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Background: Long-term high-fat diet (HFD) consumption causes obese-insulin resistance which is known to be a
major risk factor for cardiovascular diseases due to its impact on the impairment of left ventricular (LV) contrac-
tile function and cardiac mitochondrial function. Intracellular calcium [Ca2+]i regulation plays an important role
in themaintenance of LV function. Although either caloric restriction (CR) or exercise (Ex) are shown to strongly
affect metabolic status and LV function, the combined effects of exercise and calorie restriction on cardiometa-
bolic status, cardiac mitochondrial dynamics and cardiac [Ca2+]i transient homeostasis under conditions of
obese-insulin resistance have never been investigated.
Methods: Female rats were fed with either a high-fat diet (HFD: fat, 59.28%; protein, 26.45%; carbohydrate,
14.27%) or a normal diet (fat, 19.77%; protein, 28.24%; carbohydrate, 51.99%) for 13 weeks. HFD rats were then
divided into 4 groups: 1) Vehicle (HFD + Veh); 2) Calorie restriction (HFD + CR); 3) Exercise (HFD + Ex)
and 4) Combined therapy (HFD + CR + Ex). After 6-week intervention, the metabolic status, heart rate
variability (HRV), LV function, cardiac mitochondrial dynamics, and [Ca2+]i transients were determined.
Results: Insulin resistance developed in HFD rats as indicated by increased plasma insulin and HOMA index.
Although HFD + Veh rats hadmarkedly impaired LV function, indicated by reduced %LVFS and impaired cardiac mi-
tochondrial dynamics and [Ca2+]i transients, these impairmentswere attenuated in theHFD+CR,HFD+Ex andHFD
+CR+Ex rats. However, the greatest improvement in cardiometabolic functionwas observed inHFD+CR+Ex rats.
Conclusions: Our findings indicated that a combination of calorie restriction and exercise exerted greater
cardioprotection than a monotherapy through the improvement of cardiometabolic status, cardiac mitochondrial dy-
namics and cardiac [Ca2+]i homeostasis in obese-insulin resistant rats.
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1. Introduction

Long-term consumption of a high-fat diet (HFD) can lead to obese-
insulin resistance [1], which is characterized by body weight
gain, hyperinsulinemia with euglycemia and is also associated with
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resistance is one of the major risk factors for cardiovascular disease
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Cardiac contractile function is mainly regulated by intracellular cal-
cium (Ca2+) homeostasis which relies on cyclical changes in intracellu-
lar Ca2+ concentration ([Ca2+]i transient) [7]. Threemajor cardiac Ca2+

handling proteins, including sarcoplasmic reticulum Ca2+-ATPase
(SERCA), ryanodine receptor Ca2+ release channel proteins (RYR) and
Na+-Ca2+ exchanger proteins (NCX), regulate [Ca2+]i [8]. In addition,
intracellular Ca2+ dysregulation can be facilitated throughmechanisms
associated with mitochondrial integrity, AMPK, JNK and IRS-1 serine
phosphorylation [9,10]. Our previous study demonstrated that distur-
bances in cardiac [Ca2+]i regulation were found in obese-insulin resis-
tant rats as indicated by an increase in [Ca2+]i diastolic level and a
decrease in [Ca2+]i transient amplitude and [Ca2+]i transient decay
rate [11]. In addition, the findings of the study also led to the proposal
that cardiac mitochondrial dysfunction was a crucial mechanism in car-
diac contractile dysfunction in that high-fat diet-induced obese-insulin
resistant model [7]. Previous studies have also demonstrated that intra-
cellular Ca2+ could modulate the activity of mitochondrial fission pro-
tein Drp1 leading to alteration of the balance of fusion/fission events
and mitochondrial mobility, eventually resulting in morphological al-
terations [12–14]. Therefore, therapeutic approaches that can attenuate
metabolic complications, cardiac [Ca2+]i dyshomeostasis and cardiac
mitochondrial dysfunction caused by obese-insulin resistance, may po-
tentially lead to an improvement in previously impaired cardiac
function.

Currently, lifestyle modifications including caloric restriction (CR)
and exercise (Ex), are the first therapeutic approach for diabetic man-
agement. It has been shown that exercise can protect against obesity-
induced mitochondrial dysfunction [15]. In addition, clinical studies
have shown that CR combined with exercise attenuated metabolic dis-
turbance, increased life span and reduced CVD risk factors in type 2 di-
abetesmellitus (T2DM)patients [16,17]. Despite these previous reports,
the mechanisms responsible for the combined effects of exercise and
calorie restriction on cardiometabolic status, cardiac mitochondrial dy-
namics and cardiac [Ca2+]i transient homeostasis under conditions of
obese-insulin resistance have never been investigated. In this study,
we tested the hypothesis that the combination of exercise and calorie
restriction attenuates cardiac dysfunction through the improvement of
cardiac mitochondrial dynamics and [Ca2+]i transient homeostasis in
obese-insulin resistant rats.

2. Material and methods

2.1. Animal preparation and ethical approval

This study was approved by the Institutional Animal Care and Use
Committee of the Faculty of Medicine, Chiang Mai University. Forty fe-
male Wistar rats (6 weeks of age, weighing 200–220 g) were obtained
from the National Animal Center (Salaya campus, Mahidol University,
Bangkok, Thailand). The rats were given time to acclimatize for
1 week and were individually housed in a cage in a temperature-
controlled room (25 °C) with a 12-hour dark/light cycle setting.

