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Cardiac adaptations to obesity and resistance exercise
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Consumption of a high-fat-high-
sucrose diet partly diminishes 
mechanical and structural 
adaptations of cardiac muscle 
following resistance training
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[Purpose] The purpose of this study was to investigate 
the effects of a high-fat high-sucrose (HFHS) diet on 
previously reported adaptations of cardiac morphologi-
cal and contractile properties to resistance training.

[Methods] Twelve-week-old rats participated in 
12-weeks of resistance exercise training and con-
sumed an HFHS diet. Echocardiography and skinned 
cardiac muscle fiber bundle testing were performed to 
determine the structural and mechanical adaptations.

[Results] Compared to chow-fed sedentary animals, 
both HFHS- and chow-fed resistance-trained animals 
had thicker left ventricular walls. Isolated trabecular fiber 
bundles from chow-fed resistance-trained animals had 
greater force output, shortening velocities, and calcium 
sensitivities than those of chow-fed sedentary controls. 
However, trabeculae from the HFHS resistance-trained 
animals had greater force output but no change in 
unloaded shortening velocity or calcium sensitivity than 
those of the chow-fed sedentary group animals.

[Conclusion] Resistance exercise training led to posi-
tive structural and mechanical adaptations of the heart, 
which were partly offset by the HFHS diet.

[Key words] obesity, high-fat high-sucrose diet, car-
diac adaptations, resistance exercise, skinned fibers, 
echocardiography

[Abbreviations] 
HFHS: High-fat-high-sucrose
CVD: Cardiovascular disease
BMI: Body mass index
EDV: End diastolic volume
ESV: End systolic volume
EF: Ejection fraction
LV: Left ventricle
LVID: Left ventricle internal diameter
LVAW: Left ventricle anterior wall
LVPW: Left ventricle posterior wall
pCa50: Calcium sensitivity yielding half of maximal force
nH: Crossbridge cooperativity
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INTRODUCTION
There are significant links between cardiovascular disease (CVD) 

and obesity1. In humans, each increase of 5 kg/m2 in body mass index 
(BMI) results in a 30% increase in CVD risk2. Similarly, individuals with 
a BMI ≥35 kg/m2 have a 2–3-fold greater risk of death from CVD than 
individuals with a normal BMI (18.5–24.9 kg/m2)3. The deleterious effect 
of obesity on the heart is further exacerbated by common comorbidities 
associated with obesity, which have also been independently linked to 
cardiovascular disease1.

Recently, Boldt et al.4 exposed post-weaning (3-week-old) rats to a 
high-fat high-sucrose (HFHS) diet for 14 weeks as they matured through 
juvenile development. Isolated muscle tissue from the hearts of animals 
exposed to an obesogenic diet had lower unloaded shortening velocities 
and calcium sensitivities than those in chow-fed control animals. In a 
follow-up study, in which 12-week-old rats were exposed to the same 
HFHS diet for 24 weeks, HFHS-fed rats had significantly lower shorten-
ing velocity and tended to have lower calcium sensitivity than those of 
chow-fed control animals5. Similar findings have also been reported for 
lower shortening velocities6–8 and depressed calcium handling7,8 follow-
ing HFHS diet-induced obesity in mice and rats.

Exercise has been shown to have differential effects on cardiac con-
tractile properties depending on the exercise modality. Aerobic exercise 
has been shown to be associated with greater shortening velocity and 
calcium sensitivity in isolated cardiac muscle than those of sedentary 
controls9–13. In response to resistance exercise, isolated cardiac muscle 
preparations have been associated with greater active force production, 
shortening velocity, and calcium sensitivity than those in sedentary con-
trols5,14. Structurally, aerobic exercise has been shown to result in greater 
ventricular volume and proportionally thicker walls (eccentric hypertro-
phy), while resistance-trained hearts have been characterized by thicker 
walls but similar volumes (concentric hypertrophy) compared to hearts 
from sedentary individuals15–18. 
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When combined, HFHS diets have been shown to inhibit 
the positive adaptations of aerobic exercise. For example, 
when 12-week-old rats were exposed to 24 weeks of an 
HFHS diet and participated in aerobic exercise from weeks 
13 to 24, the unloaded shortening velocity and calcium sen-
sitivity were not different from those of chow-fed sedentary 
animals13. Thus, consumption of an HFHS diet appears to 
inhibit the positive adaptations that result from aerobic exer-
cise. Although resistance exercise training has been shown 
to improve the mechanical function of the heart, it is not 
known how cardiac mechanical properties respond to resis-
tance training and simultaneous exposure to an HFHS diet. 
The purpose of this study was to investigate the effects of 
an HFHS diet on the adaptations of cardiac morphological 
and contractile properties typically observed with resistance 
training. The cardiac morphological and mechanical prop-
erties of HFHS-fed and resistance-trained animals were 
compared to previously reported data13 from chow-fed resis-
tance-trained and sedentary animals. 

