF, 
which was associated to improvement in ventricular structure and function.
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Introduction

Heart failure (HF) is related to a cardiac muscle 
modifies that lead to a systemic disorders, con-
sequently yielding symptoms such as dyspnea, 
fatigue and exercise intolerance [1]. Currently, 
muscle weakness has become a major target 
of research because the development of skel-
etal muscle strength is associated with survival 
of patients with HF [2, 3].

Changes in the extracellular matrix of cardiac 
collagen are connected with impairments in 
cardiac compliance, systolic and diastolic func-
tion and in the electrical behavior of the heart 
[4, 5]. Interestingly, physical exercise has pro-
duced favorable responses on interstitial colla-
gen fractions in animal models [6, 7] and physi-
cal exercise has been described as an effective 
tool to implement cardiac reverse remodeling 
in the pathophysiology of HF [8]. 

Various exercise protocols have been employed 
as a strong non-pharmacological strategy in 
animal models of acute myocardial infarction 
(AMI) [6, 7, 9]. The use of resistance training 
(RT) in the experimental model with healthy rats 
has exhibited value as a tool for positive adap-
tations with respect to cardiac function, cardio-
vascular remodeling [10] and skeletal muscle 
[11]. 

The effects of aerobic and anaerobic physical 
training and its variables as type, frequency and 
intensity need to be elucidated [12]. Several 
studies using animal models of HF have 
employed the effects of continuous aerobic 
training (CAT) [7, 13]. However, the effects of 
high-intensity RT combined with aerobic train-
ing of moderate intensity are scarce. Therefore 
the aim of present study was to evaluate wheth-
er such responses may be associated with an 
improvement in hemodynamic function, inflam-
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matory profiles and attenuated collagen depo-
sition in animals with HF.

Methods

This experimental study was based on ARRIVE 
(Animals in Research: Reporting In Vivo Exper- 
iments) guidelines [14].

Sample size, animals and ethical approval

Male Wistar rats (n=52, 220 to 270 g, 90 days 
of age) were obtained from the breeding animal 
unit of the Universidade Federal de Ciências da 
Saúde de Porto Alegre and were housed under 
standard conditions. This investigation followed 
the rules established by the guide for care and 
use of animals in experiments published by 
National Institute of Health (NIH publication no. 
41-87, revised in 2011). All procedures were 
approved by the Ethics Committee in Research 
of Universidade Federal de Ciências da Saúde 
de Porto Alegre (protocol 199-13). 

Acute myocardial infarction induction

The animals were weighed and anesthetized by 
inhalation with 2% isofluorane (Isofluorine, 100 
ml-Cristália) in 100% oxygen [15] and were 
immediately artificially ventilated (Samway VR 
15, 60 breaths/min). The ligature of coronary 
artery was performed to induce AMI as 
described previously [7]. 

Experimental design

Five weeks after AMI, 28 animals (with HF) 
were allocated into 4 groups: Sedentary (Sed), 
Resistance Training (RT), Continuous Aerobic 

Training (CAT) and Resistance Training com-
bined with Continuous Aerobic Training (RT+ 
CAT) (Figure 1). 

Resistance training (RT)

Adaptation: The trained groups were subjected 
to a familiarization period with the adapted 
squat apparatus [16]. The animals were en-
couraged to perform 5 to 10 repetitions with 
40% to 60% of body weight for one week [6]. 

1RM test: The training loads were determined 
based in percentage of 1RM test and adjusted 
every two weeks.

RT protocol: A neoprene vest attached to ap-
paratus was used by animals to remain in the 
standard position on their lower limbs. An elec-
tric stimulus (4-5 mA, 1 s duration, with a 3 s 
interval between each repetition) was applied 
to the rats’ tails. The training protocol has been 
described elsewhere [6].

Continuous aerobic training (CAT)

Adaptation to treadmill: Five weeks after AMI in-
duction surgery, the animals were encouraged 
to run (10 m/min; 0% inclination) for five min-
utes on the first and second day and ten min-
utes on the third, fourth and fifth days.

