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Abstract

Background: Physical activity (PA) and diet are 2 lifestyle factors that affect cardiometabolic risk. However, data on how a high-fat high-
carbohydrate (HFHC) diet influences the effect of different intensities of PA on cardiometabolic health and cardiovascular function in a controlled
setting are yet to be fully established. This study investigated the effect of sedentary behavior, light-intensity training (LIT), and high-intensity
interval training (HIIT) on cardiometabolic markers and vascular and cardiac function in HFHC-fed adult rats.
Methods: Twelve-week-old Wistar rats were randomly allocated to 4 groups (12 rats/group): control (CTL), sedentary (SED), LIT, and HIIT.
Biometric indices, glucose and lipid control, inflammatory and oxidative stress markers, vascular reactivity, and cardiac electrophysiology of the
experimental groups were examined after 12 weeks of HFHC-diet feeding and PA interventions.
Results: The SED group had slower cardiac conduction (p = 0.0426) and greater thoracic aortic contractile responses (p < 0.05) compared with
the CTL group. The LIT group showed improved cardiac conduction compared with the SED group (p = 0.0003), and the HIIT group showed
decreased mesenteric artery contractile responses compared with all other groups and improved endothelium-dependent mesenteric artery
relaxation compared with the LIT group (both p < 0.05). The LIT and HIIT groups had lower visceral (p = 0.0057 for LIT, p = 0.0120 for HIIT)
and epididymal fat (p < 0.0001 for LIT, p = 0.0002 for HIIT) compared with the CTL group.
Conclusion: LIT induced positive adaptations on fat accumulation and cardiac conduction, and HIIT induced a positive effect on fat accumulation,
mesenteric artery contraction, and endothelium-dependent relaxation. No other differences were observed between groups. These findings suggest
that few positive health effects can be achieved through LIT and HIIT when consuming a chronic and sustained HFHC diet.
© 2018 Production and hosting by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Globally, an increasing proportion of people are consuming a
diet characterized by a high intake of fat and sugar, also known as

the Western diet.1 Diets such as these increase the risk of
developing the cardiometabolic syndrome1–3 by inducing
sustained increases in triglycerides, very low-density lipoprotein,
and plasma glucose.4 Cardiometabolic syndrome is the clustering
of the following risk factors: central obesity, hypertension,
insulin resistance, dyslipidemia, microalbuminuria, and
hypercoagulability.5,6 Collectively, these risk factors also increase
the risk of developing cardiovascular disease and diabetes.5
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The key risk factors for the development of cardiometabolic
syndrome are low physical activity (PA) and a poor-quality diet
predominantly high in saturated fat, protein, and simple
sugars.7–9 The intensity of PA occurs on a continuum from
sedentary to light, moderate, and vigorous. Substantial research
has documented the positive effects of moderate-to-vigorous
PA (MVPA) on traditional cardiometabolic risk factors such as
obesity, dyslipidemia, diabetes mellitus, and hypertension.10,11

Recently, owing to evidence implicating inflammation and oxi-
dative stress in the pathogenesis of cardiometabolic disease,12

several studies have evaluated the effects of MVPA on novel
risk factors and found decreases in plasma biomarkers of endo-
thelial dysfunction (P-selectin) and inflammation (tumor necro-
sis factor α) following MVPA.13–16

Currently, there is growing interest in how time spent in
activities at the lower end of the PA intensity continuum affect
health relative to MVPA, because a greater proportion of the
waking day is spent in these activities.17 There is mixed evi-
dence regarding the impact of sedentary behavior18 and light-
intensity activity19 on some cardiovascular disease (CVD) risk
factors (i.e., obesity, hypertension, and dyslipidemia). However,
despite the knowledge that greater total activity is better for
health, there has been a trend toward overall declines in total
activity20,21 and increased sedentary behavior.17,22 To this end,
efforts to optimize health by increasing PA have led to numer-
ous studies focused on identifying alternative approaches to
MVPA.23,24 Light-intensity training (LIT)25,26 and high-intensity
interval training (HIIT)23 have been suggested as an alternate
means of promoting PA to improve health. LIT refers to PA
prescriptions that call for an expenditure of less than 40% of
maximal oxygen uptake; it has been suggested that this is a
more attainable target compared with continuous MVPA.10 In
contrast, HIIT involves alternating short bursts of high-
intensity exercise with less-intense recovery periods requiring
less time to perform than continuous MVPA.23 Recent pub-
lished data have demonstrated that both LIT26–29 and HIIT30–32

induce positive adaptations that may reduce cardiometabolic
risks. Specifically, LIT was found to improve blood pressure in
physically inactive populations with a medical condition,19

whereas HIIT was found to improve glucose control33 in healthy
individuals and to improve insulin sensitivity and lipoproteins34

in individuals with metabolic syndrome. In rats fed standard
chow, LIT and HIIT were found to improve body weight, fat
accumulation, glucose control, high-density lipoprotein (HDL)
and total cholesterol (TC) levels, and mesenteric vessel con-
tractile response.35

Several studies have examined the impact of low-calorie
low-fat diet and PA on health and found a significant reduction
in the risk of developing CVD and diabetes compared with a
placebo or an educational support group.36–39 However,
although healthy diet and increased PA improve health,40 many
people in developed countries and increasingly in developing
countries are becoming sedentary and are consuming signifi-
cant elements of the Western diet.41,42 Thus, it is valuable to
understand how sedentary behavior and alternative activity
modes such as LIT and HIIT affect cardiometabolic risk in
populations consuming the Western diet. Therefore, this study

aims to determine the effects of sedentary behavior, LIT, and
HIIT on metabolic markers and cardiac and vascular function in
male adult rats fed with a high-fat high-carbohydrate (HFHC)
diet.