METHODS
Animals and diets

Twelve-week-old male Sprague-Dawley rats were fed a 
HFHS diet and participated in a 12-week resistance training 
program (HFHS+Res, n=7). The HFHS diet (Dyets#102412) 
comprised of 20% protein, 20% fat, and 50% carbohydrates 
(>97% of carbohydrates from sucrose), and 10% fiber and 
moisture, and has previously been shown to result in obesi-
ty19,20. Data from the HFHS+Res animals were compared to 
data from a previous training study in which twelve-week-
old male Sprague-Dawley rats were fed a chow diet and 
were either sedentary (Chow+Sed, n=5) or participated in 
12 weeks of resistance exercise (Chow+Res, n=6)13. The 
chow diet consisted of 25% protein, 5% fat, and 48% car-
bohydrates (3% carbohydrates from sucrose), and 22% fiber 
and moisture (Dyets#5001). 

Animals were housed individually at 21°C in a 12-h:12-h 
light-dark cycle and had access to food and water ad libi-
tum. All study protocols were approved by the University 
of Calgary Animal Care Committee and conformed to the 
Guide for the Care and Use of Laboratory Animals.

Resistance training
Resistance training consisted of a progressive weighted 

ladder climbing exercise 3 d per week21,22-24. Briefly, rats 
climbed a 1-m ladder inclined at 80° to the horizontal with 
a weight secured to the base of their tails. The initial load 
for each animal was 50% of their body mass. After each 
successful ladder climb, rats were given a 2-min rest period, 
and the load was increased by 30 g. The rats continued to 
climb with progressively heavier loads until they were un-
able to complete the ladder climb, and the load for the last 
successful ladder climb was designated as the maximum 
load. Each subsequent training session consisted of climbing 
with 50%, 75%, 90%, and 100% of the previous maximum 
training load. During each subsequent climb after 100%, an 

additional 30 g was added until the rat could not overcome 
the load, and the new maximum training load was reached. 
The weekly maximum load was defined as the greatest load 
carried each week during training.

Body mass and body composition
At the end of the 12-week intervention period, rats were 

anesthetized using isoflurane, and their body mass was mea-
sured using a small animal weight scale. Body fat percent-
age was then measured using dual energy X-ray absorptiom-
etry with the animals in the supine position using software 
for small animals (GE Medical Systems Lunar, Madison, 
USA). 

Cardiac structural and functional adaptation
Echocardiographic evaluation was performed using an 

Esaote MyLab30 Gold Cardiovascular Ultrasound system 
(Canadian Veterinary Imaging, Georgetown Ontario). Rats 
were anesthetized with isoflurane and placed in the dorsal 
decubitus position, and the ventral thoracic area was shaved. 
Two-dimensional orthogonal long axis four- and two-cham-
ber images were obtained25. End diastolic volume (EDV), 
end systolic volume (ESV), and ejection fraction (EF) were 
calculated from three consecutive cardiac cycles by tracing 
the endocardial border in end-diastole and end-systole using 
the Simpson biplane method25. Left ventricular (LV) internal 
diameter (LVID) and thickness of the anterior and posterior 
LV walls were determined using M-mode imaging during 
systole (LVIDs, LVAWs, LVPWs) and diastole (LVIDd, 
LVAWd, LVPWd). 

Mechanical testing
Mechanical testing was conducted on skinned cardiac 

trabeculae muscle, as described in detail previously5. Brief-
ly, skinned fiber bundles (approximately 100–300 μm in 
width and 1000–2000 μm in length) were suspended be-
tween a length controller (Aurora Scientific Inc., Model 308, 
Ontario, Canada) and force transducer (Aurora Scientific 
Inc., Model 400A, Ontario, Canada), thereby allowing for 
simultaneous control of myocyte length and measurement 
of force. All experiments were performed at approximate-
ly 15°C at an average resting sarcomere length of 2.2 μm. 
Following a 3-min rest period to allow for any stress relax-
ation, passive (resting) force was measured, and the length 
and width of the specimens were measured to calculate the 
cross-sectional area of the sample. Two skinned samples 
were tested from each heart, and the data were pooled for 
statistical analysis. 

