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Resumo

As alteracdes cardiacas relacionadas com a idade ao longo da vida séo
progressivas e irreversiveis, comprometendo a habilidade cardiaca de tolerar
estimulos de estresse. A diminuicio no numero de cardiomiocitos
acompanhado pela hipertrofia dos mesmos, assim como o0 aumento do
conteddo de colagénio em ambos os ventriculos, direito e esquerdo, promove
um estado deletério na estrutura cardiaca e uma gradual incapacidade de uma
eficaz resposta do coracdo quando submetido a estimulos de estresse. Além
disto, a funcéo sistolica e diastélica dos ventriculos também é prejudicada
pelas alteragbes relacionadas com o envelhecimento. Por outro lado, o
exercicio fisico regular e voluntario tem sido associado com a atenuacado e
prevencdo destas alteracfes relacionadas com o processo de envelhecimento
promovendo um efeito cardioprotetivo. Neste sentido, o nosso objetivo era
determinar se a prética regular e voluntaria de corrida através de roda livre é
capaz de atenuar os danos estruturais e funcionais relacionadas com a idade
em ratas fémeas Wistar. Dezenove Wistas ratas com 5 meses de idade foram
mantidas em condi¢cfes laboratoriais padrdo e divididas aleatoriamente em trés
grupos: 1- Jovens (Y, n=7; sacrificadas uma semana ap0s aclimatacdo); 2-
idosas sedentérias (SO, n=6; movimentos limitados ao espaco da caixa por 9
meses) e 3- idosas activas (AO, n=6; alojadas em caixas com uma roda livre
por 9 meses). Apos o final dos seus protocolos, todos os animais foram
preparados para avaliacdo hemodinamica do ventriculo esquerdo (LV) e do
ventriculo direito (RV) com cateteres de conducédo. Imediatamente apés isto, 0s
animais foram sacrificados e as amostras do ventriculo esquerdo e direito
foram coletadas para avaliacdo histolégica da area de seccado transversal
(CSA; H&E) e fibrose (Pricosirius red staining). Nossos resultados mostraram
que o exercicio fisico regular e voluntario durante a vida melhorou as funcdes
sistélica e diastolica como também o relaxamento rapido. A melhoria destas
funcBes foi associada com a prevencgdo da hipertrofia dos ventriculos e com os
reduzidos niveis de fibrose intersticial (P<0,05). A idade cronoldgica induz
alteracOes graduais e deletérias no coracdo e que comprometem a funcéo

cardiaca. Estes danos estruturais e funcionais relacionados com a idade
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podem ser prevenidos e atrasados pela pratica regular de exercicio fisico ao

longo da vida.

Palavras chave: Exercicio; Cardioprotecdo; Corrida voluntaria; Funcao

cardiovascular; Sedentarismo.
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Abstract

Lifelong age-related cardiac changes are gradual and irreversible,
ultimately compromising its ability to tolerate stressful stimulus. The decrease
on the number of cardiomyocytes followed by hypertrophy of the remaining, as
well as the increase of fibrosis in both left and right ventricles, provides a
systematic deleterious state on heart structure and a gradual incapacity of the
heart to efficiently respond when submitted to stressful stimuli. Moreover,
systolic and diastolic function is impaired by the changes of aging process. On
the other hand, a voluntary physical exercise lifelong is associated with the
attenuation and prevention of the changes related with aging process, providing
a cardioprotective phenotype. In this sense, it was our objective to determine if
long-term voluntary wheel running is able to attenuate the age-related
impairment of cardiac function and structure in female Wistar. Nineteen female
Wistar rats with 5 months of age were maintained in standard laboratory
conditions and randomly divided into three groups: 1- Young (Y, n =7; sacrificed
one week after acclimation); 2- Sedentary Old (SO, n =6; movements confined
to the cage’s space for 9 months) and 3- Active Old (AO, n =6; housed in cages
with a running wheel for 9 months). After the end of their respective protocols,
all animals were prepared for hemodynamic evaluation of the left (LV) and right
ventricle (RV) with conductance catheters. Immediately after that, the animals
were sacrificed and LV and RV samples were collected for histological
evaluation of cardiomyocytes cross-sectional area (CSA; H&E) and fibrosis
(Pricosirius red staining). Our data showed that voluntary regular physical
activity improved systolic and diastolic function and faster relaxation in the AO
animals. This functional improvement was associated with the prevention
ventricles hypertrophy and with the lower levels of interstitial fibrosis (P<0.05).
Chronological age induces gradual and deleterious alterations in heart and
compromises cardiac functionality. These structural and functional age-related
impairments can be prevented and delayed by regular physical exercise

lifelong.
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1. GENERAL INTRODUCTION

Aging is a process that is described to be irreversible and to commit all
living species. Several factors are involved in this process and are responsible
for the many biological changes associated with aging. These injurious stimulus
decline the body’s systems capacity of adaptation, being associated with
organic alterations and deleterious disorders [1]. In industrialized countries,
elder people are the age group that has increased mostly during the last
decades, with average life expectancies going from around 65 years in 90s to
more than 68 years in 2010 in both sexes [2]. This is overall attributable to
better public health policies and treatment options available to the populations
[3-5].

The changes that are associated with the development of age also
increase the age-related diseases and disturbances [1], leading, in this sense,
to a gradual structural impairment, compromising the functionality of the
systems. This inadaptability to sustain sudden conditions of stress is directly
associated with metabolic syndromes, obesity, diabetes mellitus, decline on
aerobic fitness (VO2max) and also hypertension, cardiovascular diseases,
atherosclerosis, coronary artery diseases, among others, that are closely
associated with the major causes of death [6]. Concerning this, the major
causes of death in elderly are associated with the dysfunction of the heart and
the structural commitments that decreases its capacity of adaptability [7-9]. In
industrialized countries, cardiovascular diseases represent the leading cause of
morbidity and mortality, and indeed, around 800.000 individuals remaining elder
people would suffer some kind of heart dysfunction in the next years [6]. In
addition, cardiovascular disease has been an increasingly concern in another
younger age groups, as they are demonstrating alarming signs of cardiac
disease at more premature ages, which highlights the need for intervention and
prevention [10, 11].

