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EXPERIMENTAL STUDY

Effects of regular exercise plus food restriction on left ventricular

pathological remodeling in heart failure-induced rats
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Islamic Republic of Iran. faghihim@tums.ac.ir

ABSTRACT

BACKGROUND: Cardiac remodeling is the main pathophysiological process leading to heart failure. Exercise
and food restriction have been shown to exert some profound physiological benefits.

OBJECTIVES: This study investigated the effects of exercise plus food restriction (FR) on rat left ventricular
remodeling.

METHODS: Fifty male rats were randomly divided into 5 groups. 1) Sham (saline injection), 2) ISO (isoproterenol
injection), 3) FR+ I1SO (8 weeks with 60 % food restriction and then isoproterenol injection), 4) E+ISO (run-in
period of 4 weeks on treadmill and then isoproterenol injection), and 5) FR+E+ISO. Serum levels of creatine
kinase, nitric oxide, gene expression of microtubule-associated protein 1 light chain 3-I and Il, Beclin-1, Bax
and Bcl2 and TUNEL staining were investigated.

RESULTS: ISO increased the plasma CK-MB level, gene expression of Bax and TUNEL-positive cells in left
ventricle and at the same time, decreased the serum level of NO. Regular exercise plus food restriction en-
hanced the expression of LC3B-II, Beclin-1, Bcl2 genes and elevated LC3B-Il / LC3B-I, while decreasing the
gene expression of Bax and TUNEL-positive cells in the left ventricle.

CONCLUSION: Our results propose that exercise plus food restriction is more effective than either therapy alone
for possibly preserving cardiac internal defenses against heart failure consequences and remodeling (Tab. 2,

Fig. 3, Ref. 20). Text in PDF www.elis.sk.
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Introduction

Cardiac remodeling is the main pathophysiological process
leading to heart failure (HF) and characterized with maladapta-
tion to myocardial stress at molecular, cellular, tissue, and organ
levels. The rate of incidence of much cardiovascular pathology
is directly related to a number of interconnected factors such as
life habits, stress, aging and other public health-related criteria in
many societies (1, 2). Recent experimental studies have shown
that food restriction can prolong lifetime and decrease age-related
cardiovascular pathologies (3). Both food restriction and physical
exercise are also known to improve the cardiac function in obese
individuals (4). However, the precise impact of food restriction
and simultaneous chronic physical training on cardiac contractile
function and cellular viability has not been well evaluated.

In fact, the rising tide of obesity by unhealthy diets in indus-
trialized societies and development of sedentary professions have
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resulted in an increase in the prevalence of cardiovascular events
(5, 6). It seems that two interventions that reliably reduce the
blood pressure and improve glucose metabolism in humans are
diet restriction (7) and physical exercise (8). Exercise has been
well established to improve the peripheral alterations associated
with HF, but little research has explored the use of exercise with
or without food restriction as an adjunct therapy for HF.

Autophagy is essential to cell survival. Its interruption triggers
ventricular dysfunction and heart failure (9). Although several mo-
lecular mechanisms of ventricular remodeling have been elucidat-
ed, there is much that still remains unknown. Adverse remodeling
of the ventricle involves changes in the balance between cellular
protein synthesis and degradation, hence, forcing the myocytes in
a delicate equilibrium between life and death. In this context, the
process of macroautophagy has been recognized to play a direct
role in the pathophysiology of heart failure (10, 11).

Lifestyle interventions such as caloric restriction and exer-
cise have been shown to improve obesity and the associated risk
of diseases. Now an important equation remains to be clarified,
namely as to which of them are the safest and most effective to
provide and strengthen body defenses in pathological situations
and maintain better response in at-risk individuals, e.g. attenua-
tion of heart failure consequences. To better evaluate the effect
of food restriction and exercise training on heart function under
physiological conditions, a noninvasive myocardial infarction rat
model was used to assess the efficacy of food restriction with or
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Tab. 1. Experimental grouping: groups, ISO-induced heart failure
and the animal tasks which were conducted.

Exercise on Food .
. .. Saline Isoproterenol
Groups treadmill restriction iniections iniections
(4 weeks) (60%) J J
sham - — + _
ISO - - _ +
FR+ISO - + — +
E+ISO + - - +
FR+E+ISO + + - +

without exercise on protecting the heart against cell death overac-
tivation and focus on the correlated gene expression of autophagic
factors and histopathological changes.

Materials and methods

Experimental animals

The experimental protocol was approved by the institutional
care and use committee of Tehran University of Medical Sciences
(Tehran, Iran) and EU (86/609/EEC). In this experiment, 50 male
Wistar rats (weighing 250-300 g) were housed under controlled en-
vironment conditions (22 +2 °C; light cycle 7AM—7 PM). Rats were
allowed to access water and standard laboratory food ad libitum.
Animals were adapted for at least 6 days before the experiments.