Fiber bundles were maximally activated, and maximal 
active stress was calculated as the difference between the to-
tal force and resting passive force preceding the contraction, 
normalized to the cross-sectional area. 

The maximal unloaded shortening velocity was deter-
mined using the slack test, initially described by Edman26. 
The fiber bundles were maximally activated and rapidly 
shortened (in 2 ms) by 10% (ΔL) of the length of the sam-
ple, and the time from the onset of the quick shortening step 
until the onset of force redevelopment (Δt) was measured. 
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This procedure was repeated for ΔL values of 11%, 12%, 
and 13% of the sample length. The slope of the linear ap-
proximation between ΔL and Δt was used to determine the 
unloaded (maximal) shortening velocity. 

The sensitivity of the muscle to calcium was determined 
by establishing the force-pCa curve from pCa 7.0, 6.8, 6.6, 
6.4, 6.2, 6.0, 5.8, 5.4, and 4.2, by approximating the data us-
ing a least-squares regression for the Hill equation in Sigma-
Plot 13. Calcium sensitivity was obtained and quantitatively 
compared between samples by determining the pCa that 
yielded half of the maximal tension (pCa50) and crossbridge 
cooperativity (nH)27. 

Analysis 
Kruskal–Wallis tests were used to determine statistical 

significance with pairwise comparisons to determine the 
differences between groups when specified. Statistical sig-
nificance was accepted at p<0.05. 

RESULTS
Resistance exercise training

On average, the weekly maximum loads carried by the 
resistance-trained animals increased from baseline by 2.63- 
and 2.32-fold for the Chow+Res and HFHS+Res animals, 
respectively. There were no differences in the magnitude of 
adaptation between the two groups (p=0.475). At the end 
of the 12 weeks, there were no differences in body mass 
(p=0.366) or body fat percentage (p=0.062) between groups 
(Table 1).

Cardiac structural and functional adaptation
The structural data obtained via echocardiography are 

shown in Figure 1. There were no differences between 
groups for heart volume (EDV [p=0.797], ESV [p=0.847], 
LVIDd [p=0.179], LVIDs [p=0.248]) or EF (p=0.104). 
Hearts from sedentary animals (Chow+Sed) had signifi-
cantly thinner anterior LV walls (LVAWd and LVAWs) than 
both the chow-fed (Chow+Res, p<0.036) and HFHS-fed 
(HFHS+Res, p<0.050) resistance-trained animals. Simi-
larly, posterior LV walls (LVPWd) were significantly thin-
ner in the Chow+Sed group than in the Chow+Res group 
(p=0.010), but were not different from the HFHS+Res 
animals (p=0.160). There were no significant differences in 
LVPWs between groups (p=0.127). There were no signif-
icant differences in structure between the Chow+Res and 

HFHS+Res animals. 

Mechanical testing
Active stress was greater in samples from animals in the 

Chow+Res (p=0.022) and HFHS+Res (p=0.030) groups 
than in samples from the control sedentary animals (Figure 
2A). The Chow+Res and HFHS+Res groups were not sig-
nificantly different (p=0.832).

The maximum shortening velocity, determined using the 
slack test, was significantly higher in the Chow+Res ani-
mals than in both the sedentary (p=0.002) and HFHS+Res 
(p=0.001) animals, but did not differ between the Chow+Sed 
and HFHS+Res animals (p=0.910) (Figure 2B).

Calcium sensitivity (pCa50 values) was significantly 
greater in the Chow+Res group than in the Chow+Sed 
(p=0.018) and HFHS+Res (p=0.001) group animals (Figure 
2C), but was not different between the Chow+Sed and HF-
HS+Res groups (p=0.389). There were no significant differ-
ences in nH between groups (p=0.550) (Figure 2D).

DISCUSSION
The purpose of this study was to investigate the effects 

of an HFHS diet on the adaptations of cardiac morpholog-
ical and contractile properties to resistance training. The 
main findings were that both HFHS and chow-fed resis-
tance-trained animals had thicker ventricular walls than 
those of sedentary controls (concentric hypertrophy), but 
they did not differ from each other. Furthermore, while the 
chow-fed resistance-trained animals had greater force pro-
duction, shortening velocity, and calcium sensitivity than 
those of sedentary animals, the HFHS resistance-trained 
animals had greater force production but similar maximal 
unloaded shortening velocity and calcium sensitivity com-
pared to those of sedentary animals.

