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PREFACE
The studies included in this thesis have been carried out at the Department of
Physiology, School of Medicine, at University of Split during the years 2010-2014
under supervision of my mentor Professor Jasna Marinović – Ljubković. The working
hypothesis of the project was that aerobic interval training attenuates deterioration of
mitochondrial function in post-myocardial infarction failing rat heart. The main part
of the study included in this thesis was published in original paper below:

Kraljevic J, Marinovic J, Pravdic D, Zubin P, Dujic Z, Wisloff U, Ljubkovic M.
Aerobic interval training attenuates remodelling and mitochondrial dysfunction in the
post-infarction failing rat heart
Cardiovascular Research. 2013 Jul 1;99(1):55-64. 2013 Apr 3.
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FREQUENTLY USED ABBREVIATIONS
HF: heart failure
CHF: chronic heart failure
MI: myocardial infarction
ROS: reactive oxygen species
ETC: electron transfer chain
MPT: mitochondrial permeability transition
MPTP: MPT pore
NYHA: The New York Heart Association
ACC/AHA: American College of Cardiology/American Heart Association
LVSD: left ventricular systolic dysfunction
HFPEF: heart failure with preserved ejection fraction
HFNEF: heart failure with normal ejection fraction
HFPSF: heart failure with preserved systolic function
EF: ejection fraction
LV: left ventricle
CAD: coronary artery disease
cAMP: cyclic adenosine monophosphate
MMPs: matrix metalloproteinases
ACE: angiotensin converting enzyme
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1. INTRODUCTION
1.1 Heart failure in general
Heart failure (HF) is a complex clinical syndrome defined as any structural or
functional cardiac disorder that impairs the ability of the ventricle to fill with or eject
blood. Heart failure is a leading cause of morbidity and mortality in the world as more
and more patients survive myocardial infarctions due to advances in therapeutic
strategies. The key feature of HF is the deﬁciency in the capability of the heart to
adequately pump blood in response to systemic demands of the metabolizing tissues
and is characterized by an altered cardiovascular, skeletal muscle, and neurohormonal
function attempting to maintain circulatory homeostasis (1). The main manifestations
of HF are dyspnea at rest or during exertion, fatigue, limited exercise tolerance, and
fluid retention, which may lead to pulmonary congestion and peripheral edema. Both
abnormalities can impair the functional capacity and quality of life of affected
individuals, but they do not necessarily dominate the clinical picture at the same time.
Because some patients present without signs or symptoms of volume overload at the
time of initial or subsequent evaluation, the term “heart failure” is preferred over the
older term “congestive heart failure.” It should be emphasized that HF is not
equivalent to cardiomyopathy or left ventricular dysfunction. These terms describe
possible structural or functional reasons for the development of HF (2). Nearly any
form of heart disease may ultimately lead to the HF syndrome. Instead, HF is defined
as a clinical syndrome that is characterized by specific symptoms in the medical
history and signs on the physical examination (3).
Heart failure is a global problem with considerable morbidity and mortality
despite improved understanding of the pathophysiology and better therapeutic
options. The prevalence of heart failure can be estimated at 1–2% in the western
world and the incidence approaches 5–10 per 1000 persons per year. The prevalence
of heart failure in 70- to 80-year-old people is between 10 and 20% (4). However, the
overall prevalence of heart failure is increasing due to ageing of the population, as
well as increasingly successful therapy and prolonged survival of patients suffering
from acute coronary events. However, despite the improved therapy, still 30–40% of
HF patients die within a year of diagnosis and 60–70% die within 5 years (5).
7

1.2 Etiology
The causes of HF are very heterogeneous and range from disorders of
pericardium, myocardium, endocardium, heart valves, great vessels or certain
metabolic abnormalities, with the most common causes being acute or chronic
myocardial ischemia, increased vascular resistance with hypertension, and
abnormality in rhythm or conduction. In general, the etiology of HF may be divided in
two categories: 1) ischemic, resulting from coronary artery disease and myocardial
ischemia; and 2) non-ischemic (6). In developed world, heart failure most commonly
develops as a sequel of myocardial infarction or cardiac pressure overload resulting
from chronic arterial hypertension. Coronary heart disease is by far the most common
cause of HF, being the initiating cause in 70% of patients with HF (7).
Reduced coronary

blood

flow and oxygen

delivery in

CAD

leads

to

myocardial hypoxia and impaired cardiac function. Myocardial infarction is the final
and often fatal culmination of CAD. Degenerative valve disease is becoming more
common and accounts for about 10% of HF. The exact etiology is unknown in 2030% of cases of HF with depressed EF and therefore categorized in group of
idiopathic cardiomyopathies (6).

1.3 Ischemic heart failure
Acute myocardial infarction is one of the most significant causes of HF in
human population with the estimated incidence varying from 10% to 40%.
Improvements in the management and therapy together with ageing population have
contributed to a growing burden of heart failure. HF developed after myocardial
infarction is associated with a markedly elevated risk of death, with an estimated
median survival of about 4 years (8, 9). Progression to chronic heart failure after a
myocardial infarction may or may not developed which depends on multifactorial
causes involving the extent of initial myocardial damage, recurrent ischemia and the
extent of myocardial remodelling and chronic neuroendocrine stimulation (10). PostMI HF results from complex processes of pathological remodelling occurring in the
8

surviving myocardium after one or more MI(s) (11). Heart failure is the most common
after anterior MI comparing to other sites (12, 13). Left ventricular systolic
dysfunction is the single most common cause of post-MI heart failure. At the cellular
level, the main substrate for the development of heart failure is a moderate amount of
myocardial necrosis with consequent ventricular remodelling (14, 15). This adverse
cardiac remodelling is a key feature of HF generally accepted as a major determinant
of clinical course and outcome of the disease, generally preceding the development of
symptoms and contributing substantially to worsening of symptoms despite treatment
(16). The process of ventricular remodelling occurs rapidly in the early period after
myocardial infarction and then more slowly thereafter. Therefore, early identification
of adverse cardiac remodelling offers the potential to modify this process and reduce
the risk of heart failure.

1.4 Cardiac remodelling after myocardial infarction
Pathological cardiac remodelling encompasses molecular, cellular and
interstitial changes after cardiac injury resulting in changes of ventricular size, shape
and function, ending in clinical manifestation of the HF syndrome. The process of
pathological remodelling is regulated by mechanical (hemodynamic load),
neurohormonal and genetic factors. Although remodelling in general is a normal
physiological process of adaptation during growth and other physiological stimuli, it
becomes pathological due to MI, hypertension or valvular heart disease. Therefore,
cardiac remodelling has been described as both an adaptive and a maladaptive
process, with the adaptive component enabling the heart to maintain function in
response to pressure or volume overloading in the acute phase of cardiac injury (17).
However, continued remodelling may not be necessary to maintain the integrity of the
circulation after cardiac injury. Once established beyond a certain phase, it may be
viewed as an adverse phenomenon that actually contributes to HF progression.
However, there is no indication when the transition from possible adaptive to
maladaptive remodelling occurs or how this might be identiﬁed in patients (18).
Progressive remodelling is always associated with a poor prognosis and patients with
major remodelling demonstrate progressive worsening of cardiac function. Cardiac
9

remodelling is now recognized as an important aspect of disease progression and is,
therefore, emerging as a therapeutic target in HF of all etiologies (6).
In post-MI models, the process of LV remodelling begins within the ﬁrst few
hours of myocyte injury and is influenced by the combination of infarct expansion,
and cardiac pressure and volume overload. Although the exact picture of all pathways
involved in LV remodelling is still unclear, intense research efforts have identiﬁed
several key factors responsible for the post-MI pathological remodelling in the remote
non-infarcted myocardium (19, 20). The progression of remodelling and deterioration
of heart failure probably occurs in two main ways. One is as a consequence of
intervening cardiac events, and the other as a consequence of the systemic
compensatory processes activated by the falling cardiac output (20).