Regarding the deleterious changes in the systems, the pressure that is
exerted against the heart is enhanced, inducing it to work under overload
conditions impairing its function. Cardiac dysfunction related with aging also
leads to the impairment of the systolic and diastolic function in right (RV) and
left ventricles (LV) which triggers a cascade of maladaptive responses. Initially,



the maximum heart rate decreases with the advancing age while the ejection
fraction (EF) is maintained or slightly decreased in LV. Moreover, a prolonged
contraction in aging heart is secondary to the early-diastolic filling decrease
leading to a compensatory late-diastolic filling increase. Those events lead to a
delayed relaxation time and consequently enhance LV systolic and diastolic
dysfunction [12].

In RV, although both systolic and diastolic functions are impaired, the
pulmonary circulation pressure exerted upon the RV is lower compared to the
pressure imposed by the systemic circulation to the LV, which allows that RV
adapts faster to preload alterations [13]. Nevertheless, the adaptation by the RV
to prolonged and constant pressure overload is impaired, and it seems that this
is due to a decline in contractibility and afterload increase [13]. However, there
are few studies involving RV dysfunction and the mechanisms behind this
phenomena still remains unclear [13, 14].

The impairment on the cardiac function is also induced by several
disturbances of structural changes associated with aging. Namely, the
myocytes are impaired, inducing various others alterations in heart
compromising its structure [15]. For some reason, there is a loss — and
apparently irreversible — of cardiomyocytes [16] and a consequent adaptation of
the viable ones to increase their dimensions [15]. Therefore, as a protective
reaction, there is an abnormal synthesis of collagen by the fibroblasts
increasing the interstitial collagen deposition. Such cellular damage leads to the
increase of the weight of the senescence heart as well as to its hypertrophy and
stiffness. Concomitantly, in the vascular level the thickness of the arterial walls
are increased and also, associated to the increased fibrosis, the complacency
of the vessels is impaired [15]. Nevertheless, the mechanisms that triggers
these age-related changes still remain largely unclear despite recent important
discoveries in this context [17]. Molecular and cellular damage accumulation
seems to initiate a cascade of maladaptive mechanisms to “protect” the
organism against impairment. Thus, the deoxyribonucleic acid (DNA) integrity is
affected through those protective mechanisms (i.e., reactive oxygen species,
chemicals, and also DNA response agents,) [17]. Meanwhile, the abnormal
MRNA production through transcriptional factors, stem cells deregulation [18],

telomerase length shortening and impaired of its function [1] as well as
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oxidative stress increase, seem to jeopardize the maintenance of homeostasis
and accelerate the process of aging [17].

In this sense, some interventions as physical exercise, have been
suggested to attenuate and prevent this unbalance and the disturbances
associated with aging, since the maintenance of an active lifestyle is associated
with the improvement of the organic systems function and structure [19-22],
decreasing the morbidity and mortality risk factors enhancing the life
expectancy.

The decrease on the aerobic capacity related with the aging process can
be also attenuated by physical exercise during life. These effects were recently
confirmed by studies involving old men (75->80 years) that aged healthy (i.e.
without any severe pathology or disease) with endurance training through their
life as athletes and maintained physical active during life, and another group on
the same conditions but with a sedentary lifestyle through their entire life. The
remaining studies showed that in those men that maintained activity even after
interrupting their career as athletes, the VO2nax levels were great compared to
those that were sedentary [23, 24]. Moreover, an active lifestyle is also
associated with a cardioprotective phenotype, attenuating cardiac structural
changes and the impairment on its function by age-related processes. In the rat
model, regular and voluntary physical exercise through wheel running seems to
prevent and also improve cardiac dysfunction maintaining or attenuating the
impairment on cardiac structure age-related deleterious changes [20, 25].
Nevertheless the mechanisms involved to this protective response still remain
unclear and have being vigorous debated [20].

Remarkably, a sedentary behaviour during life linked to aging process
may accelerate these irreversible deleterious biological and cardiac changes,
which, on the other hand, are prevented or improved by long-term physical
exercise [26]. Regarding this, the purpose of this study is to verify if long-term
physical exercise attenuates cardiac structural and functional age-related

changes in an animal model.
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2. STATE OF THE ART
2.1 The process of aging

Aging is a process that is liable and irreversible to all species. Several
changes occurring with time, either social, environmental, biological, or
behavioural, commit all living organisms and are responsible for several chronic
transformations that occur during life. In this sense the aging process leads to
several alterations that are deleterious to the organism which increase the
susceptibility to develop several pathologies and diseases and enhance
exponentially the risk of death [1, 2]. During the last century, the expectancy of
life without any major diseases (i.e. a healthy aging) has increased significantly
in industrialized countries for both sexes (268 years) [3-5], which consequently
has lead to governmental concern and to the implementation of health
measures of care to ensure adequate treatment of the progressively aged
population [5].

Elderly individuals are the population group that has mostly increased in
the last decades in industrialized countries, with projections showing an
ascending trend for the increase in life expectancy [3, 4, 6]. This has motivated
the creation of several lines of investigation in order to elucidate the
mechanisms that are involved in the aging process. Namely, it is now known
that aging is related with several physiological disturbances that decrease the
individual’'s autonomy and well-being [7]. These are caused by the progressive
impairment of the organic systems function and structure, leading to a
progressive installation of disease such as metabolic syndrome, cardiovascular
disease, hypertension, atherosclerosis, coronary artery diseases, severe
aerobic capacity (VO.max) decline, obesity, diabetes mellitus type 2, among
others [8, 9].