2.2. Experimental protocol

Rats were randomly divided into two dietary groups: a normal diet
(ND, a diet containing 19.77% energy from fat), and a high fat diet
(HFD, a diet containing 59.28% energy from fat) [1,18,19]. Thirteen
weeks after specific feeding, rats in the HFD group were divided into 4
subgroups to receive one of the following interventions for 6 weeks:
1) Calorie restriction (HFD+CR), 2) Exercise (HFD+Ex), 3) Combined
Calorie restriction and Exercise (HFD + CR + Ex), and 4) HFD-control
(no exercise and received HFD; HFD + Veh). Body weight and food in-
take of all rats were recorded throughout the experimental period. At
the end of the treatment, blood samples were collected from the tail
vein for determination of metabolic parameters. An oral glucose toler-
ance test (OGTT), heart rate variability (HRV) for cardiac autonomic
balance, and echocardiography were carried out. At the end of the
study protocol, rats were anesthetized with Xylazine (0.15 ml/kg) and
Zolitil (50 mg/kg), and the left ventricular (LV) function was deter-
mined using a pressure-volume (P-V) loop recording system. Then,
the heart was rapidly removed for the determination of cardiac mito-
chondrial function and [Ca2+]i transients and for other biochemical
studies (Fig. 1).
2.3. Calorie restriction

The CR was achieved in rats by switching from HFD to ND and also
by decreasing the energy intake, after the 13-week average food intake,
to 60% energy intake in ND form, this feeding protocol being continued
for 6 weeks.
2.4. Exercise

The exercise regime was carried out using a motor-driven rodent
treadmill (Columbus Instruments Ohio, USA) as previously described
[20]. Exercise trainingwas performed five days/week over a 6-week pe-
riod. The treadmill was equipped with an aversive electrical stimulus
(163 V of alternating current and 1.5 mA) in the back region of each
lane to force the rats to run. Training sessionswere held in themorning.
During the running sessions sedentary rats were put in the same room
as exercising rats. The intensity of exercise started at 10 min once a
day at 22m/min in thefirstweek to accustom the rats to the equipment.
Then, the intensitywas increased to 30min once a day at 25m/min. This
protocol was continued for 6 weeks. The intensity of exercise was 65%
VO2max and the intensity of exercise was classified as moderate inten-
sity as previously described [21].
2.5. Tail-cuff blood pressure measurement and echocardiography

Rats were placed in a restrainer to limit their mobility. Volume-
pressure recording sensors (VPR) and occlusion cuffs (O-cuff) were at-
tached to the tails. Systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were recorded and analyzed using a CODA 2 channel
non-invasive blood pressure system (Kent Scientific Corporation, CT,
USA) [22].

Non-invasive echocardiography was used to determine LV function.
Animals were given light anesthesia, specifically 2% isoflurane, with ox-
ygen (2 l/min). An echocardiography probe (S12, GE healthcare, CT,
USA) was placed on the chest at the parasternal short axis, and con-
nected to an echocardiography machine (GE vivid-i, GE healthcare, CT,
USA). An M-mode echocardiogram at LV papillary muscle level was re-
corded, and %fractional shortening (%FS) was determined. A pulsed-
wave Doppler spectrum of mitral flow was recorded from the apical
four-chamber view with the guidance of the color Doppler. The mitral
E/A ratio was measured.
2.6. Heart rate variability (HRV) measurement

HRVwas performed by immobilizing the limbs of the rats in a prone
position under 2.5% isoflurane inhalation anesthesia. A needle electrode
was inserted subcutaneously into the position of lead II for the electro-
cardiogram (ECG). Rats were allowed to gain full consciousness prior to
ECG recording. The ECG signals were recorded for 20min through a sig-
nal transducer (PowerLab 4/25 T, ADInstruments, Sydney, Australia),
and operated via a Chart 5.0 program (ADInstruments, Sydney,
Australia). At least 300 consecutive RR intervals from the section of
the tachogram were chosen for HRV analysis. LF and HF bands of HRV
were analyzed using an analytical program. Increased LF/HF ratio indi-
cates cardiac sympathovagal imbalance [22].



Fig. 1.The study protocol. Study protocol of the combined effects of exercise and calorie restriction on cardiometabolic status, cardiacmitochondrial dynamics and cardiac [Ca2+]i transient
homeostasis under conditions of obese-insulin resistance.
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2.7. Pressure-volume (P-V) loop study

Rats were anesthetized and ventilated with room air via a tracheos-
tomy tube. The right carotid artery was identified and then a pressure-
volume (P-V) loop catheter (Scisense, Ontario, Canada) was inserted.
The catheter tipwas directed into the LV chamber to record LV pressure
and volume. The tip was left in place for a 10-minute period to ensure
stable PV loop signals. After stable signals were obtained from the PV
loop catheter all loops recorded during 10-minute period were used
for data analysis. The investigated parameters obtained from the P-V
loop study consisted of end-systolic pressure (ESP), end-diastolic pres-
sure (EDP), maximum and minimum dP/dt (dP/dtmax and dP/dtmin),
cardiac output (CO), % ejection fraction (%EF) and heart rate (HR). All
P-V loop parameters were analyzed using Labscribe analytical software
(Labscribe, Dover, NH, USA) [22,23].
2.8. Cardiac mitochondrial function study

To study cardiacmitochondrial function, themitochondrial ROS pro-
duction, mitochondrial membrane potential changes, and mitochon-
drial swelling were determined using the methods described
previously [23]. Briefly, each rat heart was removed and cardiac tissues
were homogenized and centrifuged to isolate cardiac mitochondria.
Cardiac mitochondrial ROS production was measured by staining car-
diac mitochondria with dichlorohydrofluorescein diacetate (DCFDA)
dye for 25min, after which a fluorescentmicroplate reader (Gen5Micro-
plate Reader, BioTek Instruments, VT, USA) was used to detect the ROS
level using the excitation wavelength of 485 nm and emission wave-
length of 530 nm [24]. For mitochondrial membrane potential change,
the dye 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolcarbocyanine
iodide (JC-1) was used. The green fluorescence (JC-1 monomer) was ex-
cited at a wavelength of 485 nm and the emission detected at 590 nm
while the red fluorescence (JC-1 aggregates) was excited at a wavelength
of 485 nm and the emission detected at 530 nm. A decreased red/green
fluorescence intensity ratio indicates depolarization of the mitochondrial
membrane [25]. Mitochondrial swelling was determined using spectro-
photometry at 25 °C as previously described [26–29]. Decreased light
absorbance in amitochondrial suspension at 540 nm indicatesmitochon-
drial swelling [26]. Cardiac mitochondrial morphology was also studied
using a transmission electron microscope (TEM; JEM-1200 EX II, JEOL
Ltd., Japan).