2. Methods

2.1. Study design and animals

All research procedures were granted prior approval by
Central Queensland University (CQU) Animal Ethics Research
Committee (A13/08-303) in accordance with the guidelines of
the National Health and Medical Research Council of Australia.
Male Wistar rats (n = 48) were bred and housed at CQU in an
environmentally controlled room (temperature 22°C ± 1°C,
relative humidity 50% ± 2%) with a 12 h light–dark cycle. Male
rats were used to avoid variability caused by hormonal cycles in
females as well as because of their more similar homeostatic
adaptation (negative energy balance) to exercise in humans
compared with female rats.43,44 Water and standard rat chow
(Riverina Stockfeeds, South Brisbane, Australia) were provided
ad libitum for 12 weeks. After 12 weeks of aging, rats
(437.8 ± 3.9 g) were randomly divided into 4 groups, each com-
prising 12 animals: control (CTL), sedentary (SED), LIT, and
HIIT. Rats were subjected to 12 weeks of PA intervention and
HFHC diet feeding in all groups. All rats at 24 weeks of age
were euthanized at the end of the intervention period.

2.2. PA protocol

During the 12-week intervention period, animals were sub-
jected to each of the following PA protocols. The CTL group
was housed 3 or 4 rats per standard cage with 2400 cm2 floor
area (400 cm2/400 g rat) and was not subjected to any exercise
training beyond normal cage activity. The SED group was not
subjected to any exercise training and was housed 3 rats per
small cage with 1080 cm2 floor area (240 cm2/400 g rat) to
initiate a significant reduction in PA.45 The LIT group was
housed 3 or 4 rats per standard cage with 2400 cm2 floor area
(400 cm2/400 g rat) and ran at a treadmill speed of 8 m/min, 0%
incline, for 125 min/day divided into 4 bouts (30-30-30-35 min)
separated by a 2 h rest period, 5 days/week for 12 weeks.46 The
HIIT group was housed 3 or 4 rats per standard cage with
2400 cm2 floor area (400 cm2/400 g rat) and was trained start-
ing at a treadmill speed of 10 m/min, 0% incline, for
10–15 min/day, progressively increased at a speed of 50 m/min,
10% incline, divided into four 2.5 min work bouts separated by
a 3 min rest period, 5 days/week for 12 weeks (training protocol
followed as described by Matsunaga et al.47).

2.3. Diet protocol

Rats received an HFHC diet (with 25% fructose solution
incorporated in the drinking water)48 ad libitum during the
12-week intervention period. The composition of this diet is
listed in Table 1. Wistar rats (which are more susceptible to
obesity) fed with an HFHC diet generally develop metabolic
syndrome, which shares many features with human metabolic
syndrome.49 Twenty-four-hour food and water (fructose) intakes
for all animal groups were monitored weekly throughout the
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intervention period. The average 24 h food and water intake per
week was noted. Energy intake (kJ/g) was calculated for the
food or water consumed.

2.4. Body weight, systolic blood pressure (SBP), and heart
rate (HR)

Body weights, SBP, and HR were recorded every 4 weeks.
Rats were anesthetized with an intraperitoneal injection of
Zoletil® (zolazepam/tiletamine, 15 mg/kg) prior to SBP read-
ings. SBP and HR measurements were taken via tail-cuff
plethysmography using an MLT1010 Pulse Transducer
(ADInstruments, Bella Vista, Australia) and inflatable tail-cuff
connected to an MLT844 Physiological Pressure Transducer
(ADInstruments), and PowerLab data acquisition unit
(ADInstruments).50

2.5. Oral glucose tolerance test (OGTT)

OGTT was performed every 4 weeks after an overnight fast
(10–12 h). Rats were administered 40% glucose (2 g/kg) via
oral gavage. Tail-vein blood samples were taken at 0, 30, 60, 90,
and 120 min, and blood glucose concentrations were measured
using a Medisense Precision QID glucose meter (Abbott Labo-
ratories, Princeton, NJ, USA). Area under the curve was calcu-
lated using the blood glucose levels measured over the 2 h
period.

2.6. Terminal assessments

At completion of the 12-week intervention period, all rats
were euthanized after a 24 h rest period via intraperitoneal
injection of Lethabarb® (sodium pentobarbitone, 1.5 mg/kg)
prepared at a concentration of 375 mg/mL. Following euthana-
sia, the chest cavity was opened and heart, kidney, liver,
spleen, and fats pads (visceral and epididymal) were removed
and weighed (weight normalized to tibial length). Blood serum
was collected and stored at −80°C for subsequent analysis.
Electrophysiological studies and isolated thoracic aortic and
mesenteric ring organ baths were then performed to assess
changes in cardiovascular function.