The concern to elucidate what are the mechanisms that trigger the
cascade of aging-related disturbances in the organism that lead to the
physiological impairment of the body systems [10], has prompted intense
research in this field over the last years. Recent research has described some
of the mechanisms that initiate, or that seem to be directly involved in the aging
process [11]. One of the molecular and cellular events that contribute to this

process is the increased accumulation of genetic damage during life and the
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several aging diseases that are anticipated due to this phenomenon. DNA
integrity can be compromised by exogenous and endogenous insults with a
physical, biological, and chemical nature, which initiate a cascade of protective
processes to repair the DNA damage. Further, similar errors can occur in the
mitochondrial DNA, and these will be transferred to the daughter cells of a
mitotic line, which will result in a vicious cycle of accumulation of aberrant
mitochondria, with modified proteins, that lead to further mitochondrial
dysfunction [10, 11]. In fact, results from animal studies, have demonstrated
that the impairment of the capacity to repair DNA is associated to the speed of
the process of aging. This accumulation of damage seems to be the main culprit
of ageing as it triggers progressive cellular and, ultimately, organic dysfunction
[11]. Further, alterations at the transcriptional level seem to play an important
role in aging. Abnormal production and maturation of mMRNA has been observed
in tissue samples from old individuals in comparison to young, which are
thought to influence lifespan by affecting components of longevity networks or

by interfering with cellular behaviour [11].

2.2 Cardiovascular aging

Aging, has been described as a biological complex process that affects
human body throughout the life, leading to a gradual decline on several organic
systems, namely of the cardiac structure and function. With age there is a
decline in the hearts capacity of adaptation to stressful conditions which is a
consequence of deleterious physiological changes such as the loss of
functionality of macromolecules such as proteins and lipids, and oxidative
system disturbances which compromise the organ homeostasis [1, 2].

Organic alterations caused by aging, seems to affect directly the heart as
the organ responsible to sustain the circulatory system function of body and the
disturbances related to oxygen consumption by the several age-related
changes [12]. These deleterious changes progressively lead to cardiac
dysfunction which consequently increases risk factors for coronary and
cardiovascular disease, hypertension, atherosclerosis, among others [13-16]. It
is estimated that cardiovascular disease is the leading cause of death in United



States and that approximately 800.000 people remaining the same country
would have some coronary attack in the next few years [8]. Unfortunately, those
cardiac insults are also targeting younger population, concerning health care in
industrialized countries [17, 18].

Regarding cardiac age-related changes, during life the capacity of the
heart to sustain stressful conditions and cardiac overload suffers a progressive
decline, culminating in cardiac dysfunction and failure [7, 19]. Such
disturbances and imbalances seem to impair both left (LV) and right ventricle
(RV) [20-22].

2.3 Cardiac structural changes

Throughout the life, the cardiac structure undergoes several changes
that, in a progressive manner, jeopardizing the capacity of the heart to deal with
different daily overloading challenges. Likewise, vasculature system also
undergoes alterations, with an increase in arterial thickness and stiffness being
a hallmark, which has serious repercussions to the heart [1, 16, 19]. As a
consequence, arterial’s wall capacity to distend in systolic phase and to retract
in diastolic phase are impaired, leading to a progressive increase in systolic
pressure [10]. Also contributing to the increase in systolic pressure, there is a
decrease on the sensibility of the baroreceptors, induced by the stiffening of
both ascending aorta and carotid sinus, which impairs the functionality of central
nervous system to normalize pressure levels and to maintain intravascular
pressure homeostasis [10]. In response to this pressure overload, the heart
develops an hypertrophic maladaptive phenotype that is characterized by the
progressive loss of cardiomyocytes by apoptosis/necrosis [7, 16, 23] and the
consequent hypertrophy of the surviving ones, as well as by extracellular matrix
remodelling, namely with the expansion of cardiac fibrosis [23, 24]. These
changes will ultimately affect some cardiac proprieties, mainly diastolic
proprieties, by increasing myocardial stiffness, end-diastolic pressure and

eventually, compromising myocardial filling [25].



2.4 Cardiac functional changes

Cardiac function suffers several changes with aging, affecting more
diastolic than systolic function. Concerning systolic function, in baseline it is
relatively well preserved. However, during exercise, ejection fraction (EF) may
be impaired on sedentary aged individuals [20]. Peak cardiac output is
impaired by around 20-30% compared to healthy younger individuals during
maximal effort [22]. This seems to reflect heart rate alterations rather than
stroke volume changes. In fact, maximum HR is jeopardized by advancing age
and tends to decline [10] due to impaired B-adrenergic responsiveness as well
as disturbances in the signalling cascade of Ca®* handling [10, 22]. Alteration in
Ca?" handling compromises cardiac contractibility, and therefore can lead to
systolic dysfunction [22, 26]. Regarding to diastolic function, both human and
animal studies show that the senescent heart suffers significant alterations on
relaxation proprieties [4]. It becomes slower, affecting the early diastolic filling
[27]. In order to compensate that, more filling occurs in the late diastolic phase,
in part due to a more vigorous atrial contraction, but at the expense of an
increase in both atrial and ventricular filling pressures [27, 28]. This
compensatory mechanism helps to maintain LV filling at the cost of atrial

hypertrophy and increased risk for atrial fibrillation [29].

2.5 Lifelong physical activity

Despite all the changes that commit the organic systems in the body,
physical exercise seems to have the ability to attenuate and prevent some of
the age-associated cardiac alteration. Some findings have demonstrated that
physical exercise can improve the organic system’s function, attenuating the
deleterious changes and disturbances that accompany the aging process, and
decrease risk factors associated with increased mortality in both humans and
animals [2, 30-32]. Studies that analyzed older individuals (75->80) that
exercised during their entire lives, showed an improvement on maximal oxygen
uptake levels (VOzmax) compared to older individuals that had a lifelong
sedentary behaviour [33, 34]. This parameter (VOzmax) Was shown to be

independently linked to the mortality risk factors [33]. In this sense, inactivity
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has been associated with several metabolic disorders and dysfunctions,
increasing the risk to heart diseases [30].