Animal grouping
The animals were divided in five experimental groups as shown
in Table 1 (n = 10).

Heart failure induction

To induce experimental heart failure, after 8 weeks of study,
isoproterenol was dissolved in normal saline and injected subcu-
taneously to rats (130 mg/kg) daily for 2 consecutive days (12).

Exercise training protocol

The rats in the training intervention groups were trained to run
on a treadmill as described before (13; 4-lane animal treadmill;
IITC Life Science Inc., USA). They had one session daily, 5 days
a week for 4 weeks.

Biochemical analysis

Blood samples were collected from retro-orbital plexus on days
1, 3 and 5 after isoproterenol injections for biochemical analysis
(NO and CK-MB). The samples were centrifuged at 5,000 rpm,
and 4 °C, for 15 min. Serum levels of CK-MB (marker of myocyte
necrosis) were measured by a colorimetric method, and serum NO
metabolites, nitrite (NO?") and nitrate (NO*") were measured as an
index of NO production, based on the Griess reaction.

RNA isolation and semi -quantitative real-time PCR assay
Finally, after anesthetizing the animals with chloroform, the
chest was opened and the heart was taken out and put on an ice-
cooled cutting board. Left ventricles were dissected, snapped fro-
zen in liquid nitrogen and stored at —70 °C for extraction of RNA.
According to the manufacturer’s protocol, total RNA in LV samples
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was isolated with Trizol reagent (Invitrogen, Shanghai, China). For
cDNA synthesis, 1.0 mg RNA was used, and reactions were carried
out using reverse transcribed system (Takara, Japan). RT-PCR was
performed in a GeneMate thermal cycler (Jinge Instr, Hangzhou,
China). Quantification of gene expression was performed using
the Rotor-Gene 6000 (Qiagene). The value for each sample was
an average of three independent PCR measurements. Quantitative
real-time PCR was performed using SYBR Green Master Mix (Ta-
kara Bio, Inc.) The cycle threshold (CT) values were automatically
determined in triplicate and averaged. All real-time PCR sample
reactions were normalized to HPRT as a housekeeping expression.
A standard curve was run with the dilution series of the amplified
fragment allowing for mRNA copy number calculation. The rela-
tive expression of Bax and Bcl2, LC3-1, LC3-II and Beclin-1as
were calculated using the 2-*4“T method (14). The specific primer
sequences are listed in Table 2.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) staining and counting

Once the physiological measurements were complete on 30th
day of isoproterenol injections, the rats were subjected to deep an-
esthesia and sacrificed. The hearts were removed and subsequently
put in tissue processor (DS 2080/H, Tehran, Iran) for processing.
Afterwards, they were embedded in paraffin for histopathologi-
cal evaluation. TUNEL was performed on 4-5 pm-thick paraffin-
embedded sections using the In Situ Cell Death Detection Kit,
POD (Roche Applied Science, Germany). In this procedure, nuclei
undergoing apoptosis were labeled with green fluorescence. The
number of TUNEL-positive cells was manually counted in five
randomly selected fields of view under 400x magnification for
each animal and five animals were studied per group.

Statistical analysis

Data were analyzed using both one-way ANOVA and two-way
ANOVA, followed by Tukeys’ post hoc statistical test for normal
data or Kruskall-Wallis tests followed by Mann—Whitney’s U test
for non-parametric data. All data were expressed as mean + SEM.
The value of p <0.05 was accepted as statistically significant. The
changes in fold of gene expressions were calculated with Rest
software, version 2009.

Tab. 2. The sequence of primers used in Real-Time PCR.

e Primer sequence PCR prqduct
name size
L3I Forward primer: TGCAGCAGATCCGTGACCA 148
Reverse primer: GTGGGGTTGAGTTGCAGGC
LC3T Forward primer: CGGGTTGAGGAGACACAC 181
Reverse primer: AGCCGGACATCTTCCACTCT
.. Forward primer: CATTCAGGAACTCACAGCTCCA
Beclin-1 457

Reverse primer: ACACCATCCTGGCGAGTTTC

Bax Forward: GGCGAATTGGCGATGAACTG 217
Reverse: ATGGTTCTGATCAGCTCGGG

Bel2 Forward: CATCGCTCTGTGGATGACTGA 99
Reverse: CTGGGGCCATATAGTTCCACAA

Forward primer: CTCATGGACTGATTATGGACAGGAC
Reverse primer: GCAGGTCAGCAAAGAACTTATAGCC

HPRT 123
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Fig. 1. A) Analysis of serum levels of CK-MB on days 1, 3 and 5 after injections of isoproterenol and B, Serum levels of NO on days 1, 3 and 5§
after injections of isoproterenol using two-way ANOVA (n = 10). Data are presented as means = SEM. *p < 0.05 vs sham, **p < 0.001 vs sham,
Sp < 0.05 vs ISO, “p < 0.05 vs FR+ISO and vs E+ISO. ISO: isopretrenol; FR: food restriction; E: exercise.