2.9. Determination of cardiac mitochondrial dynamics

To determine cardiacmitochondrial dynamics, western blot analysis
was used to determine protein expression of the mitochondrial fission
protein dynamin-related protein 1 (Drp1) and themitochondrial fusion
protein mitofusin 2 (Mfn2) in the isolated crudemitochondrial fraction
from the hearts. Briefly, the isolated cardiac mitochondrial fraction was
mixed with a loading buffer consisting of 5% mercaptoethanol, 0.05%
bromophenol blue, 75 nM Tris, 2% SDS, and 10% glycerol at pH 6.8. The
mixture was then boiled for 5 min and loaded into 10% gradient SDS-
polyacrylamide gels. Proteins were then transferred to a nitrocellulose
membrane in the presence of a glycine/methanol transfer buffer con-
taining 20 mM Tris, 0.15 M glycine, and 20% methanol (Bio-Rad). The
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membranes were incubated in 5% skimmilk in 1× TBST buffer contain-
ing 20 mM Tris at pH 7.6, 137 nM NaCl, and 0.05% Tween-20 for 1 h at
room temperature then exposed to anti-Drp1, phospho-Drp1
(Ser616), MFN2 and VDAC (Cell Signaling Technology, Danvers, MA,
USA) for 12 h. Bound antibody was detected by the conjugation of
horseradish peroxidase with anti-rabbit IgG. Enhanced chemilumines-
cence (ECL) detection reagents were administered to visualize peroxi-
dase reaction products.

2.10. Determination of oxidative stress

Malondialdehyde (MDA) concentrations in cardiac tissues were
measured using a high-performance liquid chromatography (HPLC)
system (Thermo Scientific, Bangkok, Thailand) as described previously
[11]. Protein from cardiac tissues was mixed with 10% trichloroacetic
acid (TCA) containing BHT then heated at 90 °C for 30 min and cooled
to room temperature. Themixturewas centrifuged, and the supernatant
was mixed with 0.44 M H3PO4 and 0.6% thiobarbituric acid (TBA) solu-
tion to generate thiobarbituric acid reactive substances (TBARS). The so-
lutionwasfiltered through a syringe filter (polysulfone typemembrane,
pore size 0.45 μm, Whatman International, Maidstone, UK) and ana-
lyzed using the HPLC system. Data were analyzed using BDS software
(BarSpec Ltd., Rehovot, Israel), and plasma TBARS concentration was
determined directly from a standard curve generated from a standard
reagent for MDA at different concentrations and reported as MDA
equivalent concentration.

2.11. Determination of metabolic parameters

Plasma insulin level was detected using a sandwich ELISA kit
(Millipore, MI, USA). Plasma glucose and triglyceride levels were deter-
mined by colorimetric assay from a commercially available kit (Biotech,
Bangkok, Thailand). Fasting plasma HDL and LDL were determined
using commercially available kits (ERBA diagnostic, Mannheim,
Germany) [4].

2.12. Cardiac expression of apoptotic proteins

For determination of cardiac apoptotic protein, Western blot analy-
sis was used for measurement of expression of proteins Bax, Bcl-2, Cas-
pase3, and Cleaved-Caspase3 as described previously [23]. Anti-Bax,
Bcl-2, Caspase3, and Cleaved-Caspase3 (Cell Signaling Technology, Dan-
vers, MA, USA), and anti-actin (Sigma-Aldrich, St. Louis, MO, USA) were
used. Bound antibody was detected using horseradish peroxidase con-
jugated with anti-rabbit or anti-mouse IgG. Enhanced chemilumines-
cence (ECL) detection reagents were administered to visualize
peroxidase reaction products [23].

2.13. Cardiomyocyte isolation and calcium transient measurement

Cardiomyocyteswere isolated from thehearts of rats using amethod
described previously [30]. In brief, under deep anesthesia, the heart was
removed immediately and placed into a Langendorff apparatus. The
hearts were perfused with modified Krebs solution (130 mM NaCl,
4.5 mM KCl, 1.4 mMMgCl2, 0.4 mM NaH2PO4, 0.75 mM CaCl2, 4.2 mM
HEPES, 20 mM taurine, 10 mM creatine and 10 mM glucose), at
pH 7.3 and 37 °C for 5 min, followed by a Ca2+-free solution (100 μM
EGTA) for 4 min, and a modified Krebs solution containing 100 μM
CaCl2 and 1 mg/ml type II collagenase for another 8 min. The ventricles
were removed from the cannula, cut into small pieces and incubated in
10 ml of collagenase solution, 100% oxygen being bubbled through for
7 min at 37 °C, with regular trituration. The cardiomyocytes were sepa-
rated from undigested ventricular tissues by filtering through a cell
strainer, and were allowed to settle into a loose pellet. Then, the super-
natant was removed and replaced with modified Krebs solution con-
taining 1% BSA and 500 μM CaCl2. This process was repeated with
modified Krebs solution containing 1 mM CaCl2. After this procedure,
the cardiomyocytes were ready for the recording process.