In the recent years, several studies have been made in order to
comprehend the mechanisms underlying the cardioprotective effect of life-long
physical activity. The cardiac dysfunction and structural impairment, as well as
in other systems, is attenuated in mammals that maintain long-term physical
activity behaviour. Voluntary running-wheel activity was shown to confer a
protective phenotype from cardiac dysfunction and to prevent molecular and
cellular damage that has a direct influence on cardiac aging [30, 35]. In addition,
moderate levels of physical activity during life also attenuate the extent of
damage to genes, attenuating the consequent cascade of deleterious events [2,
35]. Regular physical activity is also associated with increased anti-oxidant
defences, which was associated to the prevention of myocardial ischemia-
induced damage [23, 30]. It was also showed to be an effective way to avoid
cardiomyocyte loss and to reduce the levels of fibrosis [36]. Overall, the
available scientific evidence supports the notion that regular physical exercise
can modulate cardiac aging [35, 37, 38]. However, one question that remains
under debate is to know to what extent are the cardiac structural and functional
changes that occur with aging a consequence of aging per se, or a

consequence of a sedentary behavior, that globally characterizes aging.
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Abstract

Introduction: Conceptually, lifelong age-related cardiac changes are
progressive and irreversible, ultimately compromising its ability to tolerate
stressful stimulus. The loss of cardiomyocytes accompanied by hypertrophy of
the remaining, as well as the increase of collagen content in both left and right
ventricles, provides a systematic damage state on heart structure and a gradual
incapacity of the heart to efficiently respond when submitted to any demand. On
its turn, voluntary and regular physical exercise is supposed to prevent or delay
these organic alterations and damages, by mitigating the loss of contractility
and the progressive augment of collagen and fibrosis. In this sense, it was our
objective to determine if long-term voluntary wheel running is able to attenuate
the age-related impairment of cardiac function and structure in female Wistar
rats. Material and Methods: Female Wistar rats (n =19) with 5 months of age
were maintained in standard laboratory conditions and randomly divided into
three groups: 1- Young (Y, n =7; sacrificed one week after acclimation); 2-
Sedentary Old (SO; n =6; movements confined to the cage’s space for 9
months) and 3- Active Old (AO; n =6; housed in cages with a running wheel for
9 months). After ending their respective protocols, all rats were prepared for
hemodynamic evaluation of the left (LV) and right ventricle (RV) with
conductance catheters. After that, animals were sacrificed and LV and RV
samples were collected for histological evaluation of cardiomyocytes cross-
sectional area (CSA; H&E) and fibrosis (Pricosirius red staining). Results:
Regular physical activity improved systolic (higher dP/dtmax) and diastolic
function (higher dP/dtmin) and faster relaxation (evaluated by Tau) in the AO.
This functional improvement was associated with lower levels of interstitial
fibrosis (P<0.05). Conclusion: Chronological age induces gradual and
deleterious alterations in heart and compromises cardiac functionality. These
structural and functional age-related impairments can be mitigated by regular

voluntary exercise, which seems to provide a cardioprotective phenotype.
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INTRODUCTION

Aging can be broadly defined as a gradual functional decline and an
increased probability of mortality over time [1]. It is characterized by a gradual
deterioration of the body’s cells, tissues and organs, leading to a reduction in
the efficiency of the several physiological systems [2, 3]. Age-induced changes
include a decrease in reparative and regenerative capacity [4], which can
jeopardize the cellular homeostasis and the organism’s capacity to adapt itself
to the demands or insults that are imposed to it on a regular basis. During the
past century, several theories have been proposed to explain the mechanisms
leading to biological ageing. These mechanisms have been thoroughly revised
elsewhere [1, 4] and are related, for instance, with alterations in mitochondrial
function, cellular senescence, genomic instability, telomere shortening and
accumulation of oxidative stress damage.

One of the notable features of ageing is the progressive deterioration of
the cardiovascular performance. This is reflected by a significant decline in
maximal oxygen uptake (VOzmax) per decade of life [5, 6], a feature that is
mostly determined by cardiac output [7], as well as by the increased prevalence
of cardiovascular diseases such as myocardial infarction, heart failure or atrial
fibrillation, in elder individuals [8, 9]. The onset of decreased -cardiac
performance and the increased susceptibility to cardiac disease are the
outcome of several cardiac structural and functional changes that occur with
ageing [8]. For instance, it has been shown that advanced age is associated
with abnormalities in diastolic filling [10], left ventricular wall hypertrophy [11]
and in beta-adrenergic signaling [12], which may undermine cardiac output.
Cardiac wall hypertrophy can globally compromise myocardial contractility and
relaxation, as well as coronary arteries blood flow reserve [7] and the decrease
in B-adrenergic signaling is associated with a decrease in maximal heart rate
[13]. Aging is also associated with changes in the myocardium extracellular
matrix turnover leading to the accumulation of collagen and ultimately to cardiac
fibrosis [14] which further impairs relaxation and diastolic filling. Another feature
of cardiac aging is cardiomyocyte death and compensatory hypertrophy of the
remaining cardiomyocytes, which also influences both systolic and diastolic
function [15-18].

17



Some evidence suggests that structural and functional cardiac changes
typically associated with the aging process can be modulated by physical
exercise. For instance, there is evidence showing that decreases in VOzmax With
age are less steeper in men undergoing vigorous endurance training [12] and
that elder man that were lifelong physically active have an almost 2-fold higher
VOomax than untrained individuals of the same age [6]. Moreover, physical
exercise was shown to decrease cardiovascular mortality [19] by inducing
several favorable myocardial adaptations [20]. Therefore, regular physical
exercise seems to be able to protect the heart from several age-associated
disorders [21-23]. This observation has leads us to pose the question of to what
extent are the cardiac structural and functional changes that occur with aging a
consequence of ageing per se, or a consequence of the lack of physical activity.
Our purpose is then to investigate if cardiac features normally associated with
aging are in fact a physiological destiny or if, in turn, they are a consequence of
gradually increased sedentary lifestyle.
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Materials and methods

Overview of the experimental study

To investigate the cardiac structural and functional changes associated
with normal aging and with sedentary behavior, we performed the following
experimental study. We used female Wistar rat models that were caged in
sedentary conditions or in physically active conditions (through the presence or
not of a running wheel inside the cage) during 9-months, from the age of 5
months until the age of 14 months. At the end of the experimental procedure all
animals were subjected to hemodynamic evaluation, sacrificed and the heart

prepared for histological evaluation.