Results

CK-MB levels

Induction of HF significantly increased serum levels of CK-
MB in ISO group in comparison with sham group on days 1 (p <
0.001), 3 (p <0.001) and 5 (p < 0.05) after injections (Fig. 1A).
Our results not only showed that food restriction and exercise be-
fore induction of HF gradually decreased CK-MB levels to those
in sham group in the consecutive days but also showed that latter
levels in FR+E+ISO rats were lower than those in FR+ISO and
E+ISO groups. As shown in Figure 1A, on various days until 5th
day, the CK-MB levels remained relatively constant.

NO levels

Pretreatment with food restriction and regular exercise before
induction of HF significantly increased serum levels of NO in com-
parison with sham group on days 1, 3 and 5 (p < 0.001) and ISO
group (p <0.05) (Fig. 1B). Our results also showed that food restric-
tion in conjunction with exercise significantly increased NO levels
in comparison with E+ISO group on the 5th day after injections.

mRNA levels of autophagic and apoptotic genes

Pretreatment with regular exercise significantly increased
expression of LC3-1, LC3-II and Beclin-1 (p < 0.05) when com-
pared to sham and ISO animals. The expression of all these au-
tophagic factors in FR+E+ISO animals was significantly higher
when compared with sham, ISO, E+ISO and FR+ISO groups (p <
0.05). Moreover, in comparison with sham and ISO animals, the
gene expressions of Bcl2 as an antiapoptotic agent was increased
in all food-restricted animals (p < 0.05). The Bcl2 gene, especially
in FR+E+ISO rats, showed more overexpression (p < 0.001). In
contrast, the expression of Bax gene as a proapoptotic factor was
highest in ISO rats (p < 0.001 when compared to sham group).
Our data analysis showed no significant differences in mRNA ex-
pression between ISO and sham animals.

Apoptosis in myocytes

Representative photomicrographs of the TUNEL-stained tissue
sections of experimental groups are shown in Figure 3. No evi-
dence of TUNEL reaction was detected in the sham animals. The
administration of isoproterenol in ISO group caused a significant
accumulation of TUNEL-positive cells in ventricular sections in
comparison with the sham group (p < 0.001). Also, the precondi-
tioning with exercise training for 4 weeks and 60 % food restric-
tion attenuated the accumulation of apoptotic bodies in the heart
tissues (p < 0.05) (Fig. 4).

Discussion

The main findings of this study are that in experimental model
of isoproterenol-induced heart failure, the left ventricle showed a
significantincrease in plasma CK-MB level and gene expression of
Bax and TUNEL-positive cells as apoptotic factor. Also, the defen-
sive impact of food restriction and exercise training on myocardial
damage was verified by means of increased serum level of NO and
decreased CK-MB. A considerably significant increase in expres-
sion of LC3-1I (and LC3-II to LC3-Iratio) and Beclin-1 took place.
Therefore, cardiac autophagy took place following food restriction
and exercise training. Caloric restriction has been described as a
subtraction in calories received below the average ad libitum intake
while still causing no malnutrition (15). In the following study, the
amount of food received was reduced to 60 % of the average food
intake of sham animals. To respond to the apparent lack of energy,
rats showed an obvious reduction in their body weight, fat mass
and heart weight (data not shown). Studies indicated that the acti-
vation of autophagy is an important key finding stemming from the
pathophysiology of heart failure. At lower levels, autophagy per-
forms housekeeping functions, maintaining cardiomyocyte function
and ventricular mass. A couple of questions come into our minds,
namely as to whether a more intensive autophagic response leads to
cardiomyocytes’ failure of repairment and as to whether autophagy
can be considered a protective mechanism or a process contributing
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Fig. 2. Analysis of A: Bax; B: Bel2; C: LC3-I; D: LC3-II; E: LC3-II/LC3-I ratio and F: Beclin-1 mRNA expression in the heart using one-way
ANOVA (n=5). Data are presented as means =+ SEM. *p < 0.05 vs sham, **p < 0.001 vs sham, *p < 0.05 vs ISO, ¢p < 0.05 vs FR+ISO and vs

E+ISO. ISO: isopretrenol; FR: food restriction; E: exercise.