The isolated cardiomyocytes were used for Ca2+ transient measure-
ment using CELLR imaging software (Olympus Soft Imaging Solutions
GmbH, Germany). Isolated cardiomyocytes were loaded with Fura-2/
AM and fluorescence intensity was recorded during electrical pacing
(1 Hz, 10-ms duration, 15 V). The ratio of the emissions wavelengths
is directly related to the amount of intracellular Ca2+. When Ca2+

binds to a ratiometric indicator, it changes the optimum excitation or
emission wavelength of the indicator. An elevation of Ca2+ concentra-
tion induces an increase in Fura-2 emission fluorescence when the indi-
cator is excited at 340 nm, with a corresponding decrease in
fluorescence at 380 nm excitation [31,32]. The experiments were per-
formed in a temperature-controlled chamber system at 37 °C. Intracel-
lular Ca2+ transient decay rate, which approximates the rate of Ca2+

uptake into the SR by sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA), intracellular Ca2+ transient amplitude which approximates
the intracellular Ca2+ level during the systolic period, and diastolic
Ca2+ level which approximates to the intracellular Ca2+ level during
the diastolic period were all calculated.
2.14. Determination of the expression of cardiac calcium regulatory
proteins

To determine the levels of cardiac Ca2+ regulatory proteins, western
blot analysis was used to examine expression of the SERCA, RYR, PLB
and NCX proteins, using Anti-SERCA (#4388), RYR (#8153), NCX
(#79350), and PLB (#8495) (Cell Signaling Technology, Danvers, MA,
USA), LTCC (ab2864) (Abcam, Cambridge, MA, USA) and anti-actin
(Sigma-Aldrich, St. Louis, MO, USA) for 12 h. Bound antibody was de-
tected by the conjugation of horseradish peroxidase with anti-rabbit
IgG. Enhanced chemiluminescence (ECL) detection reagents were ad-
ministered to visualize peroxidase reaction products.
2.15. Statistical analysis

Datawere expressed asmean±SEM. Comparisons of variableswere
performed using a two-way ANOVA. P b 0.05 was considered to be sta-
tistically significant.
3. Results

3.1. Calorie restriction, exercise and the combined therapy reduced
metabolic disturbance in obese-insulin resistant rats

After 13 weeks of being fed on a HFD, HFD rats developed insulin re-
sistance as indicated by markedly increased body weight and an in-
creased HOMA index, when compared with ND + Veh rats (Table 1).
However, the fasting blood glucose level was not significantly different
between the HFD rats andND rats, indicating a pre-diabetic condition in
these HFD rats.

Six weeks after interventions there was an observable marked de-
crease in body weight and visceral fat deposition in all intervention
groups (HFD + CR, HFD + Ex and HFD + CR + Ex), when compared
with HFD + Veh rats (Table 1). Furthermore, plasma cholesterol levels
in HFD+ CR, HFD+ Ex and HFD+ CR+ Ex rats were significantly de-
creased when compared with HFD + Veh rats (Table 1). Insulin sensi-
tivity was also increased in HFD + CR, HFD + Ex and HFD + CR + Ex
groups, in comparison to HFD+Veh rats (Table 1), as indicated by a de-
creased area under the curve (AUC) following an OGTT. Nevertheless,
the combined therapy (HFD + CR + Ex rats) had a greater reduction
in BW, visceral fat and the AUC, when compared with the HFD + CR
and HFD + Ex groups (Table 1).



Table 1
Effect of calories restriction and exercise on metabolic parameters in obese-insulin resistant rats.

Parameters Groups

ND + Veh HFD + Veh HFD + CR HFD + Ex HFD + CR + Ex

Body weight (g) 281.25 ± 3.80 353.33 ± 4.41* 300.00 ± 6.51*, † 322.50 ± 7.71*,† 266.43 ± 3.40*,†,‡,#
Visceral fat (g) 9.50 ± 1.01 28.69 ± 1.28* 15.19 ± 1.22*, † 21.23 ± 2.11*,† 10.18 ± 0.62*,†,‡,#
Glucose (mg/dl) 130.85 ± 2.15 139.92 ± 5.17 123.64 ± 12.50 135.36 ± 7.94 125.56 ± 4.94
Insulin (ng/ml) 1.36 ± 0.12 4.80 ± 0.40* 3.18 ± 0.58*,† 3.19 ± 0.15*,† 1.74 ± 0.18*,†,‡,#
HOMA index 10.52 ± 2.10 39.73 ± 3.10* 23.26 ± 7.54*,† 25.54 ± 3.54*,† 12.92 ± 2.35*,†,‡,#
Plasma glucose AUC (AUCg) (mg/dl × min × 104) 1.89 ± 0.07 2.62 ± 0.03* 2.31 ± 0.001*,† 2.32 ± 0.001*,† 1.97 ± 0.05*,†,‡,#
Cholesterol (mg/dl) 50.81 ± 7.97 99.46 ± 4.91* 62.36 ± 3.20* 67.94 ± 6.22* 59.29 ± 6.73*
HDL (mg/dl) 18.39 ± 1.41 22.48 ± 1.58 22.49 ± 0.94 21.62 ± 0.81 22.02 ± 0.86
LDL (mg/dl) 16.87 ± 4.61 59.02 ± 5.01* 20.90 ± 4.04*,† 30.07 ± 7.14*,† 21.25 ± 5.09*,†
Triglyceride (mg/dl) 62.61 7.97 69.60 ± 6.46 68.04 ± 9.99 67.35 ± 9.06 61.75 ± 5.17

Values are mean± SEM (n= 8/group). *p b 0.05 vs ND+ Veh, †p b 0.05 vs HFD+ Veh, ‡p b 0.05 vs HFD+ CR, and #p b 0.05 vs HFD+ Ex. ND+ Veh, normal-diet fed rats; HFD+ Veh,
high-fat-diet fed rats; HFD+ CR, high-fat diet fed rats treated with calories restriction diet; HFD+ Ex, high-fat diet fed rats treated with exercise; HFD + CR+ Ex, high-fat diet fed rats
treated with combine treatment; HOMA, Homeostasis model assessment.
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3.2. The combined therapy improved LV function in obese-insulin resistant
rats more extensively than calorie restriction and exercise alone