Study design

The University of Porto ethics committee approved all procedures
involving animal care. Following one week of quarantine after arrival, 19
nulliparous female Wistar rats with 5 months of age (Charles River
Laboratories, Barcelona), were either immediately sacrificed (sedentary young
group, Y; n=7) or housed in cages with (active old group, AO; n=6) or without a
running wheel (sedentary old group, SO; n=6) for 9 months. AO animals had
free access to running wheel allowing them to perform voluntary daily physical
activity. Running wheels were provided only to AO group and were equipped
with a monitor to register the distance traveled by the animals, which was
recorded daily. Animals from SO and AO groups were maintained in an inverted
12h light versus dark cycle with a controlled environmental temperature (20°C).
The animals body weight and food consumption were recorded weekly. Food
consumption was determined as the difference in chow in the food rack at the
beginning and at the end of the week. Water and chow were provided ad

libitum.

Hemodynamic evaluation

At the day of sacrifice animals were anaesthetized with a mixture of 4% of
sevoflurane with oxygen enriched air, and submitted to tracheal intubation for
mechanical ventilation (60 cpm, tidal volume set at 1mL/100g; Harvard Small
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Animal Ventilator, Model 683). The heart was exposed by sternotomy and the
pericardium was removed. During the procedure, the animal was kept over a
heating pad to maintain body temperature at 37°C. To compensate the
perioperative fluid losses, pre-warmed Ringers Lactate solution was infused
through the right jugular vein (ImL™.100g™*.1h™) during the experiment. The
ascending vena cava was also dissected and a suture was placed around it to
allow constriction during the experimental protocol. Two 1.9F microtip pressure-
volume catheters (FTS-1912B-8018, Scisense) were then inserted on the right
(RV) and left ventricle (LV) along the ventricular axis, by apical puncture. An
MVP-300 conductance system, connected through an interface cable (PCU-
2000 MPVS, FC-MR-4, Scisense) and a PowerLab 16/30 converter (AD
Instruments) were linked to the catheters and to a personal computer for data
collection. The animal was then allowed to stabilize for 15 minutes before
collection of the hemodynamic parameters. Hemodynamic parameters were
collected in baseline conditions, or during isovolumetric cycles induced by
abrupt narrowing of the ascending aorta (afterload increases), or during the
occlusion of the inferior vena cava (preload decreases). All the hemodynamic
data were collected during the suspension of the animal’'s breathing by
momentarily turning off the ventilator. All data were recorded at a sampling rate
of 1000 Hz and analyzed with PVAN3.5 software (Millar Instruments). Parallel
conductance values were obtained by the injection of proximately 100 uL of
10% NacCl into the right atrium. Calibration from the relative volume units (RVU)
conductance signal to absolute values (uL) was undertaken using a previously
validated method for comparison of known values in Perspex wells [24].

The hemodynamic parameters assayed were heart rate (HR), peak
systolic pressure (Pmax), end-systolic pressure (ESP), end-diastolic pressure
(EDP), peak rate of pressure rise (dP/dtmax), peak rate of pressure decay
(dP/dtmin), time-constant Tau (t); index of ventricular relaxation time, (i.e. the
greater the value the slower the relaxation is), end-systolic volume (ESV), end-
diastolic volume (EDV), stroke volume (SV), ejection fraction (EF), cardiac
output (CO), stroke work (SW) and arterial elastance (Ea). To determine cardiac
hemodynamic function under pre-load reduction conditions recordings of

maximal elastance (Emax), preload-recrutable stroke work (PRSW), end-
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diastolic pressure—volume relation (EDPVR), and peak rate of pressure rise -
end-diastolic volume (dP/dty.x-EDV) were performed from pressure—volume
loops during the transient occlusion of the inferior vena cava by gently pulling a

silk suture previously placed around it.

Animal’s sacrifice and tissue harvesting

Following the hemodynamic evaluation, animals were sacrificed by
sectioning the aortic artery. The heart was then carefully dissected and
weighted with a precision balance (resolution 0.01mg; Kern 870). Right and left
ventricle (left ventricle + septum) were separated, weighted individually and
incubated in a solution containing 4% paraformaldehyde, 2.5% sucrose (Sigma)
and 1% gluteraldehyde (TAAB) in PBS (pH 7.2) at 4°C for fixation. The left tibia
was also removed and its length determined with a digital caliper to allow

normalization of the heart weight to the animal body size [25].

Histomorphometry

Heart tissue was processed for light microscopy according to the standard
procedures of our laboratory. Immediately after sacrifice, tissue samples from
both ventricles were fixed for 24 hours by immersion on the fixative solution,
rinsed in cold PBS, dehydrated in graded ethanol solutions, cleared in xylene
and included in paraffin blocks. Five ym sections from each heart tissue sample
were then cut with a rotary microtome (Leica 2125 rotary microtome; Leica
Microsystems Inc.) and collected on glass slides. Sections were then stained
with hematoxylin and eosin to determine cross sectional area (CSA) and
general qualitative evaluation of the cardiac structure or by the Picrosirius Red
Staining technique to quantity the amount of fibrosis on the cardiac tissue. All
sections were analyzed with a light microscope and images were recorded with
a coupled digital camera (Axio Imager Al, Carl Zeiss; Germany).

For the assessment of cardiomyocytes cross sectional area, 2 to 3 random
fields with 40x magnification were recorded per tissue section, and a total of 60
cardiac muscle fibers were analyzed in those fields, per ventricle, with Image J
software (NIH, Bethesda, MD). For the quantification of the degree of fibroses,
10 random fields with 40x magnification were recorded from each tissue

section, per ventricle, stained with Picrosirius Red. The images were then
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analyzed with Image-Pro Plus 6.0 software (Media Cybernetics, Inc.) by
determining the percentage of bright red (collagen) and yellow (cardiac muscle)

on each image.