1.4.1 Hemodynamic and cellular changes
In general, processes of ventricular remodelling encompass the entire LV in
proportion to infarct size. As a result, ejection fraction will decrease in direct relation
to the size of the infarction. The early post-MI remodelling involves infarct zone
expansion and occurs within 72 hours of MI. Late remodelling involves global
changes of LV including ventricular dilatation, distortion of shape and hypertrophy.
These changes in LV arise from the profound hemodynamic changes that occur within
the post-infarcted LV. The LV cavity enlargement is caused by the volume overload
and reflects an increase in the length of the remaining contractile tissue. The increase
LV volume augments the stroke volume by the Starling mechanism thus maintaining
the relatively normal cardiac output at increased filling volumes. Initially, the
compensatory hypertrophy in the remote myocardium makes up for the functional
loss of the infarcted myocardium (19, 21, 22). However, over the time this adaptive
hypertrophy becomes detrimental because the increased ventricular radius increases
the wall stress by Laplace law and thus increases oxygen demand. Progressive left
ventricular dilation and hypertrophy, infarct scar thinning, and alterations of the left
ventricular geometry adversely affect cardiac function (23). Such long-term
progressive remodelling of the LV with increases in the ventricular cavity size can
occur up to 2 years post-infarction with the increased risk of cardiovascular death (21,
24).
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At the cellular level, remodelling involves myocyte hypertrophy, necrosis,
apoptosis, interstitial ﬁbrosis with collagen deposition and ﬁbroblast proliferation.
Myocyte death within the infarcted and non-infarcted myocardium plays an important
role in the expansion of infarction, thinning of the ventricle wall and the cell slippage
in the remote myocardium (25). Apoptosis occurs in the infarcted, peri-infarcted area
and the remote non-infarcted myocardium, while necrosis mostly occurs acutely in the
infarction zone. Apoptosis is coordinated by multiple triggers, all of which occur in
the myocardium after MI, including neurohormonal system activation, cytokines such
as TNF alpha and interleukins, oxidative stress, mitochondrial damage, and other
extra-cellular factors (26, 27). Both apoptosis and necrosis cause further deterioration
in the composition and function of the ventricle (28).
Additionally, both the contractile apparatus and excitation-contraction
coupling are significantly altered in failing cardiac myocytes (29). For example, there
are changes in myosin heavy chain composition, down-regulation of alpha chains and
up-regulation of beta chains (30, 31). Furthermore, disturbed sarcoplasmic reticulum
function seems to play a central role for the altered systolic and diastolic performance.
Under physiological conditions calcium released from the sarcoplasmic reticulum
(SR) is the dominant source for systolic activation of contractile proteins. Diastolic
relaxation depends on calcium removal from the cytosol by the sarcoplasmic
reticulum and the sarcolemmal Na/Ca2+ - exchanger (32). In HF, there is a defect of
excitation-contraction coupling resulting from decreased capacity of the SR to
accumulate calcium and diastolic calcium accumulation in the cytosol causing the
disturbed diastolic function. Such alterations of calcium handling by the SR
significantly contribute to disturbed contractile function of individual myocytes as
well as to the development of arrhythmias in patients with heart failure (32, 33).
Although the contribution of the interstitium to the remodelling process is still
not completely clear, it is well established that alterations in the extra-cellular matrix
are critical in the process of ventricular remodelling. The extra-cellular matrix
supports the inter-cellular adhesion, coordinates cell signaling through integrins,
matrix metalloproteinases and their tissue inhibitors. It is composed of many
structural components including ﬁbroblasts, collagen, elastin, and laminin (15, 34,
35). Between these structural components lay the zinc dependent enzymes, matrix
metalloproteinases and their respective endogenous tissue inhibitors (36-38). The
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balance of degradation and preservation of the structural components is controlled by
the activity of matrix metalloproteinases and their tissue inhibitors. Matrix
metalloproteinases are secreted from multiple cell types, including endothelial cells,
ﬁbroblasts, smooth muscle cells, and cardiomyocytes into the extra-cellular space.
Over the past several years substantial evidence demonstrates that matrix
metalloproteinases are actively involved in cardiac remodelling after MI (39, 40).
In summary, at the cellular level the final common pathway for the
progression of cardiac remodelling and heart failure is the imbalance of hypertrophy
and cell death over regeneration, which, combined with the significantly altered
intracellular contractile apparatus, results in severe dysfunction at the level of whole
left ventricle (41, 42).

1.4.2 Neurohormonal changes
There is substantial evidence that the neurohormonal activation plays a crucial
role in cardiac remodelling and in the progression of HF. Neurohormonal activation in
HF is major compensatory mechanism responding to falling cardiac output, but it is
also a major component of disease progression and of the remodelling process.
Sympathetic and renin-angiotensin-aldosterone system (RAAS) respond to decreased
stroke volume and, at first, have compensatory role. They result in arterial and
venous vasoconstriction, increased blood volume, and temporary improvement in
systolic blood pressure and tissue perfusion (43). However, sympathetic and RAAS
activation leads to salt and water retention and excessive vasoconstriction that may
result in an elevation of cardiac preload and afterload, resulting in augmented cardiac
strain, energy expenditure and further progression of HF. The increase in myocardial
energy expenditure further decreases cardiac output and leads to myocardial cell death
(44). Additional reduction in cardiac output further perpetuates a cycle through
neurohormonal stimulation and adverse hemodynamic and myocardial responses. It
was shown, that higher levels of circulating plasma norepinephrine correlate with a
poorer long-term prognosis in HF patients. Moreover, neurohormonal activation also
has direct cytotoxic effects on the myocytes and interstitium that together with
stimulated myocardial fibrosis alter the structure and impair the cardiac performance
in HF. The neurohumoral factors lead to myocyte hypertrophy and interstitial fibrosis,
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resulting in increased myocardial volume, mass, and myocyte loss. As a result, the
cardiac architecture changes, which, in turn, leads to further increase in myocardial
volume and mass (18).
The role of renin angiotensin aldosterone system (RAAS) has been intensively
investigated in heart failure development after a myocardial infarction. It is well
established that chronic adrenergic system activation and resulting up-regulation of
the RAAS plays a major role in post-MI cardiac remodelling. In the heart, angiotensin
II has multiple direct cytotoxic effects on myocytes: inducing apoptosis, promoting
cell hypertrophy, and stimulating myocardial ﬁbrosis by angiotensin II type 1
receptor. For example, increased levels of both angiotensin II and aldosterone have
been shown in vitro and in vivo to have cytotoxic effect and increase the rate of
myocyte apoptosis (45). Also, locally produced angiotensin II leads to increased
myocardial energy expenditure, thus having has similar actions as norepinephrine in
heart failure. Finally, aldosterone itself plays a role in left ventricular remodelling,
particularly myocardial ﬁbrosis, by stimulating cardiac collagen synthesis, including
collagen type I and type III (46-48).

1.4.3 Impaired energy metabolism
Energy depletion, evidenced by the loss of ATP, rise in ADP, and damaged
energy transfer via creatine–phosphocreatine system, is implicated as a central factor
in the development of cardiac contractile insufﬁciency cardiac contractile
insufﬁciency (49, 50). The complex energetic state of the failing heart includes
changes in substrate utilization from fatty acid to glucose, decreased oxidative
capacity and energy production as a result of reduced mitochondrial biogenesis,
reduced energy transfer by the phosphotransfer kinases, impaired energy utilization
and efficiency of energy consumption (49, 50). Several lines of evidence support the
concept of reversion to the fetal metabolic phenotype in HF that shifts away from
fatty acids to carbohydrate utilization (51). However, decrease in fatty acids oxidation
has not been observed in all HF studies and in human studies were not consistent to
support the hypothesis of reversion to fetal pattern of metabolism (52). According to
clinical studies data both fatty acids and glucose are required for optimal function of
the failing myocardium and the observed different substrate selectivity is probably
13

dependent on severity of the disease. In the early phases of HF there is an increase in
fatty acid utilization resulting from increased availability. This initially inhibits
myocardial carbohydrate metabolism, but finally overloads the system by
accumulation of fatty acids intermediates, and activates negative feedback of fatty
acid oxidation (53). In the advanced phase of disease, there is reversion to fetal
phenotype with significant reduction in fatty acid metabolism and increased
glycolysis. This energetic remodelling may be explained as an adaptive mechanism of
cardiomyocytes in response to stress (54-56).