2.7. Biochemical assays

Biochemical measurements were performed using blood
collected from the abdominal vena cava of each rat. Blood
samples were allowed to clot, then centrifuged for 10 min at
4000 rpm. Serum was aliquoted to microtubes and stored at
−80°C until further analysis. The Sorte and Basak51 modified
copper–cadmium reduction method was used to quantify total
nitric oxide concentrations. Abcam assay kits (Abcam, Cam-
bridge, UK) prepared according to manufacturer-provided stan-
dards and protocols were used to measure serum triglycerides,
low-density lipoprotein (LDL), and HDL concentrations. TC
was calculated using a modified Friedlander formula.52

Mercodia Rat Insulin ELISA kit (Mercodia, Uppsala, Sweden)
was used to determine serum levels of insulin, and R&D
Systems Rat IL-6 DuoSet ELISA (Catalogue Number DY506)
(R&D Systems, Minneapolis, MN, USA) was used to quantify
interleukin-6 (IL-6) concentration. The Briskey et al.53 opti-
mized gas chromatography–tandem mass spectrometry proto-
col was used to measure total F2-isoprostane levels.

2.8. Cardiac function

The left ventricular papillary muscle was pinned between 2
earth-isolated platinum electrodes in a 1.0 mL experimental
chamber filled with Tyrode’s physiological salt solution (37°C,
aerated with 95%O2–5%CO2). The papillary muscle was slowly
stretched to a maximum preload (5–10 m·N) and was then
stimulated using the Grass SD9 stimulator (West Warwick, RI,
USA) at a frequency of 1 Hz, pulse width of 0.5 ms, and stimu-
lus strength of 20% above threshold. After a 5 min equilibration
period, the papillary muscle was then impaled by glass micro-
electrodes filled with 3M potassium chloride ((World Precision
Instruments; Sarasota, FL, USA) filamented borosilicate glass,
outer diameter 1.5 mm, tip resistance of 5–15 mΩ) using a
silver/silver chloride reference electrode. The electrical activity
(mV) of a cell was recorded with a Cyto 721 electrometer
(World Precision Instruments) connected to a PowerLab data
recording system (ADInstruments).

2.9. Vascular function

Thoracic aortic rings isolated from each rat were suspended
in individual 25 mL organ baths filled with Tyrode’s buffer at
37°C aerated with 95%O2–5%CO2. Mesenteric arteries dis-
sected from the intestine vasculature were threaded with 40 μm
stainless steel wire while bathed in Tyrode’s solution, then
transferred to 10 mL myograph chambers containing Tyrode’s
buffer at 37°C aerated with 95%O2–5%CO2. Aortic and mes-
enteric rings were allowed to equilibrate for 30 min at a resting
tension of ~10 m·N. After equilibration, mesenteric arteries
were normalized using an automated normalization function,54

were contracted with 10 mmol/L potassium chloride, and were
relaxed with 0.01 mmol/L acetylcholine. Cumulative
concentration-contraction curves were measured for noradrenaline
(Sigma-Aldrich, Castle Hill, Australia) on both aortic and mes-
enteric vessels. Cumulative concentration-relaxation curves were
measured for acetylcholine (Sigma-Aldrich) and sodium

Table 1
Animal diet composition.

Ingredients Standard chow HFHC diet

Powdered rat feed (g/kg) 1000 155
H.M.W. salt mixture (g/kg) 25
Beef tallow (g/kg) 200
Condensed milk (g/kg) 395
Fructose (g/kg) 175
Water (mL/kg) 50
Energy (kJ/g) 12.2 17.9
Macronutrients (%)

Total carbohydrate 42 52
Total fat 5 24
Total protein 25 6
Total fiber 6 1

Abbreviations: HFHC = high-fat high-carbohydrate; H.M.W. = Hubble Mendal
and Wakeman.
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nitroprusside (Sigma-Aldrich) following submaximal (70%) con-
traction to noradrenaline.50

2.10. Statistical analysis

Data are presented as mean ± SEM. Food and water intake,
body weight, SBP, HR, and vascular functional parameters were
analyzed using separate two-way (group × time) analysis of
variance with Bonferroni post hoc analysis for multiple com-
parisons. Cardiometabolic and one-way analyses of variance
with Bonferroni post hoc comparisons. Analyses were per-
formed using GraphPad Prism Version 6 (GraphPad Software
Inc., La Jolla, CA, USA). Statistical significance was set at
p < 0.05.

3. Results

3.1. Food, water, and energy intake

Table 2 presents the mean 24 h food, energy, and water
intake of the experimental groups at Weeks 0, 4, 8, and 12 of
intervention. There were no significant between-group differ-
ences in food, water, and energy intake throughout the inter-
vention period. No group × time interaction was observed for
food (p = 0.5435), water (p = 0.1555), and energy (p = 0.2034)
intake. No main effect for group was observed for food
(p = 0.1335), water (p = 0.0891), and energy (p = 0.1660)
intake, but there was a significant main effect for time (all
p < 0.0001). Follow-up analyses showed all groups had signifi-
cantly lower food and water intake, and significantly higher
energy intake at Weeks 4, 8, and 12 compared with Week 0 (all
p < 0.0001). No significant difference in food, water, and
energy intake in all groups was observed at Week 12 compared
with Weeks 4 and 8.