Exercise test tolerance/incremental load test: 
The animals were subjected to an exercise tol-
erance test (ETT) five weeks after AMI surgery 
and after eight weeks of training. The protocol 
employed consisted of a run on the treadmill 
with an inclination of 15° until exhaustion. The 

Figure 1. Timeline of experimental procedures. Acute myocardial infarction, AMI; resistance training, RT; continuous 
aerobic training, CAT; exercise tolerance test, ETT; 1st test of a maximum repetition, 1st 1RM; 2nd test of a maximum 
repetition, 2nd 1RM; 3rd test of a maximum repetition, 3rd 1RM; and 4th test of a maximum repetition, 4th 1RM.
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protocol began with a speed of 5 m/min and 
there was an increment of 5 m/min every 3 
minutes until exhaustion of the animal [17].

CAT: The run training protocol lasted for eight 
weeks, with 50 min/d; 3 times per week at 10 
m/min, which was progressively increased up 
to 15 m/min (0% inclination). 

Protocol of combined physical training 
(RT+CAT)

The Animals of the RT+CAT initially performed 
the RT and immediately at the end of RT, the 
animals were subjected to CAT.

Evaluation of hemodynamic function

The recordings were performed 48 hours after 
the end of the training protocol. The animals 
were anesthetized and a polyethylene catheter 
model P50 was introduced into the left ventri-
cle (LV) via the right carotid artery. Blood pres-
sure was recorded for 5 minutes immediately 
following the catheter being positioned within 
the LV to perform the registration of the ven-
tricular pressure. This method has been descri- 
bed elsewhere [6]. 

Blood sample and collection of tissue

Blood collection was conducted with the tube 
already positioned in the left carotid artery and 
samples were taken in two 1.5 ml tubes con-
taining 3.2% sodium citrate (1:9 v/v) and next 
centrifuged at 500×g for 10 min at 4°C. The 
plasma was stored at -22°C. Immediately after 
the hemodynamic assessment and blood col-
lection, the animals were sacrificed by decapi-
tation and the heart, lung and liver tissues were 
harvested [6].

Cardiac hypertrophy, pulmonary and hepatic 
congestion

Cardiac hypertrophy was determined by ratio to 
body weight [6, 7, 18]. To evaluate lung and 
liver congestion was utilized:

Congestion (%H O) 100(Wetweight x )
(WetweightDryweight)

2 =

Determining the size of the infarcted area

Left ventricles were filled with a latex pad and 
submerged in buffered formaldehyde for 10% 

over 24 h. The size of the infarcted area was 
determined by histological evaluation adapted 
from the method previously described by 
Martinez et al. [19]. 

Analysis of interstitial collagen deposition in 
the heart muscle

Cross cuts were performed on the LV and these 
fragments were fixed in 10% buffered formal-
dehyde for subsequent inclusion in paraffin 
[20, 21]. Histological sections of 6 microns 
were stained with picrosirius Red (PSR) and 
were employed for measurements of collagen 
volume fraction (CVF) present in LV. The fields 
selected were located far from the infarcted 
area and distant from the pericardial region as 
previously described [6]. The CVF was defined 
as the sum of all areas of interstitial collagen 
tissue (highlighted by polarization) divided by 
total tissue area [20].

Determination of plasmatic levels of interleu-
kins

TNF-α and IL-10 plasma level were assessed 
through a Milliplex Map kit (RCYTO-80K, 
Millipore-Billerica, MA, USA) following the man-
ufacturer’s recommendations.

Statistical analysis

Variables were presented as mean ± SD. After 
employing the normality test, ANOVA followed 
by a Tukey’s post hoc test to compare symmet-
rical variables between groups was used. A 
Two-way repeated measurement ANOVA fol-
lowed by Tukey’s post hoc test was employed to 
compare the strength gain between groups at 
different experimental times and also to com-
pare speed, distance and time in the ETT. 
Pearson’s correlation test was applied to exam-
ine the relationship among gain maximum 
strength and other variables. P values <0.05 
were considered significant. GraphPad Prism 
version 6.01 (GraphPad Software, San Diego, 
CA, USA) for Windows. Sigmaplot version 12.0 
(Systat Software Inc., San Jose, CA, USA) were 
utilized to statistical analysis.