1.5 Mitochondria in heart failure
Mitochondria are organelles, which, besides their obvious role in energy
metabolism, have an essential role in cardiac calcium homeostasis, production of
reactive oxygen species (ROS) and apoptosis (57). Mitochondria are at the center of
cardiac energy metabolism, since they satisfy 90% of heart’s daily energy
requirements through oxidative phosphorylation (58). Recent studies suggest that
alternations in regulatory processes and mitochondrial dysfunction may be a common
participant in the major pathogenic pathways that lead to the progression of HF.
Indeed, in the failing heart, mitochondria were shown to undergo pathological
structural and functional remodelling (59). In myocardium after MI, a wide range of
mitochondrial

defects

have

phosphorylation, inhibition of

been

reported

including:

defective

oxidative

electron transfer chain respiratory complexes and

adenine nucleotide translocase, increased proton leak in the inner membrane,
oxidation of cardiolipin and membrane protein dysfunction, increased ROS
production, opening of mitochondrial permeability transition pore (MPTP), activation
of mitochondria-mediated apoptosis, nucleotide depletion and Ca2+ overload. These
derangements could lead to deficit in cardiac energy production, increased oxidative
stress-induced intracellular damage, increased rates of apoptotic cell death, which are
all known to be adverse intra-cardiac events leading to progression of HF (60).
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1.5.1 Mitochondrial morphology
Observed by conventional transmission electron microscopy, mitochondria are
elliptical organelles with the inner membrane organized in characteristic folds, termed
cristae that protrude into the matrix and accommodate the respiratory chain
complexes. It is well established that mitochondrial morphology and function respond
to changes in homeostatic status of cardiomyocytes. Indeed, in various cardiac
pathologies, diverse morphological alternations of mitochondria occur such as giant
mitochondria, swelling, distortion of tree-dimensional structure, change in number,
shape and orientation of cristae, decreased matrix density, and dense rods, vacuoles
and crystalloids in both compartments (61, 62). Increased mitochondrial volume is
linked to its increased permeability known as mitochondrial permeability transition
(MPT) regulated by the MPT pore (MPTP), one of the key mediators of
cardiomyocyte death (60). Giant mitochondria have been described in animal models
of cardiac hypertrophy and in a number of human cardiomyopathies. In a HF models,
besides changes in mitochondrial size, an increased number of smaller and
fragmented mitochondria with loss of matrix density and disorganized cristae have
been noted (62, 63).
Dynamic changes in mitochondrial morphology result from processes of
mitochondrial fusion and fission, and disruption of these processes in the heart can be
an important contributor to HF development. Mitochondria continuously join in the
process of fusion that enables mixing of mitochondrial contents, protein
complementation and repair of mitochondrial DNA (64). Mitochondrial fission,
segregation into daughter organelles, requires synthesis of proteins and phospholipids
controlled by mitochondrial and nuclear DNA. Fusion and fission are regulated by
number of signaling enzymes, calcium homeostasis and the generation of ATP and
ROS (65). Calcium overload, a common feature in HF, may increase mitochondrial
fission and dysfunction by increased ROS generation. Recent studies demonstrate that
inhibition of mitochondrial fission prevents ROS generation and mitochondrial
permeability transition pore formation and subsequent cell death (65, 66). Therefore,
mitochondrial fusion and fission may serve as potential therapeutic target for a variety
of diseases associated with mitochondrial damage, including HF (67).
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Mitochondrial biogenesis is a regulated process of mitochondrial growth and
division relying on the coordinated synthesis of thousands of proteins encoded by
both mitochondrial and nuclear DNA (64). The main regulator of mitochondrial
biogenesis is considered to be peroxisome-proliferator-activated receptor γ coactivator
1α

(PGC-1α),

controlling

the

mitochondrial

content

optimal

for

normal

cardiomyocyte function and stimulates mitochondrial biogenesis and respiration (67).
The PGC-1α is protein that controls important metabolic functions and tissues with
high oxidative activity, like heart, are enriched with PGC-1α. Mitochondrial
biogenesis involves complicated interaction of transcription factors for target genes
encoding enzymes for fatty acid transport and oxidation, oxidative phosphorylation
and anti-oxidative defenses (65, 68). Accumulating data suggest that PGC-1α respond
to metabolic challenges and external pathological stimuli and link them to the
regulation of mitochondrial biogenesis and function. Recent studies report increased
expression of PGC-1α in cardiac hypertrophy induced by exercise training. Moreover,
it is demonstrated that PGC-1α down-regulation is linked to mitochondrial
dysfunction in both cardiac and skeletal muscle in HF. This suggests that the
decreased expression of PGC-1α probably play a significant role in the HF
pathogenesis (67).

1.5.2 Mitochondria-mediated apoptosis and ROS-mediated damage
Oxidative stress has been suggested to play an important role in the
pathogenesis of HF by inducing various aspects of mitochondrial damage. For
example, oxidative stress was shown to induce mutations in mitochondrial DNA,
which is particularly susceptible to mutations due to its limited repair mechanism.
Indeed, in HF, ROS-induced damage of mitochondrial DNA was shown to lead to the
mitochondrial dysfunction (69). On the other hand, mitochondria are the predominant
source of ROS with mitochondrially-released ROS released playing an important role
in mitochondrial bioenergetic dysfunction and triggering apoptosis. Studies suggest
that increased ROS production in mitochondria is associated with signs of oxidative
stress-related damage due to accumulation of lipid peroxidation by-products,
mutations or deletions of mitochondrial DNA, mitochondrial membrane permeability
and a consequent increase in release of cytochrome c and pro-caspases (70, 71). All of
16

these factors indicate that the mitochondria-induced apoptotic pathway is a
requirement to cardiomyocyte death by apoptosis (28).

1.5.3 Mitochondrial energetics
Mitochondria are the major source of high energy compound adenosine
triphosphate (ATP) which is synthesized mainly by oxidative phosphorylation in the
inner mitochondrial membrane. Oxidative phosphorylation couples electron transfer
and oxygen consumption with phosphorylation of ADP to ATP (72). The main
energy substrates used by the heart are fatty acids and carbohydrates, which are
catabolized into acetyl-CoA by β-oxidation and glycolysis, respectively. Molecules
of acetyl-CoA enter the tricarboxylic (TCA) cycle and produce reduced intermediates
NADH and FADH2. These cofactors transfer electrons in the mitochondrial electron
transport chain, ultimately generating ATP (Figure 1), (50, 72).
The metabolic flexibility of myocardium allows switching between
carbohydrate and fat as fuel, in order to maintain constant rate of ATP production in
diverse physiological conditions. However, FA catabolism provides almost 90% of
ATP in normal conditions (55). Also, depending on energetic needs of the
cardiomyocytes, mitochondrial function is regulated by various factors such as cAMP,
Ca2+ and ROS (72).
In heart failure, and altered mitochondrial bioenergetics with a decreased
mitochondrial capacity for substrate oxidation was shown. Experiments using isolated
mitochondria, skinned fibers, isolated and in vivo hearts support the conclusion that
mitochondria from the failing myocardium suffer from substantial reduction of
oxygen consumption and energy production in all three components of cardiac energy
metabolism: substrate utilization, oxidative phosphorylation, and high-energy
phosphate metabolism (56). The structural support for oxidative phosphorylation is
provided by four oxidoreductase complexes (I-IV) and the ATP synthase (complex V)
(50). Three of these complexes generate inner membrane proton gradient that drives
ATP synthesis by coupling electron transport with translocation of proton from
mitochondrial matrix to the intermembrane space. Assembled in supercomplexes, the
ETC complexes form a respiratory unit or respirasome with coenzyme Q and
cytochrome c and transports electrons from NADH to reduce oxygen (72, 73). The
ETC complexes are embedded in the phospholipid bilayer of the inner mitochondrial
17

membrane. Cardiolipin, a phospholipid exclusively present in mitochondrial inner
membrane, plays a central role in organization of ETC in supercomplexes. Defective
oxidative phosphorylation, defects in individual components of ETC and altered
supra-molecular assembly of the electron transfer chain ETC complexes, as well as
their decreased activities, have been described in CHF (74, 75). However, there is
substantial heterogeneity of experimental data on activities of speciﬁc ETC complexes
in CHF, with various studies pointing to different ETC components being primarily
affected (73).

Various studies on CHF report decreased enzymatic activity of

complex I and in the combined activity of complexes I and III (76, 77). In contrast,
other studies demonstrated normal activity of the exclusively nuclear-encoded
complex II, or partially mitochondrially-encoded complexes III and IV (78, 79).
Therefore, understanding important aspects of mitochondrial dysfunction in
CHF may result in new therapeutic approaches in order to prevent cardiac energetic
failure, cardiomyocyte loss and attenuate pathological remodelling in heart failure
(57, 80).