3.2. Body and organ weights

Table 3 presents the body weights of the experimental
groups at Weeks 0, 4, 8, and 12 and organ weights of experi-
mental groups after 12 weeks of the intervention. Initial body
weights ranged from 420.7 ± 12.2 g to 449.2 ± 8.2 g. No sig-
nificant main effects or interactions were observed for body
weight throughout the intervention period. At Week 12, the LIT

(p = 0.0057) and HIIT (p = 0.0120) groups’ visceral fat weight
was significantly lower compared with the CTL group. The LIT
group’s epididymal fat weight was significantly lower com-
pared with the CTL (p < 0.0001) and SED (p = 0.0447) groups,
and the HIIT group’s epididymal fat weight was significantly
lower compared with the CTL group (p = 0.0002). No signifi-
cant between-group differences were observed in the left and
right ventricle, kidney, spleen, and liver weights at Week 12 of
the intervention.

3.3. SBP and HR

Table 4 presents SBP and HR of the experimental groups at
0, 4, 8, and 12 weeks of intervention. No significant main
effects or interactions were observed for SBP or HR throughout
the intervention period.

3.4. Cardiometabolic parameters

Table 5 presents the cardiometabolic parameter outcomes
of the experimental groups after 12 weeks of the intervention.

Table 3
Body weights at Weeks 0, 4, 8, and 12 and organ weights of experimental groups after 12 weeks of intervention (mean ± SEM).

Measures CTL (n = 12) SED (n = 12) LIT (n = 12) HIIT (n = 10)

Body weight (g)
0 week 420.7 ± 12.2 437.0 ± 12.9 431.2 ± 10.6 449.2 ± 8.2
4 weeks 406.2 ± 14.6 409.4 ± 17.2 393.7 ± 6.8 435.0 ± 12.3
8 weeks 428.6 ± 18.0 437.9 ± 16.5 396.2 ± 6.9 425.6 ± 11.6
12 weeks 443.2 ± 19.3 423.3 ± 16.5 394.9 ± 6.9 411.0 ± 13.0
Organ weight at Week 12 (mg/mm)
Visceral fat (mg/mm) 398.0 ± 44.1 339.5 ± 25.9 247.2 ± 20.7* 247.0 ± 23.3*
Epididymal fat (mg/mm) 272.8 ± 24.7 210.3 ± 13.2 150.2 ± 9.7*# 152.3 ± 17.7*
Left ventricle (mg/mm) 22.8 ± 1.3 23.0 ± 0.7 22.8 ± 0.7 22.9 ± 0.9
Right ventricle (mg/mm) 6.0 ± 0.4 5.9 ± 0.2 5.9 ± 0.2 5.9 ± 0.2
Kidney (mg/mm) 72.8 ± 3.7 75.1 ± 2.2 68.7 ± 2.4 80.1 ± 2.6
Spleen (mg/mm) 20.6 ± 2.0 18.9 ± 0.8 17.6 ± 0.5 20.0 ± 1.0
Liver (mg/mm) 372.0 ± 21.3 373.4 ± 17.6 357.5 ± 10.8 387.6 ± 17.6

* p < 0.05, compared with CTL; # p < 0.05, compared with SED.
Abbreviations: CTL = control group; HIIT = high-intensity interval trained group; LIT = light-intensity trained group; SED = sedentary group.

Table 2
Mean 24 h food and water intake of experimental groups at 0, 4, 8, and 12
weeks of intervention (mean ± SEM).

Measures CTL (n = 12) SED (n = 12) LIT (n = 12) HIIT (n = 10)

Food intake (g/24h)
0 week 33.5 ± 5.0 37.6 ± 1.1 33.5 ± 0.8 37.5 ± 0.7
4 weeks 15.9 ± 1.2* 16.4 ± 0.4* 14.6 ± 1.2* 14.8 ± 0.4*
8 weeks 15.9 ± 1.4* 16.8 ± 0.3* 14.2 ± 1.5* 14.1 ± 0.9*
12 weeks 16.1 ± 2.4* 14.7 ± 0.5* 14.2 ± 0.6* 16.8 ± 0.8*
Water intake (mL/24h)
0 week 92.1 ± 8.2 82.9 ± 2.7 71.3 ± 1.3 88.1 ± 7.3
4 weeks 22.9 ± 1.5* 29.6 ± 2.1* 22.1 ± 1.0* 24.9 ± 0.8*
8 weeks 21.6 ± 1.3* 23.1 ± 4.6* 25.8 ± 2.9* 29.3 ± 3.4*
12 weeks 24.8 ± 2.5* 21.4 ± 0.9* 23.7 ± 1.1* 28.5 ± 1.4*
Energy intake (kJ/g/day)
0 week 408.6 ± 61.1 458.4 ± 13.4 408.2 ± 9.6 457.9 ± 8.2
4 weeks 670.2 ± 43.2* 782.8 ± 34.0* 631.9 ± 36.1* 683.7 ± 18.5*
8 weeks 646.8 ± 30.1* 688.3 ± 78.7* 736.0 ± 18.3* 745.0 ± 55.5*
12 weeks 704.5 ± 77.6* 622.6 ± 20.1* 652.1 ± 24.6* 779.5 ± 37.0*

* p < 0.0001, compared with 0 week within group.
Abbreviations: CTL = control group; HIIT = high-intensity interval trained
group; LIT = light-intensity trained group; SED = sedentary group.
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There were no significant between-group differences observed
in OGTT area under the curve at Weeks 0, 4, 8, and 12 of the
intervention. No significant between-group differences were
observed in LDL cholesterol (LDL-C), HDL cholesterol (HDL-
C), triglycerides, TC, insulin, nitric oxide, IL-6, or F2-isoprostane.