After ingestion of a HFD for 13 weeks, rats fed on a HFD (HFD+ Veh,
HFD + CR, HFD + Ex and HFD+ CR+ Ex) had a significantly increased
SBP and DBP, compared to NDV rats (Fig. 1A and B). After six weeks of
treatment HFD+ CR, HFD + Ex and HFD+ CR+ Ex rats had decreased
SBP and DBP, compared to HFD + Veh rats. In all treatment groups,
HFD + Ex and HFD + CR + Ex rats showed equal improvement in BP
(Fig. 2A and B). Echocardiograms demonstrated that HFD rats (HFD
+Veh, HFD+CR, HFD+Ex andHFD+CR+Ex) also developed LV sys-
tolic dysfunction as indicated by decreased %FS and also LV diastolic dys-
function as indicated by a decreased mitral E/A ratio, when compared to
ND + Veh rats (Fig. 2C and D). LV systolic dysfunction was attenuated
in HFD + CR, HFD + Ex and HFD + CR + Ex rats as shown by an in-
creased %FS, compared to HFD + Veh groups (Fig. 1C). However, HFD
+ Ex and HFD + CR + Ex rats had a more significant improvement of
LV function than HFD + CR rats (Fig. 1C). Nevertheless, only HFD + CR
+ Ex rats had an increased mitral E/A ratio, compared to HFD + Veh
groups indicating a greater improvement in diastolic function (Fig. 2D).

The P-V loop analysis was performed at the end of the experimental
protocol to determine LV function invasively. Six weeks after treatment,
Fig. 2.Effects of calorie restriction and exercise onblood pressure, echocardiographic parameters
pressure; (B)Diastolic bloodpressure; (C) %Fractional shortening; (D)Mitral E/A ratio; (E) Hear
+ CR. ND+Veh, normal-diet fed rats; HFD+Veh, high-fat-diet fed rats; HFD+CR, high-fat di
exercise; HFD + CR + Ex, high-fat diet fed rats treated with combined treatments; LF/HF ratio
the LV contractile function including LVESP, dP/dtmax, CO, and %EF were
increased, whereas LV lusitropy function, including LVEDP and dP/dtmin,

had decreased in the HFD+ CR, HFD+ Ex and HFD+ CR+ Ex groups,
in comparison to HFD + Veh rats (Table 2). However, HFD + CR + Ex
rats showed the greatest improvement in both LV contractile function
and relaxation (Table 2).

3.3. The combined therapy attenuated cardiac sympathovagal imbalance in
obese-insulin resistant rats more extensively than calorie restriction and
exercise alone

The LF/HF ratio of the HRV was determined as an index of cardiac
sympathovagal balance. Cardiac sympathovagal imbalance, as indicated
by an increase in LF/HF ratio, was observed in all HFD rats (HFD+ Veh,
HFD + CR, HFD + Ex and HFD + CR + Ex), when compared with ND
+ Veh rats (Fig. 2E). Interestingly, six weeks after treatment, the LF/
HF ratio in the HFD + CR, HFD + Ex and HFD + CR + Ex rats was sig-
nificantly decreased when compared with HFD + Veh rats (Fig. 2E).
However, HFD + CR + Ex rats had the greatest improvement with re-
gard to cardiac sympathovagal balance. Furthermore, the cardiac MDA
was markedly increased in all HFD rats with treatment (HFD + CR,
HFD + Ex and HFD + CR + Ex), when compared with ND + Veh rats
, heart rate variability and oxidative stress in obese-insulin resistant rats. (A) Systolic blood
t rate variability; (F)MDA. *p b 0.05 vsND+Veh; †p b 0.05 vsHFD+Veh; ‡p b 0.05 vsHFD
et fed rats treatedwith calorie restricted diet; HFD+ Ex, high-fat diet fed rats treatedwith
, low frequency/high frequency ratio; MDA, malondialdehyde.



Table 2
Effect of calories restriction and exercise on cardiac function in obese-insulin resistant rats.

Parameters Groups

ND + Veh HFD + Veh HFD + CR HFD + Ex HFD + CR + Ex

Heart rate (bpm) 257 ± 13 342 ± 25* 283 ± 21*,† 287 ± 23*,† 278 ± 13*,†,‡,#
LVESP (mm Hg) 127 ± 11 104 ± 12* 115 ± 14*,† 117 ± 12*,† 123 ± 14*,†,‡,#
LVEDP (mm Hg) 12 ± 3 36 ± 5* 25 ± 3*,† 24 ± 7*,† 18 ± 6*,†,‡,#
dP/dtmax (mm Hg/s) 9959 ± 549 5584 ± 587* 7721 ± 614*,† 7684 ± 598*,† 8423 ± 612*,†,‡,#
−dP/dtmin (mm Hg/s) −6938 ± 296 −3613 ± 472* −5603 ± 625*,† −5765 ± 62*,† −6065 ± 626*,†,‡,#
CO/BW (ml/min/g) 0.38 ± 0.3 0.17 ± 0.2* 0.21 ± 0.4* 0.23 ± 0.2*,† 0.29 ± 0.4*,†,‡,#
LVEF (%) 72 ± 5 55 ± 4* 64 ± 2*,† 65 ± 4*,† 67 ± 3*,†,‡,#

Values are mean± SEM (n= 8/group). *p b 0.05 vs ND+ Veh, †p b 0.05 vs HFD+ Veh, ‡p b 0.05 vs HFD+ CR, and #p b 0.05 vs HFD+ Ex. ND+ Veh, normal-diet fed rats; HFD+ Veh,
high-fat-diet fed rats; HFD+ CR, high-fat diet fed rats treated with calories restriction diet; HFD+ Ex, high-fat diet fed rats treated with exercise; HFD + CR+ Ex, high-fat diet fed rats
treated with combine treatment; LVESP, left ventricular end systolic pressure; LVEDP, left ventricular end diastolic pressure; dP/dtmax, maximal slope of the systolic pressure increment;
dP/dtmin, maximal slope of the diastolic pressure decrement; CO, cardiac output; LVEF, left ventricular ejection fraction.
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(Fig. 2F). Six weeks after treatment, the cardiac MDA levels in the
HFD + CR, HFD + Ex and HFD + CR + Ex rats were significantly de-
creased when compared with HFD + Veh rats (Fig. 2F). Similarly,
HFD + Ex and HFD + CR rats had an equal reduction in cardiac oxida-
tive stress.