Results

Mortality, exclusion and adverse effects

The mortality in AMI induction surgery was 
~39% (20/52). The only animals with an infarct-
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ed area (≥40%) were included. Experimental 
groups were Sed (n=7), RT (n=7), CAT (n=7), and 
RT+CAT (n=7). No deaths occurred during the 
exercise protocols.

Morphological variables and pulmonary and 
hepatic congestion

The initial and final animal body weights as well 
other morphological variables were similar 
between groups in the pre- and post-training 
states. Sed-IC group showed greater cardiac 
hypertrophy and pulmonary congestion when 
compared to all training groups (Table 1). 

Hemodynamic evaluation

RT group demonstrated lower LVEDP compared 
to Sed group. Higher value of -dP/dtmax was 

observed in RT+CAT compared to Sed group. 
The combined training protocol was also able to 
enhance cardiac relaxation as reflected by an 
increase of -dP/dtmax, mmHg/s (Table 2).

Maximum strength gains: responses intra- and 
extra-groups

Effects within groups: Figure 2 details the 
gain of absolute (A) and relative (B) force over 
time (1st to 4th 1RM). In terms of the 1st 1RM, 
there were no differences between groups in 
absolute and relative tests, suggesting that all 
groups started the protocol under similar con-
ditions. The RT and RT+CAT groups presented 
gain maximum strength, in both, absolute and 
relative load in all tests compared to the initial 
test. 

Table 1. Body weight, infarcted area size, cardiac hypertrophy, lung and liver congestion
Sed RT CAT RT+CAT P One way ANOVA

Initial weight, g 264.3±9.1 262.6±20.4 270.4±9.5 274.3±7.8 0.401
Final weight, g 359.7±41.6 344.6±34.0 350.0±26.8 370.8±21.5 0.523
Infarcted area% 42.52±2.5 41.51±1.7 42.82±2.2 44.63±3.3 0.169
MW/BW mg/g 3.87±0.5 3.72±0.4 3.60±0.1 3.39±0.3 0.827
LVW/BW mg/g 2.71±0.4 2.96±0.3 2.73±0.3 3.11±0.5 0.274
RVW/BW mg/g 1.16±0.3* 0.76±0.1 0.86±0.2 0.61±0.4 0.030
Pulmonary congestion (PC)% 78.19±2.7† 70.17±4.0 72.52±2.4 73.00±1.4 <0.001
Hepatic congestion (HC)% 69.87±0.5 70.28±0.8 71.09±2.2 70.10±0.7 0.743
Values are means ± SD. Sedentary group, Sed; resistance training group, RT; continuous aerobic training group, CAT; resistance 
training combined with continuous aerobic training group, RT+CAT. Ratio of the total myocardial Weight to body weight, MW/
BW; ratio of left ventricular weight to body weight, LVW/BW e ratio of right ventricle weight to body weight, RVW/BW. *com-
pared to RT+CAT and †compared to all groups.

Table 2. Hemodynamic variables of the experimental groups
Sed RT CAT RT+CAT P One way ANOVA

HR, bpm 249.4±40.6 269.3±52.6 253.4±71.0 244.7±57.7 0.790
SBP, mmHg 92.8±15.5 107.4±16.6 110.6±27.6 114.1±15.3 0.237
DBP, mmHg 76.0±12.5 83.05±10.2 82.1±11.7 92.9±12.5 0.186
MAP, mmHg 84.6±13.3 97.1±16.2 98.4±22.1 103.6±12.8 0.203
LVEDP, mmHg 25.6±4.1* 8.12±3.0 13.1±2.3† 7.4±2.8 <0.001
LVSP, mmHg 88.5±21.1 102.6±10.2 113.0±29.8 106.6±3.9 0.117
VHR, bpm 246.9±39.1 236.3±33.6 210.2±9.9‡ 226.4±13.1 0.039
+dP/dtmax, mmHg/s 3553±1064 4921±782 5463±1938‡ 4929±449 0.035
-dP/dtmax, mmHg/s -2260±597 -3279±560 -3759±1625‡ -3293±247‡ 0.012