18

Figure 1. The basic mechanisms of the mitochondrial respiratory chain and oxidative
phosphorylation system. The electron transport chain carries both protons and
electrons, passing electrons from donors to acceptors (NADH to O2), and transporting
protons across a membrane.
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1.6 Exercise training in chronic heart failure
1.6.1 Clinical aspect
Beneﬁcial effects of exercise in chronic heart failure (CHF) are well
established, with current treatment guidelines recommending exercise for patients
with stable CHF in NYHA I–III groups (81). Exercise was shown to exert a number
of beneficial effects in CHF regarding patients’ quality of life, fatigue, and mortality.
These changes, induced by exercise training, are associated with neurohormonal and
metabolic changes, anti-inﬂammatory effects as well as cardiovascular, skeletal
muscle, and pulmonary adaptations (82). Current evidence suggests that exercise
yields beneficial adaptations in failing myocardium regarding cardiac remodelling and
myocyte function. In patients with heart failure, exercise training was shown to
improve exercise tolerance and cardiac performance by several mechanisms such as
improved

contractility,

increased

myocardial

perfusion

and

angiogenesis,

normalization of sympathetic-parasympathetic balance, improvement of cardiac
energy metabolism, calcium handling, and peripheral arterial compliance. The data
from animal models is consistent with aforementioned human studies demonstrating
protective effects against pathological LV remodelling and deterioration of cardiac
function (83).
Long-term aerobic interval training was demonstrated to improve left
ventricular ejection fraction, cardiac output, and end-diastolic and end-systolic
volumes even in elderly CHF patients. In meta-analysis that included 14 trials with
measurement of cardiac performance the authors report an overall improvement in in
maximal oxygen uptake (VO2max) and ejection fraction as well as a decrease of enddiastolic and end-systolic volumes in endurance training studies (84). The HFACTION (Heart Failure–A randomized Controlled Trial Investigating Outcomes of
exercise training) study demonstrated that exercise training is safe and offers clinical
benefits in HF patients. Specifically, exercise training was associated with an 11%
reduction in all-cause mortality or hospitalization, a 9% reduction in cardiovascular
mortality or cardiovascular hospitalization, and a 15% reduction in cardiovascular
mortality or heart failure hospitalization. For most of CHF patients, especially those in
20

advanced stages of functional impairment, the aerobic endurance training at 50–80%
of VO2max is the preferred training modality. Only one trial reported complications
associated with training, but these complications were confined to the most severe
patients with ejection fractions <30%. High-intensity interval training (HIIT) can be
recommended in relatively low-risk HF patients to achieve higher training
effectiveness (85). Other useful training programs may include inspiratory muscle
training, strength training, and relaxation therapy. However, exercise training is only
effective as long as it is maintained and continuation of regular exercise training
needs to be encouraged after the initial cardiac rehabilitation phase (83).

1.6.2 Cellular and molecular effects of exercise in HF
The specific cellular and molecular mechanisms responsible for the beneficial
effects of exercise training are not completely clear. Improvement in cardiac function
mediated by exercise, observed in patients with HF and animal models, appears to be
induced by amelioration of interstitial fibrosis, cardiomyocyte dysfunction and
apoptosis associated with HF.
At the level of cardiomyocytes, chronic exercise training was shown to
ameliorate pathological changes in Ca2+ regulation and improve the contractility of
the failing myocardial cells (86, 87). In rats with myocardial infarction, aerobic
endurance training attenuates ventricular and cellular hypertrophy and consistently
restores contractile function, intracellular Ca2+ handling, and Ca2+-sensitivity in
cardiomyocytes (88). In animal models, studies showed that aerobic exercise training
increases glycolysis and oxidative metabolism by selectively increasing the
concentrations of regulatory enzymes of glycolysis and oxidative metabolism.
Moreover, either increase or no change in fatty acid utilization capacity was reported
(89, 90). In rabbit model of post MI-remodeled hearts, chronic exercise was shown to
modulate autophagy and fatty acid utilization (91). Also, numerous factors have been
proposed to contribute to exercise-induced improvement in cardiac function. The
cellular adaptations include maintenance of a positive inotropic state, improved
mitochondrial capacity, increased levels of mitochondrial antioxidant enzymes,
decreased ROS production and inhibition of pro-apoptotic proteins (27, 92, 93).
Exercise training decreases apoptotic processes, and protects mitochondrial function
21

from oxidative stress (94). Exercise training seems to improve cardiac energetic
efficiency in heart failure. In studies performed on animal models of myocardial
infarction, exercise training improves expression of cytochrome oxidase subunits,
ventricular atrial natriuretic peptide, sarcoplasmic reticulum calcium ATPase and
fatty-acid binding protein (95). Whether these results extend to human heart remains
to be established. However, experimental data on the mitochondrial effects of exercise
in failing cardiac muscle are still lacking (96).
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2. AIMS OF THE STUDY
The main purpose of this dissertation was to gain insight into intracellular
processes occurring in the post-ischemic failing myocardium after chronic exercise.
The main hypothesis was that chronic exercise training significantly improves
function of the failing myocardium by affecting one of the main contributors of
pathological remodelling, the mitochondria. The hypothesis was tested by achieving
the following specific aims:

1. a. To establish a reliable experimental animal model for post-myocardial
infarction heart failure that shows adaptations characteristic for post-infarction
cardiac remodelling.

b. To implement a valid and reproducible aerobic interval training protocol that
will induce effective cardiovascular changes in post-myocardial infarction failing
rat heart.

2. a. To determine the effect of aerobic interval training on cardiac morphology and
functional parameters in post-infarction failing rat heart.

b. To examine the effect of aerobic interval training on mitochondrial function in
post- infarction failing rat heart.
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3.

MATERIALS AND METHODS

Ethic statement
This study was conducted according to the Directive 2010/63/EU of the
European Parliament and was approved by the Croatian Animal Care Committee and
Ethical Committee of the University of Split, School of Medicine.

Chemicals
All chemicals used for this study, unless otherwise noted, were purchased
from Sigma-Aldrich (Saint Louis, MO, USA).

Coronary artery ligation procedure
Adult female Sprague-Dawley rats weighing between 230 to 290 g were
anesthetized with mixture of ketamine (Ketaminol 10, 90 mg/kg, Intervet
International) and xylazine (Xylapan, 8 mg/kg, Vetoquintol) injected in the right
hamstring muscles. After the rats were fully anesthetized (confirmed by the absence
of corneal reflex), the trachea was intubated for artificial ventilation. A transabdominal trans-diaphragmal approach was used in order to avoid trauma to the
myocardium (besides that related to the coronary artery ligation). Myocardial
infarction (MI) was induced by permanent occlusion of the left coronary artery (LCA)
with non-absorbable 8-0 suture. The immediate discoloration of the ventricular
surface (pale appearance) was a sign of successful LCA ligation (Figure 2). Agematched control rats (Sham animals) underwent the same surgical procedure without
ligation of LCA.
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A

B

C

D

Figure 2. Photographs of the surgical procedure of the coronary artery ligation. A.
Laparotomy and exposition of the diaphragm. B. Positioning retractor for transdiaphragmal approach to the heart. C. Just before putting permanent occlusion of the
left coronary artery (LCA) with non-absorbable 8-0 suture. D. Permanent occlusion of
the left coronary artery and immediate pale appearance of the anterior surface of the
heart.
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Echocardiographic measurements
Transthoracic echocardiography was performed using a 12-MHz transducer
connected to Vivid 3 Expert ultrasound system (General Electric, Milwaukee, WI,
USA) under isoflurane anesthesia (1.5%) at 4 and 12 weeks after the surgery.
Parasternal two dimensional short-axis view at the level of papillary muscles was used
to measure the following parameters: left ventricular diameter in diastole and systole
(LVDd and LVDs, respectively), anterior wall thickness in diastole and systole
(AWTd and AWTs), and posterior wall thickness in diastole and systole (PWTd and
PWTs). Left ventricular fractional shortening (FS, %), was calculated according to the
following formula: FS = [(LVDd - LVDs) / LVDd] x 100. Echocardiographic
assessment at 4 weeks after surgery was used to evaluate the extent of myocardial
infarction (in MI-operated rats) and measure the cardiac contractile performance
before commencement of further experimental procedures. The animals with high
degree of myocardial damage and developed CHF, estimated at FS≤35%, were
included in the the study. This selection criterion was based on previous reports that
correlated echocardiographic FS values with invasive measurements of LV pressures
for the assessment of heart failure in this animal model (97, 98) Out of 63 MIoperated animals that survived a 4-week postoperative period, 31 rats met the
inclusion criteria and were subsequently randomized into exercised (MI-Trained) and
sedentary (MI-Sedentary) groups. During the course of the next 8 weeks, 2 of the
trained animals were excluded from the study due to insufficient compliance for
exercise. At 12 weeks after surgery, echocardiography was again performed followed
by animal sacrifice within 3 to 6 days. All echocardiographic evaluations were
performed blinded to rats’ group allocation. Finally, three groups of rats were
assessed: MI-Trained (n=14), MI-Sedentary (n=15) and Sham sedentary (control)
group (n=16).

