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Diogo da Silva Miguel, Paulo Castro Chaves

Cardiac adaptations to exercise: the role of stemetls and future therapeutic

insights

Abstract

The heart responds to physical exercise throughgdsin its morphology known as
physiological hypertrophy. Besides cardiomyocytepdryrophy, there is also an
increased cellular proliferation with formation aew myocytes. Altogether, these
changes lead to an improvement in cardiac functibne molecular mechanism
responsible for the development of physiologicapdryrophy is centred in the IGF-
1R/PI3K/Akt signalling pathway, which modulates thetivity of transcription factors
involved in protein synthesis and cardiomyocytedifaration. The endogenous pool of
cardiac stem cells is believed to be crucial far ¢bhntinuous renewal and regenerative
potential of cardiac tissue, and has also beertiypelyi correlated with physiological
hypertrophy. Another system involved in myocardipimysiology and pathology is
microRNA. The knowledge of the mechanisms undegyihe beneficial effects of
physical exercise over cardiac function may sudtandevelopment of new therapeutic
approaches regarding cardiac pathologies, whictesept today an important cause of

morbidity and mortality worldwide.
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Introduction

The understanding of heart’s physiology has alwhgen on the top of scientific
community’s priorities. Indeed, there is an enorsxcamount of work available
regarding this area of knowledge.

The heart responds to increased workload with hggany. According to the nature of
the stimulus, the hypertrophy can be either physichl or pathological The main
stimulus that leads to pathological hypertrophyilisssure overload, where the heart
responds with hypertrophy of existing myocytes as atempt to overwhelm the
increased log#d However, in this setting maladaptive changeshsas apoptosis,
necrosis and a shift in gene expression, also paghich leads to rapid decline in
cardiac function, with heart failure as possiblécomeé" 2. In the opposite side there is
the physiological hypertrophy, with physical exeecappearing as the best example of
this type of cardiac adaptation. Unlike pressurerimad, exercise training increases the
blood flow through the heart (volume overlogdyhich in turn results in lengthening of
myocytes and consequent eccentric hypertrophy ef whole orgah The normal
structure of the myocardium is kept, the cardiaacfion remains unchanged or may
improvel, and the loss of myocytes and increased fibrobserved in pathological
hypertrophy are actually attenuated with exeraigiming'.

As noted above, physical exercise is the main éngd physiological hypertrophy, with
all the resulting benefits. Exercise training idag extensively prescribed and is a cheap
and effective way for both the prevention and manaent of heart diseasesndeed,
current evidence points that an improved fitneselles a strong indicator of freedom
from all-cause mortalifyand is enough to decrease the morbidity and nityrtaiked
with cardiac disordefs Besides, physical exercise has been shown teegirdhe

myocardium from age induced apoptosis, fibrosis serescenée”2,



Until the past decade, it was believed that thethgas a post-mitotic organ, with no
regenerative potential. However, an increasing bafdgvidence supports the existence
of a resident population of cardiac stem s This endogenous pool not only
reassures the continuous renewal of cardiac ti§shet also supports some grade of
regeneration after an injuty::. The old paradigm of the heart as a terminally
differentiated organ without any renewal potentiial not give space for the exploration
of regenerative medicine. However, by the lighthe#f evidence accumulated during the
past decade some work begun to be done in thedfekebenerative medicine applied to
the heart.

This review aims to look over the mechanisms knéovtake part in the control of the
adaptations of myocardium to physical exercise, apdn new perspectives about

possible applications of this knowledge in the sleaf new therapeutic approaches.

Macroscopic and functional changes

In 1975 Morganrothet al. used echocardiography to describe for the firstetithe
cardiac changes induced by physical exercise, adimg that endurance exercise
induced an increase in left ventricle mass andtaliascavity size, while the wall
thickness remained normal (eccentric hypertrop®). the other hand, athletes that
went through a resistance training program showedeased myocardial mass with
ventricular wall thickening, but with normal diakto cavity size (concentric
hypertrophy}*. This concept has been accepted for decades asMbmganroth
hypothesis”. Indeed, other studies have found arease in both left ventricular mass
and left ventricle end diastolic diameter with erace exercigé?’, though some of

them have failed to show any effect of resistarai@ing in cardiac morphology°.



Adaptations at cellular level

Unlike the macroscopic remodelling described inghevious paragraph, due to ethical
limitations there is a paucity of studies descgbihe changes that occur at the cellular
level in humans. However, a vast amount of stud&sag mice have shown that an
increase in individual cardiomyocyte dimensions upscin response to several
swimming training programm&$?%. That increase comprises both the cardiomyocyte’s
long and short axis and mean cell &feand is remarkably related with the exercise’s
intensity — high intensity exercise induces biggeanges than moderate inten&i@n
the other hand, the pattern of cardiomyocyte growthlso determined by the type of
physical exercise: while endurance training (swimgnirunning), and the associated
volume overload, prompt myocyte lengthening, rasiseé training (wrestling, weight
lifting), which is associated with an intermitteptessure overload, drives mainly to
thickening of myocytes