Values are means ± SD. Sedentary group, Sed; resistance training group, RT; continuous aerobic training group, CAT; resistance 
training combined with continuous aerobic training group, RT+CAT. Heart rate, HR; Systolic blood pressure; SBP; diastolic blood 
pressure, DBP; Mean arterial pressure, MAP; end diastolic pressure of the left ventricle, LVEDP; left ventricular systolic pres-
sure, LVSP; ventricular heart rate, VHR; maximum positive left ventricular change in pressure over time, +dP/dtmax; Maximum 
negative left ventricular change in pressure over time, -dP/dtmax. *compared to all groups. †compared to RT and RT+CAT. 
‡compared to Sed.
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Effects between groups: Figure 2A and 2B de-
pict the absolute and relative strength gains 
between the groups. RT protocol alone or com-
bined with CAT had an increase in their average 
values in the 2nd, 3rd and 4th 1RM compared to 
Sed and CAT groups. 

Magnitude strength gain between the percent-
age differences of maximum load tests: Figure 
2C and 2D details strength gains in the abso-
lute and relative load in different moments of 
RM test for the RT and RT+CAT groups. These 
results suggest that during the protocol, there 
would be maximum strength gains, though on a 
smaller scale when compared to the effects of 
the initial two weeks of the RT protocol. 

ETT 

Figure 3A-C exhibit the variables analyzed in 
the ETT of the pre- and post-intervention. In 

Pre-intervention no differences were observed 
between the groups, suggesting that all groups 
presented similar conditions at begin of study. 
CAT group showed an increase in speed, time 
and distance in post compared to pre-ETT. 
There were no differences between endurance-
trained animals when compared to Sed and RT 
groups as well as CAT pre to post protocol. 

Inflammatory profile

CAT group showed higher IL-10 levels compared 
to Sed group and there was no difference com-
pared to RT and RT+CAT (Figure 4A and 4B). No 
differences were observed in both, TNF-α plas-
ma level and TNF-α/IL-10 ratio between groups. 

Interstitial collagen volume fraction

The RT isolated or combined with CAT groups 
demonstrates a lower collagen volume com-
pared to Sed group (Figure 5).    

Figure 2. Maximum strength gain over time. A: Absolute load; B: Relative load. Magnitude of strength gain between 
the segments of the tests (1st 1RM vs 2nd 1RM; 2nd 1RM vs 3rd 1RM; and 3rd 1RM vs 4th 1RM). C: Absolute; D: Rela-
tive. Values are mean ± SD. Sedentary group, Sed; resistance training group, RT; continuous aerobic training group, 
CAT; resistance training combined with continuous aerobic training group, RT+CAT. Graph A and B: *P<0.01 RT and 
RT+CAT groups comparing the 1st 1RM test with absolute and relative load. †P<0.05 Sed and CAT groups compared 
to the 1st 1RM test with absolute load. ‡P<0.05 CAT group compared to the 4th RM test with 1st 1RM test with rela-
tive load. #P<0.01 RT and RT+CAT groups compared to the 2nd, 3rd and 4th 1RM test of the Sed and CAT with abso-
lute and relative load. Graph C and D: *P<0.05 compared the percentage differences of the 2nd 1RM vs 3rd 1RM 
tests and the 3rd 1RM vs 4th 1RM tests for the RT group. †P<0.05 compared the percentage differences of the 2nd 
1RM vs 3rd 1RM tests for the RT+CAT group.