Statistical analysis

All statistical analysis were performed using GraphPad Prism (6.0 version)
software. To analyze the normality of the data distribution, Kolmogrov-Smirnov
test was performed. The Kruskal-Wallis, followed by Dunns test were performed
to compare means whenever the data lacked normality (cardiomyocyte CSA,
degree of fibrosis of LV and hemodynamic of LV-Preload Maximal Power
analyzes). Whenever the necessary assumptions were met, comparisons
between groups were performed using one-way ANOVA with Tukey’s post-hoc

test. Differences were considered significant when p<0.05.
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RESULTS

Physical activity

The evolution of the distance traveled by the active animals throughout
the study period is shown in Figure 1. Daily average distance traveled by the
AO animals in the first 8 to 10 weeks progressively increased reaching a peak
of about 10Km/day. The distance traveled in the wheel gradually decreased
thereafter to about 5 Km/day. Nevertheless, the running pattern of the animals
was variable throughout the 9 months of the study period as well as the
differences in distance traveled between animals, as it is observable from the

high standard deviations.

Body weight and food intake

Body weight and food intake throughout the study period are detailed in
Table 1. At the beginning of the experiment body weight was slightly lower in
AO animals (241.8+9.6g) compared to Y (269.248.9) and SO (269.8+16.7),
while there were no differences between SO and Y. During the subsequent 9
months of the experimental protocol, body weight increased about 21% and
25% in SO and AO animals, respectively. Total food intake during the 36-weeks
of the experimental period was also 25% higher in AO animals compared to SO
(4311+439.2g vs 5408+599.2¢; p<0.05).

Cardiac morphometry

Morphometric analysis shows that heart weight was significantly higher in
AO compared to Y animals (p<0.01). Despite the mean heart weight was also
higher in AO animals compared to SO, the differences did not reached
statistical significance (p=0.058). Differences in heart weight between groups
were maintained after normalization to the left tibia length. In addition, there was
also a significantly higher RV weight in AO compared to Y animals (p<0.02), but
no differences between AO and SO (p=0.368). Nevertheless, these differences
were lost after normalization to the tibia length. Regarding the LV morphometry,
both raw and normalized values show that LV weight was higher in AO
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compared to Y (p<0.01). There was also a tendency for mean LV weight to be
higher in AO compared to SO animals, but differences did not reached
statistical significance both for raw (p=0.07) and normalized values (p=0.063).

Cardiac histomorphometry

The CSA of LV’s cardiomyocytes was significantly higher in AO
(316.5+112.1 pm? compared to SO (257.6+112.2 um?%* p<0.05) and Y
(267.9+107.6 um?* p<0.05) animals. No significant difference in LV’s
cardiomyocyte CSA were identified between SO and Y animals (Figure 2). In
the RV, the average CSA of cardiomyocyte was significantly higher in Y
(232.3+103.9 pm?) animals compared to both AO (199.9+100.5 um? p<0.05)
and SO (181.0+91.9 um?% p<0.05) and higher in AO animals compared to SO
(p<0.05).

In both ventricles, total collagen content was significantly lower in cardiac
tissue sections from AO animals (LV=4.71+2.66%, RV=4.24+1.16%) compared
to SO animals (LV=7.31+1.67%, RV=7.6+1.64%; p<0.05). SO animals also had
a significantly higher total collagen content in both ventricles compared to Y
animals (LV=4.81+1.41%, RV=4.60+1.16%; p<0.05). Regarding the collagen to
muscle ratio in the LV, AO animals (0.09£0.06; p<0.001) had a significantly
lower value compared to SO animals (0.13+0.04; p<0.01). SO animals also had
a significantly higher collagen to muscle ratio compared to Y group (0.09+0.03;
p<0.03) in the LV. In the RV animals from the AO (0.08+0.03) group also had a
significantly higher collagen to muscle ratio comparing to SO (0.13+0.04;
p<0.05) and Y (0.09£0.03; p<0.05). Moreover, the mean collagen to muscle
ratio in SO animals was also significantly higher compared to Y animals (p<0.1).

Hemodynamic outcomes

Left ventricular function

Data from the baseline hemodynamic evaluation of LV is detailed in table
3. According to our analysis, SV (81.56+£35.67 vs. 146.8+39.24 uL P< 0.05), CO
(346256149 vs. 62784+17515 ulL, P<0.05) and SW (8164+3990 vs.
13556+3786 uL, P<0.05), were significantly affected in SO when compared to Y

animals, suggesting a worse systolic function. Moreover, arterial elastance was
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significantly elevated in SO group, supporting the notion that arterial stiffness is
increased (1.91+1.03 mmHg/uL; P<0.05 vs. Y). Concerning to AO group,
voluntary physical activity was able to prevent the above-mentioned alterations
and, in addition, provided a significant increase in contractility as suggested by
the rise in dP/dtmax (9620+892.6 mmHg/sec P<0.05 vs. SO group). Regarding
the diastolic function, it was impaired in SO group as the constant time Tau was
significantly elevated in comparison to Y and to AO. In order to test the LV
functionality under hemodynamic stress, temporary occlusion of the inferior
vena cava (table 5) was performed. We found a significantly higher in Ees and
EDPVR in animals from the SO group (Ees=1.90+1.6; EDPVR=0.0130+0.01
mmHg/uL P<0.05 vs Y). No significant alterations were noted in any of the

remaining parameters.

Right ventricular function

Data from the baseline hemodynamic evaluation of the RV is presented
in table 4. The only significant modification detected in SO group was the
decrease in dP/dtmax in comparison to Y group (1502+186.4 vs 2154+151.1
mmHg/sec), suggesting that RV contractility was affected. Regarding to AO
group, they also showed a significant decrease in dP/dtmax in relation to Y
group, together with a significant reduction in Pmax. About diastolic parameters,
only the AO group exhibited a significant decrease in EDP. RV functionality was
also tested under hemodynamic stress induced by a sudden and acute
occlusion of pulmonary artery. We detected an apparent inability of the RV from
both AO and SO to deal with this insult since Pmax, dP/dtmax and dP/dtmin
were significantly decreased in comparison to Y group. However, after
normalization to the baseline values, no differences were detected in any of the

parameters.
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DISCUSSION

This experimental study addressed the question of whether age-
associated alterations on cardiac structure and function would be mostly a
consequence of a sedentary lifestyle or whether it could be largely prevented
and attenuated by regular physical activity. Our experimental study shows that
regular physical activity through voluntary wheel running prevents cardiac
functional deterioration, cardiomyocyte atrophy and collagen deposition. These
data corroborates the notion that part of the deleterious alterations that occur
with aging are secondary to the lower levels of physical activity that usually
follows with advancing age and not to aging per se.