to disease progression. Autophagy also happens when the human
heart fails while upregulations have been reported in animal mod-
els of pressure overload-induced heart failure. Although the factors
that determine whether autophagy will play a protective or harmful
role are not well known, the level and duration of autophagy seem
important. Autophagy might antagonize ventricular hypertrophy
by enhancing protein degradation, thus decreasing the tissue mass.
However, the rate of protective effects of autophagy attenuates with
some factors. Accordingly, the development of benefit advices in
life style changes such as food restriction or physical activity via
promoting the qualities and quantities of the autophagic process
and attenuating the cell death aspects would be of precise value
in the treatment of heart failure (16). In addition, current evidence
indicates that autophagic activity under physiological conditions is
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important for cellular homeostasis, whereas excessive autophagy
is rather destructive (17). As already mentioned above, autophagy
functions predominantly conceived as a pro-survival pathway dur-
ing nutrient deprivation and other forms of cellular stress. However,
when autophagy is severely triggered, the autophagic machinery
may also be used for self-destruction and death. Hence, when au-
tophagic cell death is triggered in cardiac cells, it may contribute
to the worsening of heart failure (16). Caloric restriction has been
demonstrated to improve the performance of many organs such as
that of cardiac function in humans and experimental animal models
(17). Our study reveals that long-term caloric restriction preserved
myocardial contractile function, improved cardiomyocyte function
and induced cardiomyocyte autophagy, while lessening the remod-
eling process. In the current study of the levels of autophagy-related
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Fig. 3. A: Representative photomicrographs of TUNEL staining of ventricular sections. Apoptotic cells (green) and DAPI staining of the DNA
(blue) by fluorescence microscope, (Scale bar: 25 pm)

proteins, the gene expression was found to be elevated (LC3-ITand ~ Similar to our results, Wohlgemuth and colleagues reported that
Beclin-1) in hearts following 4 weeks of exercise training and ca-  lifelong 40% caloricrestriction drastically increased the expression
loric restriction. Our findings support the notion that constitutive  of autophagic markers in the heart (18). The amount of conjugated
cardiomyocyte autophagy is needed for protein quality control,  LC3 (LC3-II) correlates with the number of autophagosomes. Con-
normal cellular structure and function in heart failure situation.  temporary studies report that an increase in the ratio of LC3-II to
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Fig. 3. B: Quantification of TUNEL positive cells using one-way ANO-
VA (n = 5). Data are presented as means = SEM. **p < 0.05 vs sham,
Sp < 0.05 vs ISO. ISO: isopretrenol; FR: food restriction, E: exercise.

the cytosolic form of LC3 (LC3-I) is a better biochemical marker
by which to assess the ongoing autophagy (19). Although the ex-
pression levels of LC3-I were similar among ad libitum sham rats
and FR, the expression of LC3-1I was significantly higher in hearts
of FR and E rats. Consequently, an increasing ratio of LC3-II to
LC3-I was seen in the hearts of food-restricted and exercising rats
(Fig. 2E). In addition, the expression levels of Beclinl were higher
in hearts from FR rats compared with those in the hearts from sham
rats (Fig. 2F). However, the LC3-1I/LC3-I ratio remained higher
in the hearts from FR and E rats compared with sham rats, thus
suggesting that the autophagic flux is enhanced in the hearts of FR
and E rats. Mitochondria in aged post-mitotic cells are enlarged
and structurally deteriorated, showing a swelling, loss of cristae,
and deficient ATP production (9). These senescent-like abnormali-
ties of mitochondria in autophagy-deficient cardiomyocytes might
be responsible for cardiac dysfunction in ISO rats. Mitochondrial
activity is a major source of endogenous reactive oxygen species
(ROS) causing oxidative damage of cytosolic materials. We de-
tected increases in the number of apoptotic cardiomyocytes in ISO
rat hearts (Fig. 3). An increase in oxidative stress in the heart can
lead to cardiomyopathy (20). It is possible that the accumulation
of abnormal mitochondria results in increased oxidative stress and
leads to cardiomyocyte apoptosis. Recent study showed that in the
left ventricular myocardium of patients with idiopathic dilated car-
diomyopathy, mechanical unloading significantly decreases mRNA
transcript levels of Beclin-1, Atg5, and LC3. Protein levels of Be-
clin-1, Atg5-Atgl2 conjugate, and LC3-II are also reduced after
left ventricular assist device support. Thus, mechanical unloading
of the failing heart decreases markers of autophagy. This further
indicates that autophagy may be a maladaptive mechanism in the
failing heart (9).

This study suggests that the preconditioning with 60 % food
restriction and regular physical training lessens the cardiac remod-
eling under physiological state. This possibly takes place through
modulation of the autophagic state, precisely through Beclinl,
LC3 and apoptosis signaling cascades. These results suggest that
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continuous constitutive autophagy plays a crucial role in maintain-
ing cardiac structure and function.
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