3.4. The combined therapy attenuated intracellular calciumdyshomeostasis
in obese-insulin resistant rats more extensively than calorie restriction and
exercise alone

In this study, the intracellular Ca2+ transients were determined to
assess intracellular Ca2+ homeostasis. After ingestion of a HFD for
19 weeks intracellular Ca2+ dyshomeostasis was found, the
dyshomeostasis being indicated by a decreased intracellular Ca2+ tran-
sient amplitude and intracellular Ca2+ transient decay rate, compared
to ND + Veh rats (Fig. 3A, B). Six weeks after treatment, intracellular
Ca2+ transient amplitude and intracellular Ca2+ transient decay rate
were markedly increased in HFD + CR, HFD + Ex and HFD + CR
+ Ex rats, compared to HFD + Veh rats (Fig. 3A, B).
Fig. 3. Effects of calorie restriction and exercise on intracellular Ca2+ transients in cardiomyocyt
intracellular Ca2+ transient decay rate; (C) increased intracellular diastolic Ca2+ levels; (D) R
+ Veh; ‡p b 0.05 vs HFD + CR; #p b 0.05 vs HFD + Ex ND + Veh, normal-diet fed rats; H
restricted diet; HFD + Ex, high-fat diet fed rats treated with exercise; HFD + CR+ Ex, high-fa
Interestingly, HFD+ CR+ Ex rats had the greatest increase in intra-
cellular Ca2+ transient amplitude, and intracellular Ca2+ transient
decay (Fig. 3A, B). However, diastolic Ca2+ level was no different in all
groups (Fig. 3C). The representative intracellular Ca2+ transient tracings
are shown in Fig. 3D.

3.5. The combined therapy improved calcium regulation in obese-insulin
resistant rats more extensively than calorie restriction and exercise alone

In this study, the Ca2+ handling proteins were investigated to assess
intracellular Ca2+ regulation. Cardiac Ca2+ handling proteins (SERCA,
NCX, RYR, LTCC) were significantly decreased and PLB was significantly
increased in HFD rats (HFD+Veh, HFD+ CR, HFD+ Ex and HFD+ CR
+ Ex), in comparison to ND+ Veh rats (Fig. 4A–E). Six weeks after in-
tervention, SERCA, NCX, RYR and LTCCprotein expressionwasmarkedly
increased and PLB protein expression was markedly decreased in HFD
+ CR, HFD + Ex and HFD + CR + Ex rats, compared to HFD + Veh
rats (Fig. 4A–E). In all groups, HFD + CR + Ex rats had the greatest in-
crease in SERCA, NCX, LTCC and decrease in PLB expression (Fig. 4A–F).
es of obese-insulin resistant rats. (A) intracellular Ca2+ transient amplitude; (B) increased
epresentative images of Ca2+ transient tracing. *p b 0.05 vs ND + Veh; †p b 0.05 vs HFD
FD + Veh, high-fat-diet fed rats; HFD + CR, high-fat diet fed rats treated with calorie
t diet fed rats treated with combined treatments.



Fig. 4. Effects of calorie restriction and exercise on Ca2+ regulatory protein in obese-insulin resistant rats. (A) SERCA; (B) RYR; (C) NCX; (D) LTCC; (E) PLB expression; (F) Representative
images ofwestern blotting band. *p b 0.05 vsND+Veh; †p b 0.05 vsHFD+Veh; ‡p b 0.05 vsHFD+CR; #p b 0.05 vsHFD+Ex. ND+Veh, normal-diet fed rats; HFD+Veh, high-fat-diet
fed rats; HFD + CR, high-fat diet fed rats treated with calorie restriction diet; HFD + Ex, high-fat diet fed rats treated with exercise; HFD + CR + Ex, high-fat diet fed rats treated with
combined treatments.
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3.6. The combined therapy attenuated cardiacmitochondrial dysfunction in
obese-insulin resistant rats more extensively than calorie restriction and
exercise alone

In this study cardiac mitochondrial ROS production, cardiac mitochon-
drial depolarization, and cardiac mitochondrial swelling were determined
to enable the assessment of cardiacmitochondrial function. After ingestion
of a HFD for 19 weeks, cardiac mitochondrial dysfunction was evident as
indicated by increased cardiac mitochondrial ROS levels, cardiac mito-
chondrial membrane depolarization, and mitochondrial swelling in com-
parison to ND + Veh rats (Fig. 5A–C). Six weeks after interventions, HFD
+CR,HFD+ExandHFD+CR+Ex rats haddecreased cardiacmitochon-
drial ROS levels, cardiac mitochondrial membrane depolarization, andmi-
tochondrial swelling when compared to HFD + Veh rats (Fig. 5A–C).
However, theHFD+CR+Ex group had the greatest improvement in car-
diacmitochondrial function as indicated by the lowest levels of ROS,mem-
brane depolarization and mitochondrial swelling. Representative
transmission electron micrographs of cardiac mitochondria morphology
showed unfolding of cristae in the HFD rats compared to the ND + Veh
rats (Fig. 5D). However, all interventions preserved cardiac mitochondria
morphology as indicated by high cristae density and also correctly orien-
tated cristae alignment, in comparison to the HFD+ Veh group (Fig. 5D).

3.7. Calorie restriction, exercise and combined therapy improved cardiac
mitochondrial dynamics in obese-insulin resistant rats

In this study, cardiac expression ofmitochondrial fission proteins in-
dicated by the phosphorylation of dynamin-related protein 1 (Drp1) at
serine 616 and the mitochondrial fusion protein mitofusin 2 (Mfn2)
were determined to assess cardiacmitochondrial dynamics. After inges-
tion of a HFD for 13weeks, our results demonstrated that the phosphor-
ylation of Drp1 at serine 616 was increased, whereas the Mfn2
expression was decreased in HFD + Veh rats, when compared to ND
+ Veh rats. However, 6 weeks after interventions, all treated rats had
significantly decreased levels of phosphorylation of Drp1 at serine 616
in comparison to HFD + Veh rats (Fig. 5E), whereas cardiac mitochon-
drial expression of Mfn2 protein was increased, compared to HFD
+ Veh rats (Fig. 5F). Surprisingly, rats in the combined treatment
group had the greatest reduction in the levels of phosphorylated
Drp1 at serine 616, compared to HFD + CR and HFD + Ex rats.