Training protocol
Following echocardiographic evaluation at 4 weeks after surgery, MI-operated
rats were randomly assigned to either MI-Sedentary or MI-Trained group. No
statistical difference in any of the assessed echocardiographic parameters existed
between the two groups at this time point. MI-Trained group started an eight-week
aerobic interval training (AIT) protocol two days after the echocardiographic
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evaluation was performed. Animals were running on a treadmill specially designed
for small animals (Model Exer-3R, Columbus Instruments, Columbus, OH, USA),
five days a week for 70 minutes, including 10 minutes of warm-up at 40–50% of
estimated maximal oxygen consumption (VO2max) and 60 minutes of interval running.
Each interval consisted of 4 minutes of high-intensity running (estimated at
approximately 85–90% of predicted VO2max) and 2 minutes of active recovery
(estimated at approximately 50–60% of predicted VO2max). Running intensities for
each week of training were based on the previous report studying the relationship
between the running speed and VO2max in the same post-MI rat model exposed to
aerobic interval training for 8 weeks (99). Specifically, running speed was increased
gradually for the first 6 weeks of training by 0.02 m/s per week, with last two weeks
(7th and 8th) having the same intensity level as in the 6th week. Treadmill inclination
during training and testing was 25°.
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STUDY PROTOCOL
SPRAGUE-DAWLEY RATS
(female, 230-290 g)

BEFORE surgery
Echocardiographic evaluation of cardiac function

Randomization

SURGERY

Surgery WITHOUT coronary artery ligation

Coronary artery ligation procedure

MI RATS n=31

SHAM RATS n=16

4 WEEKS after surgery
Echocardiographic evaluation of cardiac
function

Randomization

Inclusion criteria:
FS < 35%

MI-TRAINED RATS
n=16

MI-SEDENTARY RATS
n=15

aerobic interval training 8 weeks

normal activity 8 weeks

12 WEEKS after surgery
Echocardiographic evaluation of cardiac function

SHAM RATS
n=16

MI-TRAINED RATS
n=14

MI-SEDENTARY RATS
n=15

Animal sacrifice

Mitochondrial experiments
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Isolation of mitochondria
All animals were sacrificed for mitochondrial studies in the period of 3-6 days
following second (12-week) echocardiographic evaluation and mitochondria were
isolated from the viable part of left ventricle by differential centrifugation. After
anesthetizing the animals with intramuscular injection containing the mixture of
ketamine and xylazine (90 mg/kg and 8 mg/kg, respectively), the hearts were excised,
atria and right ventricle removed, and viable part of left ventricle was placed into an
ice-cold isolation buffer containing (in mmol/l): 50 sucrose, 200 mannitol, 5 KH2PO4,
1 EGTA, 5 MOPS, and 0.1% bovine serum albumin (BSA; pH 7.3) and minced into
small pieces. The suspension was homogenized in the presence of 5 U/ml protease
(from Bacillus licheniformis) by using Ultra Turrax T 25 homogenizer (IKA-Werke,
Staufen, Germany). The homogenate was centrifuged at 8000 g, and the obtained
pellet was resuspended in the isolation buffer using a Potter-Elvehjem homogenizer,
and centrifuged at 900 g. The resulting supernatant was centrifuged at 8000 g, and the
mitochondrial pellet was dissolved in the isolation buffer.
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Portion of mitochondrial

suspension was stored at -80°C for later measurements of enzyme activities, while the
remaining was kept on ice and used immediately for measurements of mitochondrial
respiratory parameters and ATP synthesis. Protein concentration was determined
using a modified Lowry assay kit (DC protein assay kit, Bio-Rad, Hercules, CA,
USA), using bovine serum albumin as a standard.

Citrate synthase activity
Citrate synthase activity was determined spectrophotometrically (at 412 nm,
25 ºC) in isolated mitochondrial preparations using the kit from Sigma-Aldrich
(CS0720).

Measurement of mitochondrial oxygen consumption
Mitochondrial oxygen consumption was measured using an oxygen electrode
(Oxygraph, Hansatech Instruments, Norfolk, UK). Experiments were conducted at
30°C in a respiration buffer containing 0.5 mg/ml mitochondrial protein and (in
mmol/l): 130 KCl, 5 K2HPO4, 20 MOPS, 2.5 EGTA, 0.001 Na4P2O7, 0.1% BSA (pH
7.4). State 2 respiration was stimulated with the combination of electron transfer chain
complex I substrates pyruvate and malate (5 mmol/l each) or complex II substrate
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succinate (5 mmol/l) in the presence of complex I inhibitor rotenone (1 µmol/l).
Adenosine diphosphate (ADP) - stimulated (state 3) respiration was measured in the
presence of ADP (250 µmol/l), and state 4 respiration after all ADP was consumed.

Measurement of mitochondrial ATP production rate
The rate of mitochondrial ATP production was determined with a
chemiluminescence-based method utilizing firefly luciferase and luciferin (Molecular
Probes, Invitrogen, Eugene, OR, USA). Reaction solution contained respiration
buffer, dithiothreitol (0.91 mmol/l), luciferin (0.14 mg/ml), luciferase (1.14 mg/ml),
mitochondria (0.01 mg/ml) and pyruvate/malate (5 mmol/l each) or succinate (5
mmol/L) as substrates. The reaction was initiated by the addition of ADP (30 µmol/l).
Chemiluminescence was monitored in Glomax 20/20 luminometer (Promega,
Madison, WI, USA) at room temperature for 120 s.The standard curve was obtained
with defined ATP concentrations (0, 100, 1000 and 10000 nmol/l), from which the
rate of mitochondrial ATP production measured in the presence of substrates and
ADP was calculated.

Complex I (NADH: ubiquinone oxidoreductase) activity assay
Previously frozen mitochondria were thawed and solubilized on ice with 1%
cholic acid in an MSM/EDTA buffer (220 mmol/l D-mannitol, 70 mmol/l sucrose, 5
mmol/l 3-(N-morpholino) propanesulfonic acid, 2 mmol/l EDTA, pH 7.4). Complex I
enzymatic activity was determined by the rotenone-sensitive reduction of NADH
absorbance using decylubiquinone as an acceptor. The reaction mixture, containing 20
µg/ml mitochondrial protein, 50 mmol/l KH2PO4, 0.1 mmol/l EDTA, 0.2% BSA, 0.15
mg/ml asolectin, 0.02 mmol/l antimycin A, and 0.2 mmol/l NADH, was warmed at
30°C, and transferred into a pre-warmed cuvette in a spectrophotometer (DU 800,
Beckman Instruments, Fullerton, CA, USA). The reaction was initiated by adding
decylubiquinone (0.075 mmol/l), and the change in NADH absorbance was measured
at 30°C (regulated by Peltier temperature controller), at 340 nm (extinction coefficient
= 6.22 (mmol/l)-1cm-1).
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Western Blotting
Following excision, rat hearts were placed in an ice-cold PBS buffer,
weighed, and atria, right ventricle and scar tissue were removed. Left ventricles were
then snap frozen in liquid nitrogen and stored at -80°C. Left ventricles were
homogenized using Ultra-Turrax T25 in lysis buffer (1 ml of buffer per 100 mg of
tissue) containing (in mmol/l): 20 Tris HCl (pH 7.5), 150 NaCl, 1 Na2EDTA, 1
EGTA,

1%

Triton

X,

1%

Na-deoxycholate,

1

β-glycerophosphate,

0.2

phenylmethylsulfonyl fluoride, 2.5 NaPPi, 1 Na3VO4, 1 dithiothreitol, 5 NaF and a
protease inhibitor cocktail tablet (Roche Diagnostics, Basel, Switzerland). Protein
concentration in cardiac homogenates was determined using DC protein assay kit.
Cardiac homogenate proteins were then separated by SDS-PAGE on 12% gel with 30
μg of protein loaded in each lane. In order to allow for gel-to-gel comparison, a
standard sample was loaded on each gel and all tested protein bands were normalized
to this standard control band. After electrophoresis, proteins were transferred to a
nitrocellulose membrane, blocked in 5% milk and then incubated with Mitoprofile
Total OXPHOS antibody cocktail (MS601, MitoSciences, Eugene, OR, USA)
containing mouse monoclonal antibodies against structural components of four of the
five mitochondrial respiratory complexes (the 22-kDa NDUFB8 subunit of complex I,
the 30-kDa Ip subunit of complex II, the 47-kDa core 2 subunit of complex III, and
the α-subunit of the F1F0 ATP synthase of complex V). After incubation with
secondary HRP-conjugated antibody and incubation with chemiluminescent substrate
(Supersignal West Pico, Pierce Biotechnology, Rockford, IL, USA), the blots were
imaged using Chemidoc imaging system (Bio-Rad). After stripping with 0.4 mol/l
NaOH, the blots were re-probed with anti-β-actin antibody (A5441, Sigma) that
served as loading control. The densities of bands from MI-Sedentary and MI-Trained
groups (normalized to the standard sample and loading control) were analyzed using
Image Lab 3.0 software and expressed relative to the Sham group.