Until recently, cardiomyocyte hypertrophy was thoutp be the only mean by which
the heart increased its size, which was in lind e paradigm that heart was a post-
mitotic organ without any renewal potential. Howeveowadays’ current evidence
indicates that human myocardium is capable ofeastlin part, renovate itself by new
cardiomyocyte formatior. Actually, if it was not this self-renewing cap@githe heart
would lose most of its mass in few decddeBurthermore, increased levels of division
markers, along with a rise in the number of cardioaytes, has already been
documented in mice following the application of erahce exercise protoctis?.
Interestingly, the increase in the number of cargiocytes was positively related with
the intensity of physical exercise the rats havenbexposed . Therefore, it seems

that the regenerative capacity of myocardium isaeckd by physical activity.



Another possible mechanism by which the heart narease its mass is through a drop
in apoptotic rate. Indeed, several studies poirthis direction. Endurance exercise has
been found to attenuate the rise in Bax/Bcl-2 ra¢ien with ageing. Consequently there
IS a decrease in the activation of caspase-9 aadd3DNA fragmentation, which is
reflected in the superior number of myocytes peaasbserved in old exercised rats
compared with sedentary ofie®n the other hand, it was also demonstrateceanithe
levels of heat shock protein 70 (HSP70), knowmtohit apoptosis, in the ventricles of
exercised mice At last but not the least, an improved telomei#vity was observed
in mice exposed to endurance exercise, therebygmg myocytes from senescence
and apoptosis. This was found already after 21 dafysexercise, even before
physiological hypertrophy has been documéeht&drthermore, in studies using obese
rats, endurance exercise was also shown to decrdmsenumber of apoptotic
cardiomyocyte® 2 and reverse the architectural changes observedcoor in

association with obesfty;

Molecular mechanisms

|GF-1R/PI13K/Akt pathway. The IGF-1R/PI3K/Akt pathway has been extensively
studied and is seen as the hallmark of physiolodigpertrophy® 2 . In fact, the
nature of myocardial adaptation to increased wadkl(physiological vs. pathological)
begins to differentiate already at the growth facnd receptor level — while the
activation of G-protein coupled receptors by adrgigestimuli results in pathological
adaptation of myocardiufh in the presence of physiological stimuli suchpagsical
exercise it is the insulin-like growth factor | (f&l) acting over its receptor (IGF-1R)

and triggering the beneficial adaptations descrisal/é>2.



In one study using rats, it was shown that swimntirggning increased the IGF-1
mRNA after 2 and 6 weeks of exeré$eThese findings are compatible with the work
of Serneriet al. that accessed the concentration of this growttofan coronary sinus
and concluded that it was significantly bigger ithlates than in contrd$ The
importance of the pair IGF-1/IGF-1R was furtherhtighted by knock-out studies in
which the deletion of IGF-1R in mice attenuated ttediac hypertrophy seen in
controls after swimming trainif§ On the other hand, the overexpression of IGF-1R
was associated with a proportional increase inctreamber size and wall thickness of
heart, without any histologic signs of cardiomydyatwhat was also reflected in the
enhanced systolic function of transgenic IGF-1Rrehi.

IGF-1R is a tyrosine kinase receptor which onaagiated by its ligand phosphorylates
and activates phosphatidylinositol 3-kinase (PP8KPI3Ks are a family of ubiquitous
expressed lipid kinases, which are essential forde range of biological processes in
several different types of tisséésClass-I PI3K phosphorylates phosphatidylinositol-
4,5-bisphosphate to generate phosphatidylinosjitgb3risphosphate, which in turn
acts as second messenger to activate Akt. ClaB$3K is activated by growth factor
receptors, such as IGF-1R, while clagsHI3K is activated by G-protein coupled
receptors’. The importance of class-I PI3K activity for the development of
physiological hypertrophy was well documented ldsts in which mice lacking either
the catalytic or regulatory subunit of this kinatsled to show physiological
hypertroph®2’. However, the same didn't happen when in the p@Eseof a
pathological stimulus, since even in the absenc¢hefcatalytic subunit of clasg-I
PI3K, pressure overload successfully induced pagical hypertrophs?.

The downstream effector of the IGF-1R/PI3K/Akt pedly is the serine-threonine

kinase Akt, also known as protein kinase B (PKBhefe have been identified 3



isoforms of this kinase (Aktl, 2 and 3), and desheir high degree of homology, their
expression varies among different tisStie®ata suggests that the most important
isoform in cardiac physiology is Akt13L. As noted above, PI3K plays a key role in the
activation of Akt through generation of phosphaliiaysitol-3,4,5-trisphosphate. PTEN
has the opposite effect, and thus decreases thvatimt of AkEL Akt phosphorylates
several different targets, which implicates it ivagiety of biological process&s The
importance of Akt for the development of physiokadihypertrophy is well supported
by a study in which mice lacking Aktl failed in @&Wing the degree of cardiac
adaptation seen in their control littermates aftegrogram of swimming trainifg In
addition, this importance is further reinforced tng evidence that overexpression of
Akt causes cardiac hypertrophy both at the moleauid histological level, without any
parallel increase in the collagen content of therte