Fig. 5. Effects of calorie restriction and exercise on cardiac mitochondrial function and mitochondrial dynamics in obese-insulin resistant rats. (A) Cardiac mitochondrial ROS production;
(B) Cardiacmitochondrialmembrane potential; (C) Cardiacmitochondrial swelling; (D) TEM representative images of cardiacmitochondria; (E) Cardiacmitochondrialfission; (F) Cardiac
mitochondrial fusion. *p b 0.05 vs ND+ Veh; †p b 0.05 vs HFD+ Veh; ‡p b 0.05 vs HFD+ CR; #p b 0.05 vs HFD+ Ex. NDV, normal-diet fed rats; HFD+ Veh, high-fat-diet fed rats; HFD
+ CR, high-fat diet fed rats treated with calorie restricted diet; HFD + Ex, high-fat diet fed rats treated with exercise; HFD + CR + Ex, high-fat diet fed rats treated with combined
treatments; ROS, reactive oxygen species; TEM, transmission electron microscopy; Drp1, dynamin-related protein 1; Mfn2, mitofusin 2; VDAC, voltage-dependent anion channels.
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3.8. Calorie restriction, exercise and combined therapy all decreased cardiac
apoptosis in obese-insulin resistant rats

Cardiac expression of apoptotic proteins Bax, Caspase 3, and
Cleaved-Caspase3, and anti-apoptotic protein Bcl-2 were determined
to assess cardiac apoptotic signaling. Six weeks after interventions
HFD+CR, HFD+Ex andHFD+CR+Ex rats had decreased expression
of apoptotic protein Bax, and Cleaved-Caspase3/Caspase 3, and in-
creased anti-apoptotic protein Bcl-2 expression, compared to HFD
Fig. 6. Effects of calorie restriction and exercise on cardiac apoptosis in obese-insulin resistant ra
band. *p b 0.05 vs NDV; †p b 0.05 vs HFD+ Veh; ‡p b 0.05 vs HFD+ CR. ND+ Veh, normal-die
calorie restricted diet; HFD + Ex, high-fat diet fed rats treated with exercise; HFD + CR + Ex,
+ Veh rats (Fig. 6A–C). The representative western blot bands of Bax,
Caspase 3, Cleaved-Caspase3, Bcl-2 and actin are shown in Fig. 6D.

4. Discussion

The major findings from this study demonstrate clearly that obese-
insulin resistance causesmetabolic disturbance, oxidative stress, cardiac
autonomic imbalance, LV dysfunction, mitochondrial dysfunction, and
increased mitochondrial fission. However, the severity of these
ts. (A) Bax; (B) Bcl-2; (C) Cleaved-Caspase3; (D) Representative images of western blotting
t fed rats; HFD+ Veh, high-fat-diet fed rats; HFD+ CR, high-fat diet fed rats treated with
high-fat diet fed rats treated with combined treatments.
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metabolic and cardiac adverse effects was decreased after the interven-
tions of calorie restriction, exercise and a combination of the two thera-
pies. The combined therapy exerted the greatest cardioprotection in
obese-insulin resistant rats. A summary of these findings is shown in
Table 3.

Long-term consumption of a HFD is known to cause obese-insulin re-
sistance, which is characterized by body weight gain, visceral fat accumu-
lation, hyperinsulinemia with euglycemia, and dyslipidemia [1,2]. Our
results showed that plasma glucose level was no different between ND
and HFD rats, whereas plasma insulin level was significantly increased in
HFD rats. This result confirmed that these rats developed an insulin resis-
tance after HFD consumption. Previous studies have shown that either cal-
orie restriction or exercise alone significantly reduced insulin resistance in
both animal and clinical studies [16,33–35]. In this current study, plasma
insulin levels were decreased in HFD rats treated with calorie restriction
or exercise alone. However, we have demonstrated that the combination
of calorie restriction and exercise provided the greatest improvement in
insulin sensitivity caused by HFD consumption. In addition, although ei-
ther calorie restriction or exercise alone improved the detriment caused
to metabolic disturbance in obese-insulin resistant rats, a combination of
calorie restriction andexercise treatments led to thegreatest improvement
with regard to metabolic function. These findings suggest that a combina-
tion of both calorie restriction and exercise had the greatest efficacy by at-
tenuating insulin resistance.

As regards the heart, the obese-insulin resistant condition has been
shown to increase cardiac oxidative stress [2,22]. Oxidative stress is
known to have a strong influence on cardiac sympathetic hyperactivity
[36,37], leading to cardiac autonomic imbalance and an increase in BP.
Our study demonstrated that cardiac sympathovagal imbalance occurred
in rats consuming a HFD as indicated by an increase in the LF/HF ratio
and BP. Our results showed that although either calorie restriction or exer-
cise alone attenuated cardiac autonomic imbalance, the combined therapy
exerted the greatest efficacy in improving cardiac autonomic balance. This
could bedue to thehigher rate of reduction in insulin resistance andoxida-
tive stress found in the rats undergoing the combined treatment regime. In
addition, the beneficial effects of caloric restriction and exercise found in
this study could be as a result of both cardiac-selective and autonomic
nerve system mechanisms. Previous studies reported that both exercise
and calorie restriction exerted cardioprotection due to ROS detoxification
[38–40]. Cardioprotection exerted by both exercise and calorie restriction
could bemoderated through the autonomic nerve system via an improve-
ment in heart rate variability [41,42].