Detection of protein oxidation
Protein carbonylation was measured using OxyBlot protein oxidation
detection kit (S7150, Merck Millipore). Briefly, left ventricle homogenates were
supplemented with dithiothreitol to a final concentration of 50 mM, followed by
treatment with 2,4-dinitrophenylhydrazine (DNPH) according to manufacturer’s
31

instructions. The DNP-derivatized protein samples were separated on 10 %
polyacrylamide gel followed by transfer to the nitrocellulose membrane. DNP groups
were immunodetected with a rabbit anti-DNP primary antibody (1:150) followed by
secondary anti-rabbit HRP antibody and chemiluminescence detection using
Chemidoc imaging system (Bio-Rad) as described earlier. Ponceau S staining (after
protein transfer and before blocking) was used as a loading control.

Electron microscopy
The pieces of left ventricle were fixed in 3.5 % paraformaldehyde in 0.1 M
phosphate buffer solution (pH 7.3) during 24 h at 4 °C and then in 3% glutaraldehyde
in 0.1 M phosphate buffer solution (pH 7.2) during 2 h. The post-fixation was done in
2 % osmium tetroxide in the same buffer solution. The tissue was embedded in Epoxy
resin and cut in ultrathin sections (0.05 μm) followed by staining with uranyl-acetate
and lead citrate. The electron microscope Zeiss EM 10A was used for visualization.
The mitochondrial surface area was analyzed with Image J.

Statistical analysis
Data are presented as means ± standard deviation. Differences between MITrained, MI-Sedentary and Sham sedentary rats were tested using Kruskal-Wallis test
followed

by

a

posteriori

Mann-Whitney

comparisons.

Differences

in

echocardiographic parameters at 4 weeks post-surgery between sham-operated and
MI-operated animals were tested with Mann-Whitney test for independent samples.
Differences between 4 weeks and 12 weeks post-operative echocardiographic values
within the same group of rats were probed with Wilcoxon test for paired samples.
Statistical analysis was performed by employing commercially available software
(MedCalc, Mariakerke, Belgium), and significance was accepted at P<0.05.
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4.

RESULTS
Echocardiography data are presented in Table 1. Four weeks after surgery,

animals that underwent coronary artery ligation and exhibited LV fractional
shortening below 35% were selected for the study (MI-operated group). As seen in the
table, and also illustrated in Figure 3A, these animals had enlarged ventricular cavity
and thinned myocardium comparing to the sham-operated animals. Twelve weeks
after surgery, the contractile function of the left ventricle deteriorated even further in
MI-Sedentary group (Figure 3B), while FS in MI-Trained group remained at the 4week level.
Twelve weeks after surgery, the expression of atrial natriuretic peptide (ANP)
in LV, which is often found enhanced in pathological cardiac hypertrophy, was
increased to the similar extent in MI-Trained and MI-Sedentary groups, as compared
to Sham (Figure 4). The expression of citrate synthase, a mitochondrial marker, was
not changed in any experimental group (Figure 4), nor was its specific enzymatic
activity different in isolated mitochondria (1793±191 mU/mg protein, 1925±205 and
1853±212 for Sham, MI-Sedentary and MI-Trained, respectively (data not shown)).
Furthermore, no difference was found in LV expression of PGC-1α, a marker of
mitochondrial biogenesis (Figure 4).
Respiratory function of LV mitochondria was also analyzed at 12 weeks after
surgery. As displayed in Figure 5A, in the presence of complex I ETC substrates,
ADP-supported respiration (state 3) was significantly reduced in mitochondria from
MI rats, as compared to Sham. However, it was better preserved in animals exposed
to 8 weeks of exercise training (211.5 ± 38.1 nmol O2/min/mg protein vs. 160.2 ±
45.4 in MI-Sedentary rats and 254.1 ± 38.8 in Sham). The respiratory control ratio
(RCR), calculated as the ratio of state 3 and state 4 respiration and used as an
indicator of coupling of O2 consumption and phosphorylation, was reduced only in
MI-Sedentary rats, while in the trained animals it remained at the same level as in
Sham (Figure 5B). When mitochondria were fuelled with substrate for complex II,
no difference in ADP-supported respiration or the RCR between the Sham and any of
the MI-operated animal groups was observed (Figure 6 A, B). Measurements of
mitochondrial ATP production were conducted in parallel with oxygen consumption
experiments. In the presence of pyruvate and malate, the rate of ATP generation was
33

significantly decreased only in mitochondria from MI-Sedentary rats, as compared to
Sham (Figure 7A). When succinate was used as an electron donor, no change in ATP
production was observed in any of the tested groups.
Since data obtained from respiratory and ATP production measurements
suggested ETC damage primarily at the level of complex I, we next measured the
specific enzymatic activity of NADH: ubiquinone oxidoreductase in isolated
mitochondria. Recording the rate of complex I enzymatic turnover revealed a similar
pattern as detected in respirometry experiments. As can be inferred from Figure 7B,
relatively high rate of NADH oxidation observed in Sham mitochondria (641.2 ± 68.3
nmol NADH/min/mg mitochondria) was substantially impaired in MI-Sedentary
hearts (486.8 ± 35.3 nmol NADH/min/mg). In mitochondria isolated from MI-Trained
rats, although still depressed comparing to Sham, the complex I activity was
significantly better preserved than in MI-Sedentary group (552.3 ± 39.4 nmol
NADH/min/mg for MI-Trained).
Probing the expression of the representative subunits for mitochondrial ETC
respiratory complexes I, II, III and V revealed no differences between the three
experimental groups (Figure 8A, B). Whether a reduction in complex I activity is
accompanied with altered degree of oxidative stress was also investigated. Protein
carbonylation, an indicator of oxidative stress, was significantly increased in MISedentary hearts with respect to Sham (Figure 8C, D), while MI-Trained hearts
showed no significant difference compared either to Sham or MI-Sedentary rats.
Electron microscopy images of cardiac tissue sections revealed significantly
smaller mitochondria in hearts of sedentary MI-rats as compared to Sham and trained
MI- hearts (Figure 9 and Figure 10).
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4-week post-surgery

Sham

MI-operated

FS (%)

53.1 ± 5.5

28.28 ± 5.7 *

LVDd (mm)

5.82 ± 0.26

7.92 ± 0.59 *

LVDs (mm)

2.73 ± 0.39

5.81 ± 0.91 *

AWTd (mm)

1.76 ± 0.05

1.4 ± 0.39

AWTs (mm)

2.78 ± 0.13

2.00 ± 0.48 *

PWTd (mm)

1.70 ± 0.18

1.59 ± 0.19

PWTs (mm)
WB (g)

2.88 ± 0.23

2.47 ± 0.35 *

257.4 ± 11.5

259.92 ± 13.10

16
Sham
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Number of animals
12-week post-surgery

MI-Sedentary
†

MI-Trained
#

FS (%)

58.3 ± 8.9

21.7 ± 5.5 *

30.4 ± 8.5

LVDd (mm)

5.86 ± 0.31

9.10 ± 0.98 *

7.84 ± 1.09 *

LVDs (mm)

2.46 ± 0.65

7.16 ± 1.17 *

5.50 ± 1.30

AWTd (mm)

1.52 ± 0.19

1.22 ± 0.61

1.49 ± 0.33

AWTs (mm)

2.78 ± 0.31

1.76 ± 0.83

2.36 ± 0.74

PWTd (mm)

1.78 ± 0.16

1.48 ± 0.40

1.81 ± 0.20

PWTs (mm)
WB (g)

2.84 ± 0.40

2.34 ± 0.50

2.63 ± 0.48

WH (mg)

277.4 ± 18.2
779.4 ± 57.9

278.9 ± 17.5
1031.1 ± 139.2 *

277.6 ± 15.56
1070.44 ± 126.1 *

WH/WB (mg/g)

2.87 ± 0.29

3.70 ± 0.46 *

3.86 ± 0.42 *

16

15

14

Number of animals

#

Table 1. Cardiac morphological and functional parameters after surgery and exercise
training. Values presented are mean + SD. FS, left ventricular fractional shortening;
LVDd and LVDs, left ventricular diameter in diastole and systole, respectively; AWTd
and AWTs, anterior wall thickness in diastole and systole, respectively; PWTd and
PWTs, posterior wall thickness in diastole and systole, respectively; WB, body
weight; WH, heart weight. aTwo animals randomized into the MI-Trained group were
excluded from the study during the course of training.
*P <0.05 vs. Sham. #P <0.05 vs. Sham and MI-Sedentary. †P <0.05 vs. 4-week value.
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A