Aging has a progressive impact on the heart and arterial system, leading
to impairment of cardiac function, with a special incidence on diastolic
proprieties. Tau and dP/dtmax are two widely accepted invasive measures of
the rate of relaxation [26]. We found that the time constant Tau was significantly
increased in the LV of SO group, suggesting disturbances in relaxation, an
alteration that is conforming to previous studies in rats and humans [27]. This
alteration has direct consequences to cardiac function since it can compromise
the early diastolic filling of LV [28]. In response, more filling occurs in the late
diastolic phase, in part due to a more vigorous atrial contraction, and rising both
atrial and ventricular filling pressures. [28, 29] This compensatory mechanism
helps to maintain LV filling at the expense of atrial hypertrophy and increased
risk for atrial fibrillation [30]. A compromised filling would lead to a lower stroke
volume, which we indeed observed in the SO group, that was not avoided even
with the decrease in ESV. Exercised animals, by their turn, exhibited
normalization of LV Tau and improved dP/dtmax, which is suggestive of
increased activity of SERCAZ2a [31] and a more efficient transport of calcium to
the sarcoplasmic reticulum [32]. Interestingly, the RV evidenced apparent
contractile impairment in SO and AO since their dP/dtmax was significantly
inferior than Y group. The RV adaptations to exercise are currently a topic of big
interest.

Elevated filling pressures are another important physiologic consequence

of diastolic dysfunction that occurs with aging [26] but we did not detect any
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alteration in EDP. However, we found a significant increase in EDPVR in the
SO group, suggesting decreased ventricular compliance [8, 30, 33, 34]. Aging is
intimately associated with decreased ventricular compliance [8, 30, 33, 34].
Extracellular matrix remodeling, manifested by increased fibrosis and alteration
of the collagen properties, is thought to be the main responsible for this
particular alteration that greatly affects diastolic function [35, 36] [34]. It also
promotes arrhythmias and impairs the diffusion of oxygen to cardiomyocytes
increasing the susceptibility for heart failure development [37-39]. Sedentary old
animals had elevated collagen levels and we found it to be significantly
correlated with EDPVR (R2=0.98; P<0.05). Thus, reduced compliance can also
explain in part the lower EDV that we observed in SO. By its turn, physical
activity was effective in preventing fibrosis and diastolic stiffness (normal
EDPVR and EDP at baseline) in AO animals, therefore suggesting that long-
term physical activity can preserve the intrinsic myocardial function [40].

Despite a reduction in the total number of cardiomyocytes, the aging
heart exhibits a progressive increase in left ventricular mass due to hypertrophy
of the surviving cardiomyocytes and accumulation of fibrotic tissue [41]. Age-
related arterial stiffening increases hemodynamic load, contributing to the
development of cardiac hypertrophy [41]. Despite the finding of increased Ea in
SO group suggesting decreased arterial compliance, we did not find significant
hypertrophy (only a trend) at the organ or at the cellular level. This could be
explained by the fact that our animals were only fourteen months old (+half of
their life span). Thus it is possible that cardiac remodeling was already on
process but only on its early steps. After peaking at the 8-9" week of protocol,
the overall volume of voluntary physical activity performed by AO animals went
to a gradual decline, corroborating previous studies [21]. Despite that reduction,
the hemodynamic overload was sufficient to promote significant cardiac
hypertrophy in both ventricles. Besides hyperplasia [42, 43], increased cardiac
mass is a result of increased cross sectional area, in part due to increased
synthesis and reorganization of sarcomeric proteins [44] that supports the
generation of contractile force [21-23, 45, 46]. This is probably why the AO
animals, in face of higher levels of afterload (basaline Pmax), showed

significantly more stroke work than their sedentary counterparts. Indeed, there
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is a straight relationship between ventricular contractile force and ventricular
stroke work [47].

Concerning to the RV, it evidenced apparent contractile impairment in
SO and AO since their dP/dtmax was significantly inferior to Y group. The RV
adaptations to exercise are currently a topic of big interest with some data
suggesting maladaptive remodeling in consequence of long-term intensive
exercise training [48]. However, and contrarily to SO, we did not detect any
other feature of maladaptive remodeling, such as fibrosis, in the RV of AO.
Moreover, we detected a significant decrease in Pmax of AO group, which we
interpret as a possible decrease in pulmonary vascular resistances [49]. More
studies are needed focusing specifically in the RV adaptations to exercise

training.
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CONCLUSION

In conclusion, our overall findings suggest that regular physical exercise
lifelong attenuates cardiac structural deleterious changes related with aging
through the prevention of LV and RV hypertrophy and fibrosis. Further, our data
also showed that an active lifestyle can prevent or even improve a cardiac

dysfunction.
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Legend of figures

Figure 1. Voluntary motor activity recorded on the running wheel from the AO animals
throughout the 9 months of the experimental procedure. Avarage daily distance
traveled through the 36 weeks. Data are meantstandard deviation.

Figure 2. a) Average cardiac myocyte cross-sectional area (CSA) of right ventricle (RV)
and left ventricle (LV). A lower fiber CSA is evident in both ventricles of SO animals. b)
Group comparisons of cardiac myocyte CSA of LV and RV. Bars are 50 um. Y-Young; SO-
Sedentery Old; AO-Active Old. *Significant difference upon Y (p<0.05 vs Y); *Significant
difference upon SO (p<0.05 vs SO).

Figure 3. a) Representative cardiac tissue sections stained with Picrosirius red, showing
collagen stained red and skeletal muscle stained yellow; b) Group comparisons of the
total collagen expression; c) Group comparisons of the total collagen to muscle ratio.
Bars represent 50 um. Y-Young; SO-Sedentery Old; AO-Active Old; *Significantly
different compared to Y (p< 0.05 vs Y); *Significantly different compared to SO (p<0.05
vs SO).