Resistance training and aerobic exercise in heart failure rats

5437 Am J Transl Res 2017;9(12):5432-5441

Correlations between central responses and 
maximum strength gain 

Figure 6A-E, portray correlations between gain 
strength and the hemodynamic parameters 
and interstitial collagen fraction. There were 
significant correlation between LVEDP and the 
4th 1RM (Figure 6A), LVEDP and the change in 
maximum strength gain (Figure 6B) and LVEDP 
and CVF (Figure 6C). In addition, there were sig-
nificant correlations between CVF and the max-
imum strength gain as well as the change in 
maximum power gain (Figure 6D and 6E, 
respectively). 

Discussion

To our knowledge, this is the first study to inves-
tigate the effects of 8 weeks of high-intensity 
RT (75% to 85% of 1RM) and CAT of moderate 
intensity (60% of the speed of ETT), alone or in 
combination, in HF rats. Based on our results, 
the trained groups showed improvement in the 

following variables: Strength gain, LVEDP, +dP/
dtmax, -dP/dtmax, PC (% water), right ventricular 
hypertrophy, IL-10 and CVF. The maximum 
strength gain was an important outcome found 
in our study, because many studies have shown 
that muscle weakness is an independent risk 
factor for mortality in populations with HF [2, 3]. 
In this way, our study was able to show an 
increase in strength gain, which can be directly 
related to peripheral muscle preservation as a 
positive prognosis in HF syndrome. 

Coronary artery ligation produces a marked 
ventricular dysfunction that is closely related to 
the infarct area size [6, 7] and therefore may be 
observed as a major impairment in hemody-
namic function. In the present study, the 
infarcted areas were close to ~43%, which 
reflects directly a high LVEDP. Among the hemo-
dynamic responses, we are able to highlight 
LVEDP, an important marker of ventricular dys-
function in HF [22].

Figure 3. Exercise tolerance test (ETT). A: Speed (m/s); B: Time (s) and C: Distance (m). Values are means ± SD. 
The sedentary group, Sed; resistance training group, RT; continuous aerobic training group, CAT; resistance training 
combined with continuous aerobic training group, RT+CAT. *P<0.001; CAT and RT+CAT groups compared to the pre-
intervention time. †P<0.001 compared to groups Sed and RT.

Figure 4. Analysis of inflammatory markers in plasma. A: IL-10 e; B: TNF-α. Values are mean ± SD. Sedentary group, 
Sed; resistance training group, RT; continuous aerobic training group, CAT; resistance training combined with con-
tinuous aerobic training group, RT+CAT. *P<0.05 compared to the Sed group. 
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Figure 5. Collagen deposition analysis. Values are mean ± 
SD. A: Sedentary group with HF, Sed; B: Resistance train-
ing group, RT; C: Continuous aerobic training group, CAT; 
D: Resistance training combined with continuous aerobic 
training group, RT+CAT. E: Representative graph of the 
quantification of collagen volume fraction. *P<0.05 com-
pared to Sed group. 

Figure 6. Correlations between the left ventricle end-diastolic pressure (LVEDP) with maximum gain in strength 
and volume fraction of collagen. red circles (●), Sed; dark square (■), RT; dark triangle (▲), CAT; and blue triangle 
(▼), RT+CAT. A: LVEDP with 4th 1RM/BW; B: LVEDP with Δ maximum strength gains (%); C: LVEDP with fraction of  
collagen volume (%); D: Fraction of collagen volume with 4th 1RM/BW; E: Fraction of collagen volume with Δ  
maximum strength gains (%).
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In our study, LVEDP [22] was lower in the RT 
(67.8%), CAT (48.7%) and RT+CAT (71.1%) 
groups compared to Sed group. We also saw 
that those animals that had an increase in mus-
cular strength showed lower LVEDP values as 
demonstrated by the negative correlations in 
Figure 6A and 6B (r=-0.62 and r=-0.73, respec-
tively). Previous studies in our laboratory with 
HF animals subjected to respiratory muscle 
training [23], swimming training [13] and CAT 
[7] showed similar responses in LVEDP. These 
improvements in cardiac function demonstrate 
a positive effect of exercise training.