3.5. Cardiac function

Table 6 presents cardiac function of the experimental groups
after 12 weeks of the intervention. The SED group’s action
potential amplitude (APA) was significantly lower compared with
the CTL group (p = 0.0426), and the LIT group’s APA was
significantly higher compared with the SED group (p = 0.0003).
No significant between-group differences were observed in action
potential duration (APD) at 20%, 50%, or 90% of the repolariza-
tion, in resting membrane potential, or in force of contraction.

3.6. Vascular function

Fig. 1 presents vascular reactivity of the experimental groups
at Week 12 of the intervention. The SED group demonstrated
increased thoracic aortic contractile responses to noradrenaline
compared with the CTL group (p < 0.05) (Fig. 1A), whereas
the HIIT group demonstrated decreased mesenteric artery con-
tractile responses to noradrenaline compared with all other
groups (p < 0.05) (Fig. 1D). Results regarding vasorelaxation
of noradrenaline-precontracted vessels at Week 12 of the inter-
vention demonstrated that HIIT improved endothelium-
dependent mesenteric artery relaxation responses to acetylcholine
compared with the LIT group (p < 0.05) (Fig. 1E). No signifi-
cant differences in endothelium-dependent aortic and endothelium-
independent aortic and mesenteric relaxation were observed
between groups after 12 weeks of the intervention.

Table 5
Cardiometabolic parameter outcomes of experimental groups after 12 weeks of intervention (mean ± SEM).

Measures CTL (n = 12) SED (n = 12) LIT (n = 12) HIIT (n = 10)

OGTT AUC (mmol/L)
0 week 1041.4 ± 35.3 1032.0 ± 48.0 970.8 ± 10.0 1010.7 ± 40.0
4 weeks 864.0 ± 33.0 958.5 ± 27.6 906.0 ± 19.0 915.7 ± 35.1
8 weeks 947.9 ± 43.3 936.0 ± 39.0 903.0 ± 19.7 979.0 ± 52.6
12 weeks 927.5 ± 23.6 954.0 ± 42.0 828.0 ± 23.1 860.9 ± 24.1

LDL-C (mg/dL) 128.3 ± 13.7 152.5 ± 10.0 121.6 ± 12.2 134.9 ± 6.2
HDL-C (mg/dL) 45.4 ± 6.5 46.7 ± 5.7 46.5 ± 8.9 43.5 ± 14.9
Triglycerides (mg/dL) 103.4 ± 7.8 96.0 ± 4.4 137.6 ± 19.2 147.1 ± 17.8
TC (mg/dL) 188.7 ± 15.1 218.5 ± 13.3 206.6 ± 20.6 207.9 ± 12.5
Insulin (ug/L) 0.44 ± 0.06 0.40 ± 0.05 0.34 ± 0.03 0.48 ± 0.06
Nitric oxide (uM) 25.7 ± 3.4 24.5 ± 4.8 21.8 ± 4.9 24.1 ± 5.4
IL-6 (pg/mL) 49.5 ± 1.9 49.7 ± 2.4 54.1 ± 1.6 51.1 ± 2.6
F2-isoprostane (pg/mL) 472.3 ± 161.3 502.5 ± 158.3 579.7 ± 3.1 438.7 ± 11.9

Abbreviations: AUC = area under the curve; CTL = control group; HDL-C = high-density lipoprotein cholesterol; HIIT = high-intensity interval trained group; IL-6
= interleukin-6; LDL-C = low-density lipoprotein cholesterol; LIT = light-intensity trained group; OGTT = oral glucose tolerance test; SED = sedentary group; TC
= total cholesterol.

Table 6
Cardiac electrophysiology outcomes of experimental groups after 12 weeks of
intervention (mean ± SEM).

Cardiac action
potential
parameters

CTL (n = 12) SED (n = 12) LIT (n = 12) HIIT (n = 10)

APD20 17.0 ± 1.1 14.5 ± 0.8 18.4 ± 1.6 15.0 ± 1.3
APD50 30.1 ± 3.0 26.8 ± 2.1 31.7 ± 3.5 23.6 ± 2.9
APD90 108.1 ± 15.0 101.3 ± 10.1 88.7 ± 10.5 89.5 ± 14.4
RMP −62.3 ± 1.5 −66.4 ± 1.8 −67.3 ± 1.8 −65.6 ± 1.5
APA 56.1 ± 4.3 42.4 ± 2.6* 64.1 ± 2.6# 51.3 ± 4.3
Fc 2.3 ± 0.4 1.9 ± 0.4 2.1 ± 0.4 1.8 ± 0.4

* p < 0.05, compared with CTL; # p < 0.05, compared with SED.
Abbreviations: APA = action potential amplitude; APD20 = action potential
duration at 20%; APD50 = action potential duration at 50%; APD90 = action
potential duration at 90%; CTL = control group; Fc = force of contraction;
HIIT = high-intensity interval trained group; LIT = light-intensity trained
group; RMP = resting membrane potential; SED = sedentary group.