Resistance exercise training
The ladder-climbing protocol used in this study has been 

shown to increase strength21. Climbing performance in-
creased for both resistance-trained groups by about 2.5-fold, 
suggesting that the training stimulus was effective in im-
proving muscular strength and was not affected by the diet.

Cardiac structural adaptations
The expected structural adaptations to resistance exer-

cises are controversial. Adaptations to resistance training 

Body Mass (g) Body Fat (%)
Maximum Carrying Load

Baseline Maximum Load
(g)

Endpoint Maximum Load
(g)

 (% Change from 
Baseline)

Control 700
(692–768)

20.3
(19.5–22.5)

- - -

Chow+Res 689
(638–729)

20.2
(16.2–24.5)

540
(471–545)

1276
(1137–1385)

253
(214–283)*

HFHS+Res 727
(690–809)

29.9
(23.0–38.6)

561
(510–583)

1094
(956–1555)

219
(186–267)*

Table 1. Descriptive end-point data. Data displayed are medians (IQR). * indicates a significant change from baseline (p<0.05)
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Figure 1. Cardiac structural data from echocardiogram. * indicates a significant difference from the Chow+Sed group animals.
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have generally been characterized by concentric hyper-
trophy (thickening of muscular walls with no change in 
stroke volume)15,17. However, these findings have not been 
unanimously supported18,28. Our previous findings from 
resistance-trained animals support concentric hypertrophy 
of the heart. We observed concentric hypertrophy in the 
HFHS+Res group rats in this study, and the magnitude of 
adaptation was similar for the Chow+Res and HFHS+Res 
group animals. 

Consumption of HFHS diets has also been shown to 
result in thickening of the LV walls29. Leopoldo et al.30 ex-
posed Wistar rats to 15 weeks of either a chow or high-fat 
diet. They observed no differences in end diastolic volume, 
but animals in the high-fat diet group had thicker ventricular 
walls and greater LV mass. Since consumption of a high-fat 
diet and resistance training independently leads to thicken-
ing of cardiac muscular walls, it is difficult to interpret our 
findings. More research should be conducted to determine 
the differences between pathological hypertrophy resulting 
from obesity and consumption of an HFHS diet, and adap-
tive hypertrophy resulting from exercise. However, with 
consumption of a high-fat diet, thickening of the muscular 
walls is also associated with decrements in contractile func-
tion29,30. In the present study, we observed improvements in 
contractile function with resistance training, but these im-
provements were partly diminished in the animals exposed 
to the HFHS diet.

Cardiac mechanical adaptations
Aerobic exercise has been shown to result in increased 

shortening velocity and calcium sensitivity, but unaltered 
maximum force production in cardiac tissue9,11,12. Converse-
ly, consumption of an HFHS diet results in decreased short-
ening velocity and calcium sensitivity4,13. Muscle isolated 
from the hearts of rats exposed to 24 weeks of an HFHS diet 
had lower shortening velocity and calcium sensitivity than 
chow-fed controls13. However, when the HFHS diet was 
combined with aerobic exercise, the shortening velocity and 
calcium sensitivity were comparable to those observed in 
sedentary chow-fed controls. The effects of exercise and an 
HFHS diet on cardiac contractile properties seem to neutral-
ize each other. 

Following resistance training, cardiac muscle has been 
shown to have increased force production, shortening ve-
locity, and calcium sensitivity13,14. In the present study, 
resistance training combined with an HFHS diet resulted in 
unloaded shortening velocities and calcium sensitivities that 
were similar to those obtained from chow-fed sedentary ani-
mals. Similar to previous findings in rats exposed to aerobic 
exercise, the HFHS diet combined with resistance training 
offset the positive adaptations typically associated with 
exercise. In contrast to unloaded shortening velocity and 
calcium sensitivity, active force production was not affected 
by the HFHS diet4,5,29, and ladder climbing ability improved 
with resistance exercise training. 

Figure 2. Mechanical data. A, active stress; B, unloaded shortening velocity; C, calcium sensitivity (pCa50); and D, cross bridge cooperativity (nH)) 
from skinned trabeculae preparations. * indicates a significant difference from the Chow+Sed group animals.=, † indicates a significant difference 
from the Chow+Res group animals (p<0.05).



Physical Activity and Nutrition. 2021;25(2):008-014, https://doi.org/10.20463/pan.2021.0009 13

Cardiac adaptations to obesity and resistance exercise

Regardless of diet, participation in resistance training 
leads to positive adaptations of cardiac tissue. However, 
consumption of an HFHS diet reduces the positive adap-
tions typically observed in the heart muscle with resistance 
training. 
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