MI-operated

Sham-operated

B

*
*
#
†

Figure 3. Echocardiographic evaluation of operated animals. A, Examples of Mmode of two-dimensional echocardiograms taken at 4 weeks after surgery in shamoperated and animal with coronary artery ligation (MI-operated). In animal with
induced myocardial infarction, increased left ventricular cavity dimensions and
reduced contractility and thickness of the ventricular muscle can be seen. B, Left
ventricular fractional shortening (FS) at 4 and 12 weeks after surgery. Sham, sham
operated sedentary animals (n=16); MI-Sed, sedentary animals with induced
myocardial infarction (n=15); MI-Trained, animals with myocardial infarction
exposed to 8 weeks of exercise training (n=14). *P<0.05 vs. MI-Sed and MI-Trained,
#

P<0.05 vs. MI-Sed, †P<0.05 vs. 4-weeks value in the same group.
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A

Sham

ST

MI-Sed

MI-Tr

MI-Sed

MI-Tr

ANP

ST

Sham

Citrate
synthase

PC

ST

Sham

MI-Sed

MI-Tr

PGC-1α

B

Figure 4. Expression of ANP, citrate synthase and PGC-1α. A, Image of
representative Western blots probed with anti-ANP, anti-citrate synthase and antiPGC-1α primary antibodies. B, Average densities normalized to β-actin expressed
relative to the Sham group. *P<0.05 vs. MI-Sedentary (MI-Sed) and MI-Trained (MITr), n=6 animals per group. PC = PGC-1α positive control.
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A

*
#

*
State 2

State 3

State 4

B
†

Sham

MI-Sed

MI-Trained

Figure 5. Mitochondrial respiratory function assessed with substrates for complex I.
A, Oxygen consumption was recorded in isolated mitochondria in the presence of
pyruvate and malate (State 2), upon addition of ADP (State 3) and after all ADP was
consumed (State 4). B, Respiratory control ratio (RCR), an indicator of mitochondrial
coupling, was calculated as State 3/State 4 for each of the experimental groups.
*P<0.05 vs. MI-Sedentary (MI-Sed) and MI-Trained (MI-Tr), #P<0.05 vs. MI-Sed,
†

P<0.05 vs. Sham and MI-Tr, n=8 animals for each experimental group.
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A

State 2

State 3

Sham

MI-Sed

State 4

B

MI-Trained

Figure 6. Mitochondrial respiratory function evaluated with substrate for complex II.
A, Mitochondrial oxygen consumption was monitored in the presence of succinate
and rotenone (State 2), after addition of ADP (State 3) and when the entire ADP was
converted into ATP (State 4). B, Calculated respiratory control ratio for the three
groups of rats. n=8 animals for each group.
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A

*

Pyruvate/Malate

Succinate

B

#

*

Sham

MI-Sed

MI-Trained

Figure 7. Analysis of ATP production rate and the activity of complex I of the
electron transfer chain. A, The rate of ATP generation was assessed in isolated
mitochondria in the presence of respiratory chain substrates, pyruvate and malate
(complex I) or succinate (complex II), n=8 animals for MI-Sedentary (MI-Sed) and
MI-Trained and 7 animals for Sham group. B, The enzymatic turnover of NADH:
ubiquinone oxidoreductase (complex I) was assessed in solubilized mitochondria by
recording the change of NADH absorbance in a reaction stimulated with
decylubiquinone. *P<0.05 vs. Sham, #P<0.05 vs. MI-Sed and Sham, n=8 animals for
each group.
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A

ST

Sham

MI-Sed

MI-Tr

ST

CV
C III
C II
CI

B

C
Sham
MI-Sed
MI-Trained

D

*
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Figure 8. Expression of the electron transfer chain respiratory complexes and protein
carbonylation. A, Image of the representative Western blot showing bands
corresponding to mitochondrial respiratory complexes I, II, III and V. B, Average
densities normalized to β-actin expressed relative to the Sham group. CI corresponds
to complex I; CII, complex II; CIII, complex III and CV is complex V, n=6 animals
for each group. C, Image of representative Western blot showing carbonylated
proteins after derivatization with dinitrophenyl hydrazine. D, Average protein
carbonylation normalized to Ponceau staining and expressed relative to the Sham
group. *P<0.05 vs. Sham, n=6 animals per group.
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A

B

C

Figure 9. Electron micrographs of mitochondria. A, Sham, B, MI-Sedentary and C,
MI-Trained rats.
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*

Figure 10. Average mitochondrial surface area measured in electron microscopy
images using Image J. *P<0.05 vs. Sham and MI-Tr
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5.

DISCUSSION
The main finding of the present study is that aerobic interval training

attenuates deterioration of mitochondrial function in post-infarction heart failure in
rats. This is evidenced by better preservation of mitochondrial respiratory capacity
and activity of the complex I of the electron transfer chain in animals that underwent
8 weeks of aerobic interval training, as compared to their sedentary counterparts.
In our study, we observed impaired mitochondrial function in LV of the
failing hearts, which is primarily attributable to the reduced activity of complex I of
the electron transfer chain. This is evidenced by significantly decreased respiratory
rates observed in mitochondria energized with specific complex I substrates.
Moreover, measurement of complex I enzymatic activity revealed a diminished rate of
NADH oxidation in mitochondria from infarcted hearts of sedentary animals, as
compared to sham. Decreased complex I-dependent respiratory capacity was reported
in saponin-permeabilized cardiac fibers in a similar animal model, (100) but also in
dog (101) and human (73, 74) ischemic dilated cardiomyopathy. Furthermore, a
specific decrease in complex I enzymatic function, with preserved activity of other
ETC complexes, was found in explanted failing human hearts, as compared to healthy
donor hearts (77). Reduced complex I function may result from its diminished
expression, as reported previously in a mouse model of post-infarction heart failure,
where it was linked to LV mitochondrial DNA damage (69). In our model, this
possibility is less likely, since the expression level of complex I representative subunit
was not altered in MI-Sedentary rats. This is also in line with the study of Scheubel et
al. (77) where the mRNA levels of complex I subunits were not differentially
expressed in human failing LV, despite the enzymatic activity of the entire complex
being reduced. Alternatively, complex I activity may be depressed due to its specific
inhibition. For example, a state of prolonged inflammation that persists in chronically
failing heart was linked to enhanced activity of inducible nitric oxide synthase
(NOS2), (102). NO may act directly (S-nitrosylation) or via peroxynitrite formation
(generated through interaction with reactive oxygen species) on complex I, selectively
reducing its activity (103).
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Reduced mitochondrial capacity for substrate metabolization, as observed
here, may result in decline of ATP production, which would cause substantial energy
deficits in the muscle required to daily provide up to 30 kg of this energy-rich
molecule (104, 105). Indeed, in cardiac mitochondria of post-MI sedentary animals,
the rate of ATP production with complex I substrates were significantly reduced
compared to sham-operated animals. This decreased ATP-producing potential, which
may be coupled with the reported reduction in creatine kinase activity and creatine
transporter function, (106, 107) is likely to contribute to cardiac contractile
dysfunction, due to deficit in production and intracellular transfer of high-energy
phosphates. Furthermore, deficiencies in complex I of the ETC were linked to
excessive production of reactive oxygen species, (108) inflicting damage to other
cellular and mitochondrial elements (109). Indeed, we detected increased protein
carbonylation in post-infarcted myocardium, indicating increased levels of oxidative
stress. Therefore, due to mitochondrial involvement in a number of cellular processes
and a central role in myocardial energy production, their dysfunction likely causes
further damage to the cardiac muscle and elicits progression of the disease (110). In
our animal model, echocardiographic evaluation also revealed progressive
deterioration of LV contractile function in post-MI sedentary animals from 4 weeks to
12 weeks after surgery, indicating further aggravation of the disease.
In contrast to the post-MI sedentary animals, rats with high degree of
myocardial damage that underwent 8 weeks of exercise training exhibited better
preservation of LV contractile function and reduced cavity dilatation. This is in
agreement with data, both from patients and animal models, showing that physical
activity attenuates or even reverses pathological ventricular remodelling in CHF of
various etiology (111, 112). Therefore, exercise training, which was previously
considered a risk for patients with post-infarction chronic heart disease, has recently
been attributed a strong therapeutic potential for this condition. Although the
beneficial effects of physical activity in a diseased heart have been associated with
exercise training of different mode, intensity and duration, (113) aerobic interval
training, with alternating high and low intensity exercise periods, was reported
superior to other types of exercise, such as strength, endurance or moderate
continuous training (112, 114). Its protective potential has been demonstrated in
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animal and human studies, through the significant reduction of pathological left
ventricular remodelling (112, 115).
There are multiple mediators and pathways suggested to underlie the
beneficial exercise-induced effects in pathologically remodeled hearts. Some of them
include enhanced endothelium-dependent vasodilatation and improved coronary
blood flow, which may improve oxygen and substrate supply to the myocardium (116,
117). In cardiac myocytes, chronic exercise has been reported to restore Ca2+
sensitivity and handling, thus improving their contractility (88, 118). In the model of
post-MI failing heart used here, the existence of energetic imbalance in the
myocardium is very likely, due to additive effect of at least two factors: the observed
reduction in mitochondrial function, as well as greater energy demand in a dilated
heart (119). Therefore, we sought to investigate whether exercise improves the
function of pathologically remodeled mitochondria in the failing myocardium. We
demonstrated that mitochondrial respiratory capacity, which was significantly
compromised by post-MI remodelling in sedentary animals, was better preserved in
rats subjected to the training protocol. Higher respiratory rates observed in the trained
animals were likely due to better preservation of complex I function. Measurements
of complex I enzymatic activity further support this observation, as the NADH
oxidation was maintained at the higher level in cardiac mitochondria of post-MI
trained than in MI-sedentary rats. The extent of protein carbonylation and oxidative
stress in MI-Trained animals was found to be somewhere between Sham and MISedentary group with no statistically significant difference with either of them.
Exercise-induced reduction in myocardial remodelling and mitochondrial protection
was also documented recently in the swine model of pressure-overload heart failure;
although the specific contribution of complex I was not investigated, cardiac
mitochondria from trained animals exhibited lesser increase in sensitivity to the
permeability transition (120).
Mechanism of the protective effect of exercise on complex I activity and on
the overall mitochondrial function in the failing heart is still unknown. High levels of
pro-inflammatory cytokines associated with this disease can elicit a number of
cellular events (such as increased expression of NOS2 (121)), thus potentially
contributing to the progression of ventricular remodelling and mitochondrial
dysfunction (122). Exercise training was reported to oppose the inflammatory
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cytokine effects in experimental models of chronic heart disease, which might
counterbalance their detrimental actions, including those affecting mitochondria (123,
124). Increased myocardial expression of antioxidant enzymes, also related to
exercise training, may also confer mitochondrial protection against the proposed ETC
inhibition by reactive oxygen and nitrogen species (125). Furthermore, exercise was
shown to reduce the excessive sympathetic activity that is usually found in CHF (124)
and may act detrimentally through multiple pathways, for example by reducing the
expression of PGC-1α,(126) a master regulator of mitochondrial metabolic function
and biogenesis. However, the PGC-1α down regulation is not uniformly present in the
failing myocardium,(127) and in our model we did not observe altered PGC-1α levels
in any post-MI animal group.
In conclusion, we demonstrated that aerobic interval training in rat postinfarction chronic heart failure model mitigated contractile deterioration of the left
ventricle. This was paralleled with better preservation of mitochondrial functional
parameters, as evidenced by preserved activity of complex I of the electron transfer
chain. Since damaged mitochondria contribute to the myocardial functional decline
through multiple pathways, their protection conferred by exercise has a significant
potential to repress this vicious cycle and alleviate the progression of contractile
dysfunction in post-infarction failing heart.
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6.