The +dP/dtmax and -dP/dtmax exhibited favorable 
changes in the CAT group, while the group with 
combined exercise showed improvement solely 
in -dP/dtmax. Similar results have been reported 
in experimental studies of HF with different 
forms of interventions [7, 13]. In fact, the differ-
ent exercise models like RT and CAT performed 
in our study leads to specific physiological 
adaptations on cardiac function. On the other 
hand, from a translational perspective, clinical 
studies have suggested there are controversial 
effects from the impact of exercise on systolic 
and diastolic function after acute myocardial 
infarction [12, 24, 25]. 

The exercise protocols used in the present 
study, were able to lower pulmonary congestion 
corroborating with other studies that employed 
RT or CAT as the primary intervention in rats 
with HF [6, 26]. Additionally, we observed lower 
values in the RVW/BW ratio in the RT+CAT 
group, which can be related to a cardiac remod-
eling associated to lower pulmonary conges-
tion. These outcomes were also found in a pre-
vious study that utilized only the RT in rats with 
HF [6]. 

In our study, we observed an increase in plas-
ma levels of IL-10 only in the CAT group. In fact, 
the moderate intensity of aerobic exercise is 
able to improve inflammatory profile [27]. 
Interestingly, the combined exercise group did 
not show improvement in this variable, possibly 
because the total volume and specific energy 
metabolism required in high intensity RT. These 
different characteristics of training may have 
interfered negatively to increased plasma lev-
els of IL-10.

The modification of extracellular matrix colla-
gen is part in a natural process of an adaptive 

response to increased mechanical load on the 
heart during exercise. However, the chronic 
overload arising from cardiac injury develops a 
negative response with respect to distensibility 
of the heart, valvular function, systolic and dia-
stolic dysfunction and electrical transmission, 
ultimately leading to myocardial arrhythmia in 
HF [4, 5]. In the present study, the interstitial 
collagen accumulation of animals in the Sed 
group was higher when compared to groups 
subjected to physical training, demonstrating a 
possible reverse remodeling of the extracellu-
lar matrix, corroborating with the results of pre-
vious studies [26, 28]. These findings show that 
a sedentary behavior is directly related to a 
poor prognosis in HF condition. Here, a positive 
correlation was also observed between 
increased collagen accumulation and LVEDP 
(r=0.64; P=0.0002, Figure 6C). These results 
contributed to understand the relationship 
between hemodynamic injury and structural 
changes of the heart. Yet, it was observed in 
this study that an increase in muscle strength 
can influence the reduction of the accumula-
tion of collagen as demonstrated by the corre-
lation of Figure 6D and 6E (r=-0.49 and r=-0.57; 
P=0.007 for both, respectively).

There were some limitations in this study. First, 
the most robust biochemical analyzes in cardi-
ac and peripheral muscle tissue could help to a 
better understand of possible balance between 
the molecular pathways of anabolism and 
catabolism induced by disease and exercise. 
Second, the absence of a load cell coupled to 
the squat apparatus for rats could help to 
increase the precision of maximum strength 
tests and control of the loads during the train-
ing protocol. This information could contribute 
to adjustments of intensity of training in the HF 
rats, especially in the RT training. 

Conclusions

The RT protocol of high-intensity, performed 
alone or combined with CAT of moderate inten-
sity, was able to increase the strength in ani-
mals with HF syndrome. This response was 
closely related to the improvement of ventricu-
lar structure and function. Nevertheless, the 
high-intensity RT protocol does not appear to 
offer benefits in terms of inflammatory markers 
(IL-10 and TNF-α). However, only the CAT proto-
col of moderate intensity was capable of exhib-
iting a positive influence on IL-10 plasma level. 
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We emphasize that the exercise protocols need 
to be better balanced in relation to the volume, 
intensity and frequency, since these variables 
can directly to influence the functional and 
structural adaptations induced by physical 
training programs in HF.
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