Table 4
SBP and HR of experimental groups at 0, 4, 8, and 12 weeks of intervention
(mean ± SEM).

CTL (n = 12) SED (n = 12) LIT (n = 12) HIIT (n = 10)

SBP (mmHg)
0 week 127.2 ± 1.8 133.0 ± 4.5 129.8 ± 2.0 128.0 ± 2.5
4 weeks 135.7 ± 4.1 136.6 ± 3.7 131.3 ± 2.7 137.4 ± 1.7
8 weeks 135.6 ± 1.6 139.0 ± 2.0 130.8 ± 2.4 136.6 ± 3.0
12 weeks 133.5 ± 4.0 139.8 ± 2.4 134.7 ± 6.9 134.7 ± 4.7
HR (beats/min)
0 week 498.4 ± 16.7 504.8 ± 18.0 500.6 ± 15.3 501.1 ± 12.8
4 weeks 510.4 ± 6.3 507.2 ± 6.7 504.7 ± 7.0 513.4 ± 7.7
8 weeks 513.6 ± 7.4 509.0 ± 14.5 499.4 ± 6.2 516.2 ± 9.0
12 weeks 510.6 ± 5.9 511.4 ± 11.6 499.0 ± 13.0 516.4 ± 13.8

Abbreviations: CTL = control group; HIIT = high-intensity interval trained
group; HR = heart rate; LIT = light-intensity trained group; SBP = systolic
blood pressure; SED = sedentary group.
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4. Discussion

Studies have established that dietary factors and activity levels
largely contribute to the development of the cardiometabolic
syndrome.55,56 The present study demonstrated that in rats fed
with an HFHC diet, the SED group had lower APA and greater
thoracic aortic contractile responses compared with the CTL
group. The LIT group had a higher APA compared with the SED
group, whereas the HIIT group showed a decreased mesenteric
artery contractile response compared with all other groups and
improved endothelium-dependent mesenteric artery relaxation
compared with the LIT group. Additionally, the LIT and HIIT
groups had decreased visceral and epididymal fat weights com-
pared with the CTL group. These findings differ from those we
recently reported showing that in animals fed standard chow and
trained using the same LIT and HIIT protocols, LIT and HIIT
groups demonstrated beneficial changes in body weight, fat accu-
mulation, glucose control, HDL and TC levels, and mesenteric
vessel contractile response to noradrenaline compared with the
CTL group.35 Furthermore, the LIT group demonstrated signifi-
cant improvements in insulin sensitivity and cardiac conduction,
whereas the HIIT group demonstrated significant improvements
in SBP and enhanced sensitivity to endothelium-independent
relaxation in the aorta and mesenteric artery compared with the
CTL group.35 These results suggest that limited beneficial effects
are observed following LIT and HIIT prescriptions in rats con-
suming an HFHC diet.

Results of this study demonstrated significant decreases in
food and water (fructose) intake in all groups atWeeks 4, 8, and 12
compared with Week 0 of intervention. This finding is in
agreement57–59 with previous studies in rodents suggesting that the
hypophagic effect of an HFHC diet is a way to maintain a stable
body weight or fat. In contrast, other animal studies60–62 have
shown increased food intake following an HFHC diet. Several
factors are hypothesized to have contributed to this discrepancy.
These include differences in experimental design, strain suscep-
tibility to fructose manipulations, and palatability of the diet,
which depends on the concentration and the ratio of fructose to
fat.63 However, it should be noted that although several
hypotheses63 have been proposed, it is still unclear what exactly
influences an HFHC diet to stimulate or inhibit food intake in rats.

Although a significantly lower food and water intake was
observed at Weeks 4, 8, and 12 compared with Week 0, energy
intake was significantly higher in all groups at Weeks 4, 8, and
12 compared with Week 0. This finding was due to the higher
energy content of the HFHC diet, leading to a higher energy
intake. As observed in this study, rats given sugar solutions
(fructose) in addition to solid food consumed more energy than
rats given solid food alone, promoting changes in adipose
deposition even without excessive weight gain.64 Thus, a sus-
tained increase in intake was not essential to promote an
increased energy intake in this model.

Several studies have demonstrated that MVPA can mitigate
high-fat diet–induced weight gain.65–67 In the current study, no