It has been shown that obese-insulin resistant rats have increased
systemic, cardiac, and mitochondrial oxidative stress [4,43], resulting
in impaired LV function. In this study, treatment with either calorie re-
striction or exercise alone effectively improved LV function in HFD-
induced insulin resistant rats. This cardioprotective effect could be due
to their increased level of protection of cardiac mitochondrial function.
An impairment in cardiac mitochondrial function, including increased
Table 3
A summary of cardiometabolic impairment in the experimental groups.

Impairment Groups

ND +
Veh

HFD +
Veh

HFD +
CR

HFD +
Ex

HFD + CR
+ Ex

Metabolic disturbance ↔ ↑↑↑ ↑↑ ↑↑ ↑
LV contractile dysfunction ↔ ↑↑↑ ↑↑ ↑↑ ↑
Cardiac autonomic imbalance ↔ ↑↑↑ ↑↑ ↑↑ ↑
Oxidative stress ↔ ↑↑↑ ↑↑ ↑↑ ↑
Cardiac calcium dysregulation ↔ ↑↑↑ ↑↑ ↑↑ ↑
Cardiac mitochondrial dysfunction ↔ ↑↑↑ ↑↑ ↑↑ ↑
Cardiac mitochondrial fission ↔ ↑↑↑ ↑↑ ↑↑ ↑

ND+Veh, normal-diet fed rats; HFD+Veh, high-fat-diet fed rats; HFD+CR, high-fat diet
fed rats treatedwith calories restriction diet; HFD+ Ex, high-fat diet fed rats treatedwith
exercise; HFD + CR + Ex, high-fat diet fed rats treated with combine treatment; LV, left
ventricular.
cardiacmitochondrial ROS production, mitochondrial membrane depo-
larization, and mitochondrial swelling, was observed in obese-insulin
resistant rats, and these deleterious effects were alleviated in both the
rats undergoing calorie restriction and exercise as single therapies.
However, the combined therapy led to the lowest mitochondrial ROS
level, mitochondrial depolarization, and mitochondrial swelling, which
may explain why the combined therapy regime provided the greatest
improvement in LV function, compared to a monotherapy.

Intracellular Ca2+ dyshomeostasis has been proposed as being a cru-
cial determinant of cardiac contractile dysfunction [7]. Previous studies
have demonstrated disturbances in cardiac [Ca2+]i regulation in obese-
insulin resistant rats as indicated by an increase in [Ca2+]i diastolic level,
and a decrease in [Ca2+]i transient amplitude and [Ca2+]i transient
decay rate [11]. This aggravation could be due to impairment of the ex-
pression of cardiac Ca2+ handling proteins in obese-insulin resistant
rats. It has been shown that the expression of SERCA protein [7,8] and
Ca2+ uptake activities were decreased [8] in obese rats. Therefore, the
therapeutic approaches that can attenuate metabolic complications,
cardiac [Ca2+]i dyshomeostasis and cardiac mitochondrial dysfunction
caused by obese-insulin resistance may lead to improved LV function.
In this study, although either calorie restriction or exercise alone im-
proved intracellular Ca2+ homeostasis, the greatest improvement was
observed in the rats receiving the combined therapies. These could be
due to the highest reduction in oxidative stress found in the rats in the
combined therapy group. In addition, our results also demonstrated
that expression of the proteins SERCA, NCX, and LTCC were increased
and decreased PLB in all intervention groups. However, the greatest in-
crease in Ca2+ regulatory protein expression was observed in the rats
receiving the combined therapy.

It is known that obese-insulin resistance is associated with mito-
chondrial dynamic imbalance, including increasedmitochondrialfission
and reduced mitochondrial fusion, and cardiac cell apoptosis [44]. In
this study, HFD rats showed increased levels ofmitochondrialfission in-
dicated by increased phosphorylated Drp1 at serine 616 and decreased
cardiacmitochondrial fusion. All interventions effectively decreasedmi-
tochondrial fission and increased mitochondrial fusion, thus improving
the mitochondrial dynamic balance which had been disturbed by the
consumption of a HFD. However, the greatest decrease inmitochondrial
fission was observed in the rats receiving the combined therapy. Mito-
chondria undergoing thefissionprocess, concomitantlywith Bax activa-
tion, could lead to increased Bax-induced Cyt c release from
mitochondria, thus promoting caspase-3 activation and cardiomyocyte
apoptosis [45,46]. Our results demonstrated that all intervention groups
had decreased cardiac apoptosis when compared to the control group,
indicated by decreased Bax and caspase-3 activation. Moreover, all in-
tervention groups also showed increased anti-apoptotic Bcl-2 expres-
sion. A reduction in apoptotic associated proteins and mitochondrial
fission in all intervention groups could be responsible for the improve-
ment in cardiac function found in this study. In addition, the greatest de-
crease in mitochondrial fission observed in the rats receiving the
combined therapies could also be responsible for the highest improve-
ment in cardiac function. All of these findings could be responsible for
the improvement in cardiac function. These are summarized in Fig. 7.

In conclusion, ourfindings indicated that the combination of calorie re-
striction and exercise exerted greater cardioprotection than either of the
monotherapies through the improvement in cardiometabolic status, car-
diac mitochondrial dynamics and cardiac [Ca2+]i homeostasis in obese-
insulin resistant rats. The clinical implications of our findings are that a
combination of calorie restriction and exercise will exert greater
cardioprotection than exercise alone or calorie restriction alone in obese
patients.

4.1. Limitations

We did not measure the contractile function in the cardiomyocytes
in this study. However, previous studies reported that obese rats had



Fig. 7. Diagram summarizing the effects of calorie restriction, exercise and combined
therapy on cardiometabolic function in obese-insulin resistant rats.
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impaired contractile function [47,48]. In addition, we determined the
adiposity in our rats by weighing the abdominal fat pads. We did not
measure the total body fat. However, the abdominal fat pads made up
the majority of fat tissue in the rats, therefore, could be assumed as
equivalent and comparative total body fat accumulation.
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