Figure 4. Hemodynamic evaluation of left (LV) and right (RV) ventricles in baseline
conditions. a) LV function: dP/dtmax: peak pressure rise; dP/dtmin: peak pressure
decay; Tau: time-constant. b) end-systolic volume; stroke volume; cardiac output c) RV
function: dP/dtmax: peak pressure rise; d) dP/dtmin: peak pressure decay; Pmax: peak
systolic pressure; Tau: time-constant; Y-Young; SO-Sedentery Old; AO-Active Old;
*Significant differences upon Y (p< 0.05 vs Y); "Significant difference upon SO (p<0.05
vs SO).
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List of Tables

Tablel: Animals body weight and food intake

Y SO AO
(n=7) (n=6) (n=6)
Body weight
Initial (9) 269.2+8,9 269.8+16.7 241.8+9.6*"
Final (g) 324.7+39.66* 303.2+41.27
Variation (%) 21.0+£11.2 25.3+15.85
Total food intake () 4311+439.2 5408+599.2"
Weekly food intake (g) 118+11.4 151+16.3%
Data are presented as mean+SD *p<0.05 vs Y; “p<0.05 vs SO.
Table 2: Heart morphometry
Y AO SO
Heart weight (mg) 711.54#49.0  920.1+105.1*  810.8+66.4
Heart weigth/ Tibia length ratio (mg/mm) 18.47+1.35 22.94+2 .46* 20.36+1.48
RV weight (mg) 128.0£9.1 157.7+21.7* 143.7+20.2
Ratio RV weigth/ Tibia length (mg/mm) 3.33£0.29 3.93+0.54 3.61+0.53
LV weight (mg) 499.9+30.2 639.8+74.4* 565.7+49.9
Ratio LV weigth /Tibia length (mg/mm) 12.97+0.69 15.95+£1.73* 14.20+1.14

RV: right ventricle; LV: left ventricle. Data are presented as mean+SD *p<0.05 vs Y;

p<0.05 vs SO.
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Table3: Left ventricle hemodynamics baseline

Y SO AO
Heart rate (bpm) 427.3+18.91 360.0+£50.36* 416.2+2749%
Pressure derived parameters
Pmax (mmHg) 110.6+5.91 136.8+12.50* 142.2+6.92*
dP/dtmax (mmHg/sec) 8226+875.9 7820+1679 9620+892.6"
EDP (mmHg) 4.801+1.83 4.338+1.16 3.842+1.22
dP/dtmin (mmHg/sec) -10459+1290 -10430+2144 -12604+535.3*
Tau W (msec) 8.139+0.72 10.20+2.59* 8.086+0.27"
Volume-derived parameters
EDV (uL) 199.2+60.28 146.5+6.15 190.5+49.34
ESV (uL) 81.55+53.64 45.22+36.20 61.29+47.59
SV (uL) 146.8+39.24 81.56+35.67* 143.8+44.08"
EF (%) 70.33+18.78 74.19+24.73 73.14+13.10
CO (uL/min) 62784+17515 34625+6149* 59862+18047"
SW (mmHg//uL) 13556+3786 8164+3990* 15356+4335"
Ea (mmHg/uL) 0.69+0.25 1.91+1.03* 1.05+0.40"

Pmax: peak systolic pressure; EDP: end-diastolic pressure; dP/dtmax: peak pressure
rise; dP/dtmin: peak pressure decay; Tau W: constant time; ESV: end-systolic volume;
EDV: end-diastolic volume; SV: stroke volume; EF: ejection fraction; CO: cardiac
output; SW: stroke work; Ea: arterial elastance. Data are presented as meanzSD

*p<0.05 vs Y; “p<0.05 vs SO.
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Table4: Right ventricle hemodynamic at baseline

Y ) AO
Pmax (mmHg) 31.726.34 27.34%6.56 20.10%2.70*
dP/dtmax (mmHg/sec) 2154+151.1 1660+373.8* 1502+186.4*
EDP (mmHg) 7.69+2.17 6.43+1.72 3.66+1.90*
dP/dtmin (mmHg/sec) -1682+462.1 -1336+145.8 -1192+565.0
Tau W (msec) 15.31+1.952 16.20%6.96 15.81+3.85

Pmax: peak systolic pressure; EDP: end-diastolic pressure; dP/dtmax: peak pressure
rise; dP/dtmin: peak pressure decay; Tau W: constant time. Data are presented as
mean+SD *p<0.05 vs Y; “p<0.05 vs SO.

Table5: Pressure-Volume loops obtained from inferior vena cava
occlusion.

Y SO AO
Ees (mmHg/uL) 0.85+0.25 1.90+1.6 * 1.33+0.7
EDPVR (mmHg/uL) 0.0040+0.00 0.0130+0.01* 0.005714+0.01
PRSW (mmHg/uL) 77.92420.19 74.82+60.65 83.78+26.50
Emax (mmHg/ulL) 4.97+£3.77 4.78+1.9 3.87+2.57
dP/dt — EDV (mmHg/pL) 42.20+16.19 52.30+43.53 44.54+7.3

Ees: End-systolic elastance; EDPVR: End-diastolic pressure volume relation; PRSW:
Preload-recrutable stroke work; Emax: maximal elastance; dP/dtn.«-EDV: peak rate of
pressure rise — end-diastolic volume; p<0.05. Data are presented as meanzSD *p<0.05
vs Y; “p<0.05 vs SO.
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List of Figures

Figure 1: Physical Activity of the experimental animals
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Hemodynamic graphs

Figure 4
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4. MAIN CONCLUSION

Regarding the overall findings supported by our study, the main

conclusions that must be highlighted are:

1. Regular physical exercise attenuated the cardiac dysfunction
related with the aging process.

2. Systolic and diastolic parameters in baseline conditions of the left
ventricle were ameliorated by the regular physical exercise and
also the capacity to adapt to stressful conditions.

3. This improve was associated with preventing LV and RV atrophy
and increased fibrosis.

4. Inactivity lifelong related with aging are associated with cardiac

features.
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