Fig. 1. Vascular functional changes in high-fat high-carbohydrate-fed rats after 12 weeks of intervention. (A) Noradrenaline-mediated contraction of the thoracic
aorta; (B) Endothelium-dependent relaxation to acetylcholine of noradrenaline-precontracted thoracic aorta; (C) Endothelium-independent relaxation to sodium
nitroprusside of noradrenaline-precontracted thoracic aorta; (D) Noradrenaline-mediated contraction of the mesenteric artery; (E) Endothelium-dependent relaxation
to acetylcholine of noradrenaline-precontracted mesenteric artery; (F) Endothelium-independent relaxation to sodium nitroprusside of noradrenaline-precontracted
mesenteric artery. Data expressed as mean ± SEM. Log[M] = negative logarithm to the base 10 of the molar concentration. * p < 0.05, compared with CTL;
# p < 0.05, compared with SED; † p < 0.05, compared with LIT; ‡ p < 0.05, compared with HIIT. CTL = control group; HIIT = high-intensity interval trained group;
LIT = light-intensity trained group; SED = sedentary group.
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significant main effects or interactions were observed for body
weight throughout the intervention period, suggesting that body
weight was not altered in either sedentary, LIT, or HIIT rats fed
with an HFHC diet. This is perhaps due to the hypophagic effect
of an HFHC diet,57–59 which suppresses the effect of PA on body
weights. Additionally, although feeding an HFHC diet has been
linked to obesity and the metabolic syndrome in several animal
models,68 data from this study failed to induce excessive weight
gain in all groups, as evidenced by the nonsignificant difference
in weight in all groups throughout the intervention period.
Several rat studies have reported the failure of an HFHC diet to
induce obesity,57,69–71 and various reasons have been suggested
to explain this occurrence. Investigators have suggested that
following 6–8 weeks of HFHC feeding, increases in leptin
(satiety hormone) production and central leptin sensitivity are
observed in the animals, decreasing food intake and body
weight.72 After 12 weeks, animals start to develop leptin resis-
tance and obesity.72 Another suggestion is that Wistar rats are
less responsive to weight gain following an HFHC diet com-
pared with Sprague-Dawley rats owing to their higher basal
metabolic rate.73–75 Lastly, it is hypothesized that induction of
obesity is more effective when a high-fat diet is started at an
early age (9 weeks of age) and administered for 8 weeks or
more.76 These factors may have contributed to the failure of
HFHC to induce obesity in this study.

It is established that body fat distribution is a better indicator
of disease risk than body weight itself.77 In this study, although
no changes in body weights were observed, the LIT and HIIT
groups’ visceral and epididymal fat weights were significantly
lower compared with the CTL group. This finding suggests that
LIT and HIIT can prevent fat accumulation (even without exces-
sive weight gain), potentially decreasing cardiometabolic risk.78

Possible mechanisms underlying this LIT- and HIIT-induced fat
prevention are an increase in the muscle enzymes that stimulate
increased fat oxidation,79,80 an increase in neurotransmitters con-
tributing to post-training inhibition of food intake,81 and an
increase in release of anorectic peptide (corticotropin-releasing
factor) by the hypothalamus.82 Additionally, although not statis-
tically significant, the SED group’s visceral and epididymal fat
weights were lower compared with the CTL group. In rodents,
food intake is coupled with energy expenditure, such that
decreased PA acutely reduces energy expenditure and food
intake and consequently lowers fat accumulation.83

No significant main effects or interactions were observed
for SBP or HR throughout the intervention period. The auto-
nomic nervous system and its sympathetic arm play important
roles in regulating blood pressure and HR.84,85 Previous studies
have confirmed that MVPA lessens sympathetic modulation of
the heart,86,87 whereas HFHC feeding enhances sympathetic
activity.88 One study further demonstrated that MVPA attenu-
ated high-fat diet-induced sympathetic activation.86 Results of
this study showed that sedentary behavior, LIT, and HIIT had
no effect on SBP and HR. Rats used were relatively young
with normal vascular function, so it is possible that 12 weeks
of restricted activity may not be enough to cause adverse
cardiometabolic changes. The effect of LIT and HIIT on sym-
pathetic activity has not been widely examined, and it is assumed

that the HFHC feeding reduced the effect of LIT and HIIT on
the sympathetic system; however, this remains to be clarified.
Notably, blood pressure readings were showing an upward trend
in the HFHC-fed groups, which may have become more appar-
ent if the feeding trial had been extended beyond 12 weeks.

The role of PA and diet on glucose and lipid metabolism was
also examined in the current study. No significant between-
group differences were observed in OGTT area under the curve
at 0, 4, 8, and 12 weeks and no between-group differences in
insulin, LDL-C, HDL-C, triglycerides, and TC at Week 12 of
intervention. In rats fed with a standard diet, previous studies
have demonstrated that LIT and HIIT89,90 stimulate the rate of
muscle glucose transport, reducing plasma glucose, whereas
physical inactivity decreases the number of muscle glucose
transporters, resulting in increased plasma glucose.91 Similarly,
several animal studies using standard chow diets have shown
that LIT and HIIT improve the lipid profile,31,92–96 whereas
physical inactivity reduces plasma triglyceride uptake into
muscle and decreases HDL-C levels29 in rats fed with a standard
diet. Results of this study showed that sedentary behavior, LIT,
and HIIT had no effect on glucose and lipid metabolism in rats
consuming an HFHC diet. The underlying mechanism is not
fully understood, but it appears that the HFHC diet is hindering
the effect of PA in glucose and lipid metabolism. This is an
important finding in the context of this project, where the short
duration of HFHC feeding (12 weeks) compared with other
studies97,98 did alter glucose responses to exercise training
despite limited evidence of classic metabolic syndrome
changes.