MAIN CONCLUSIONS
1. Our experimental rat model for post-infarction heart failure shows adaptations
characteristic for post-infarction left ventricular remodelling. After myocardial
infarction animals had enlarged ventricular cavity, thinned myocardium and
deteriorated contractile function of the left ventricle comparing to the shamoperated animals.

2. Aerobic interval training induces effective cardiovascular changes in rat heart
after myocardial infarction.
3. Aerobic interval training attenuates deterioration of mitochondrial function in
post-infarction heart failure in rats that underwent 8 weeks of aerobic interval
training:
a. better preservation of mitochondrial respiratory capacity
b. better activity of the complex I of the electron transfer chain
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SUMMARY
Effect

of

aerobic

interval

training

on

pathological

remodelling

and

mitochondrial dysfunction in the post-infarction failing rat heart
Aims: Following a large myocardial infarction (MI), remaining viable muscle often
undergoes pathological remodelling and progresses towards chronic heart failure
(CHF). Mitochondria may also be affected by this process and, due to their functional
importance, likely contribute to the progression of the disease. Aerobic interval
training (AIT) has been shown effective in diminishing pathological myocardial
transformation, but the effects of AIT on mitochondrial function in hearts undergoing
remodelling are not known.
Methods and Results: Adult female Sprague-Dawley rats were randomized to either 8
weeks of aerobic interval treadmill running (5 days/week), which started 4 weeks
after left coronary artery ligation (MI-Trained), or a sedentary group (MI-Sedentary).
Echocardiography was performed before and after the 8-week period, at which point
the left ventricles (LV) were also harvested. Twelve weeks after surgery, MISedentary rats had significantly lower LV fractional shortening compared to MITrained. Complex I – dependent respiration assessed in isolated LV mitochondria was
decreased by ~37% in MI-Sedentary and 17% in MI-Trained (group differences
p<0.05), compared to sham-operated animals. This was paralleled with diminished
ATP-production and increased degree of protein oxidation in MI-Sedentary rats. The
enzymatic activity of complex I was also decreased to the greater extent in MISedentary than in MI-Trained animals, with no evidence of its reduced expression.
When complex II substrate was used, no differences among the three groups were
observed.
Conclusions: Exercise reduces the left ventricle contractile deterioration in postinfarction heart failure and alleviates the extent of mitochondrial dysfunction, which
is paralleled with preserved complex I activity.
Keywords: myocardial infarction; heart failure; aerobic interval training; animal
model; mitochondria

50

SAŢETAK
Uĉinak aerobnog intervalnog treninga na patološko remodeliranje i
mitohondrijsku disfunkciju u štakora s poslijeinfarktnim zatajenjem srca
Uvod: Nakon opsežnog infarkta miokarda (IM) u dijelu srčanog mišića izvan
zahvaćenog područja dolazi do patološkog remodeliranja koje ako napreduje dovodi
do razvoja kroničnog srčanog zatajenja. Patološko remodeliranje obuhvaća
makroskopske i mikroskopske promjene na razini srčanog mišića. Remodeliranje na
razini mitohondrija vjerojatno je važni čimbenik napredovanja bolesti zbog njihove
ključne uloge u energijskom metabolizmu stanice. Aerobna intervalna tjelovježba
učinkovito ublažava patološku transformaciju miokarda iako još uvijek nisu dovoljno
istraženi mehanizmi preko kojih se to događa.
Materijali i metode: Ženke štakora Sprague-Dawley randomizirane su u dvije
skupine: jedna je skupina 4 tjedna nakon podvezivanja lijeve koronarne arterije bila
podvrgnuta aerobnoj intervalnoj tjelovježbi koja se sastojala od trčanja na pokretnoj
traci (5 dana/tjedan) dok je druga tijekom istog razdoblja živjela sedentarnim životom.
Prije i poslije perioda tjelovježbe od 8 tjedana učinjeno je ehokardiografsko testiranje.
Nakon provedenih ispitivanja životinje su bile žrtvovane, a iz srca izolirani dijelovi
lijevog ventrikula izvan područja zahvaćenog infarktom.
Rezultati: 12 tjedana nakon kirurškog zahvata sedentarne su životinje imale značajno
nižu frakciju skraćenja lijevog ventrikula u usporedbi s treniranim životinjama. U
mitohondrijima izoliranim iz lijevog ventrikula respiracija preko kompleksa I bila je
37% manja u sedentarnih i 17% manja u treniranih životinja (statistička razlika
p<0.05) u usporedbi s kontrolnom skupinom (Sham štakori). Uz ove promjene u
sedentarnih životinja postoji i smanjena proizvodnja ATP-a i povećana oksidacija
proteina. Enzimska aktivnost kompleksa I respiracijskog lanca elektrona značajno je
smanjena u sedentarnih u usporedbi s treniranim životinjama bez razlike u ekspresiji
proteina kompleksa I. Nema statistički značajne razlike među grupama kada se
respiracija odvijala uz supstrate za respiraciju preko kompleksa II.
Zaključci: Tjelovježba ublažava propadanje kontraktilne funkcije lijevog ventrikula i
ublažava mitohondrijsku disfunkciju uz očuvanu aktivnost kompleksa I u srčanom
mišiću nakon infarkta miokarda
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Ključne riječi: infarkt miokarda; kronično zatajenje srca; aerobni intervalni trening;
životinjski model; mitohondriji
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