Recently, it has become apparent that the complex interac-
tion of inflammation, endothelial dysfunction, and oxidative
stress are contributors to the pathogenesis of several diseases
(e.g., hypertension, diabetes, and coronary artery disease).99–101

In this study, no significant between-group differences were
observed in nitric oxide, IL-6, and F2-isoprostane concentra-
tions following the various PA prescriptions. Similar animal
studies have demonstrated different findings, where moderate-
intensity exercise was found to reduce circulating inflammatory
cytokines (IL-6)69 and oxidative stress markers (superoxide
anion, thiobarbituric acid reactive substances, and carbonyl)102

in rats fed with 8 weeks of a high-fat diet. However, these
studies employed different training intensity and outcome
measures69,102 as well as rat models (adolescent rats).69 On the
other hand, no significant differences in serum nitric oxide
concentrations were observed between groups, which is in
agreement with a previous study that demonstrated no change
in the level of plasma nitric oxide after 4 weeks of moderate
intensity exercise in Zucker obese rats.103 Results of this study
showed that sedentary behavior, LIT, and HIIT had no effect on
inflammatory and oxidative stress markers. However, because
this is the first study to examine the influence of an HFHC diet
with different intensities of PA on markers of inflammation and
oxidative stress, more research is required to fully understand
these results.

In this study, no significant between-group differences were
observed for APD20, APD50, APD90, resting membrane
potential, or force of contraction. After 12 weeks of
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intervention, the LIT group demonstrated a higher APA com-
pared with the SED group despite the HFHC diet, whereas the
SED group showed decreased APA compared with the CTL
group. This finding suggests that LIT improved cardiac conduc-
tion, resulting in greater efficacy of cardiac impulse
propagation.104,105 In contrast, the SED group demonstrated
slower cardiac conduction, potentially increasing CVD risk by
impairing ventricular pressure development and increasing
myocardial oxygen demand.104–106 These cardiac effects are
mediated by the activation of β1-adrenergic receptors, which are
important in regulating heart function.107 However, to date no
study has examined the effect of these different intensities of
PA on β1-adrenergic receptors. This is a worthwhile future area
of investigation to gain insight into how exercise intensity may
affect cardiac function.

Vascular dysfunction, a hallmark of several cardiovascular
diseases, is frequently associated with increased vasoconstric-
tion and decreased vasodilation.108,109 The current study dem-
onstrated increased thoracic aortic contractile responses to
noradrenaline in the SED group compared with the CTL group.
This increased vascular reactivity to noradrenaline observed in
the SED group supports previous observation that increased
sedentary behavior promotes vascular deconditioning by
increasing arterial tone.110 Studies have demonstrated that sed-
entary behavior increases plasma triglycerides and decreases
HDL-C,29 whereas a high-fat diet is known to induce elevated
levels of the triglyceride-rich very low-density lipoprotein and
the cholesterol-rich LDL.111 Thus, this combined effect of sed-
entary behavior and diet is perhaps the reason for the increased
α-adrenergic contractile responses (vascular constriction)
observed in the SED group.112

In the mesenteric vessels, where vascular responsiveness is
faster and greater compared with large vessels,113 the HIIT
group (compared with CTL, SED, and LIT groups) had signifi-
cantly lower contractile response to noradrenaline. These
results are encouraging because they indicate that HIIT can
mitigate mesenteric α-adrenergic contractile responses even
with concurrent intake of an HFHC diet and can possibly
decrease vessel pressure. Possible mechanism is the stimulation
of an α-adrenergic receptor on the vascular endothelial cells,
leading to release of endothelium-derived relaxing factor
through the nitric oxide synthase pathway.114 This assumption is
supported by the finding in this study of increased sensitivity of
HIIT to endothelium-dependent mesenteric artery relaxation
compared with the LIT group.

The present data also showed no between-group differences
in endothelium-dependent aortic and endothelium-independent
aortic and mesenteric relaxation after 12 weeks of intervention.
This finding is consistent with previous studies, which demon-
strated that an HFHC diet impairs endothelium-dependent and
endothelium-independent dilation, even in the absence of
increase in fat mass.115 It has been suggested that the presence
of insulin resistance and fatty acids released during fat oxida-
tion, which activate the nuclear factor-κB resulting in nitric
oxide inhibition, contribute to the impairment of the
endothelium.116 Thus, it is possible that this HFHC diet is sup-
pressing the effects of PA, if there are any.

5. Conclusion

The present study examined the influence of an HFHC diet
on cardiometabolic, cardiac, and vascular function following
12 weeks of different intensities of PA in male adult rats. This
study demonstrated negative effects on cardiac conduction and
thoracic aortic contractile response in the SED group com-
pared with the CTL group. LIT induced positive adaptations in
fat accumulation and cardiac conduction compared with the
CTL and SED groups, respectively. The HIIT group induced a
positive effect on fat accumulation compared with the CTL
group, a positive effect on mesenteric artery contraction com-
pared with all other groups, and a positive effect on endothelium-
dependent mesenteric artery relaxation compared with the LIT
group. Our data provide evidence that few positive health effects
are achieved through LIT and HIIT when consuming an HFHC
diet. It is possible that the duration of the exercise interven-
tions in this study is insufficient to prevent and/or reverse the
changes occurring following HFHC feeding. Evidently, diet
and PA play significant roles in influencing the cardiometabolic
effect of LIT and HIIT and thus should both be targeted when
developing interventions for improving cardiometabolic health.
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