Downstream targets. The mammalian target of rapamycin (mMTOR) works as a
important effector that controls protein synthepr®moting cellular growth. This is one
of the downstream targets of Akt, which phosphdedeand inactivates the product of
tuberous sclerosis gene 2 (TSC2). Doing so, Akintaracts the inhibition that TSC2
exerts over mTOR, thereby enhancing its growth mptimy effect®. This effect is
mediated by the phosphorylation of the ribosomakibése (S6K), that once activated
phosphorylates and activates the ribosomal proB&f. In addition, the translation
initiation factor-4E binding protein-1 (4E-BP1) seiés activity increased by mTOR
The net effect is an increased protein synthesih, ®onsequent cellular hypertrophy
The facts that mice lacking Aktl showed lower Isvet phosphorylated S6K and S6
after exercise training and that overexpression of IGF-1R was associatitd an
increase in phosphorylated SBKkhighlight the importance of the IGF-1R/PI3K/Akt

pathway for the induction of this system. Howevtdre absence of S6K did not



attenuate cardiac physiological hypertrophy whenemwere subjected to an exercise
protocol, which suggests that, while important, S6kKot essential for the development
of physiological hypertropH¥.

Another mean by which Akt induces myocyte hypettods by inactivation of
glycogen synthase kinase-3 beta (GIH*3 GSK-3 phosphorylates and inactivates
the transcription factor GATA-4, thereby impairingrotein synthesi. Indeed,
increased levels of the inactive phosphorylatedhfof GSK-3 were detected in mice
overexpressing Akt, which reflected in the biggercuanulation of GATA-4 in
cardiomyocytes’ nucléf. Once in the nucleus, GATA-4 regulates the exjoassf a
variety of cardiac genes related with myocardiurperirophy. Moreover, GATA-4
has also been connected to myocyte proliferaticrebrafisfi*

Besides GATA-4, several other transcription factdiave been associated to
cardiomyocytes hypertropfyy One of the identified transcription factors wa&BP,
whose expression was found to be reduced aftecisedraining. Interestingly, that fall
was secondary to a higher Aktl activity, and reglih a reduction of the repressive
effect that C/EBB has over the serum response factor (SRF). SREdsadranscription
factor that, among others, promotes the expressicdBATA-4. Another downstream
target negatively regulated by C/EBB the CBP/p300-interacting transactivator with
ED-rich carboxy-terminal domain 4 (CITED4). In facCITED4 was markedly
increased in cardiomyocytes and induced its pralifen, as reflected by an increase in

the number of celfé.

The role of microRNAs
MicroRNAs (miRNA) are a class of recently discowkresmall molecules, each

composed of a noncoding sequence of nearly 22 otigdss, which can modulate gene



expression by destroying or repressing the traoslaif a target RNA. Each miRNA
molecule can target more than a different mMRNA, aach mRNA can be targeted by
more than a different miRNA, which provides a fentrol of gene expressith Some
MiRNAs have already been identified that are kndevplay important roles in cardiac
development. Namely, miRNA-1 and miRNA-133 are dfeumost importance in
cardiac development by regulating the proliferaticand differentiation of
cardiomyocyte®. The role of miRNA-1 and miRNA-133 in adult he@tless certain,
but both pathological and physiological hypertrapstimuli decrease the expression of
both miRNAs, which suggests an inverse correlabietween miRNA-1 and miRNA-
133 and myocardium hypertropHy

In an attempt to identify miRNAs regulated by PI3Kin et al. found that mice
expressing constitutively active PI3K (caPI3K) eegmed lower levels of miRNA-222,
mMiRNA-34a and miRNA-210 as opposed with control@rébver, although the levels
of these miRNAs increased after myocardial infarctithey remained significantly
lower in the group expressing caPI3K, and this vedlected in the improved cardiac
function shown in this grodp Another miRNA that has been shown to be relatiéd w
physiological hypertrophy following a swim trainingrogramme was miRNA-29c.
However, unlike the former, miRNA-29c levels wemgegulated after a programme of
several weeks of physical exercise. The consequerase a downregulation in the
expression of COLIAI and COLIIIAI, with a decreaeé total left ventricle collagen

content and improved ventricular compliafice

Endogenous Cardiac Stem Cells
As described above, the heart harbours a pooladganous cardiac stem cells (eCSC).

The fact that exercised animals’ hearts have shewdence of new cardiomyocytes
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formation raises a question — what is the relahgndetween physical exercise and
eCSC?

Some studies exist that try to answer this questiorone of them, the number of c-
KitP** eCSC was found to be increased in exercised matsmparison with contrdis
Also the IGF-1R/PI3K/Akt pathway has been connecteth eCSC. In this field,
current evidence points to a positive correlatietween the activation of this pathway
and the activation and proliferation of eC8C% Moreover, IGF-1 overexpression
increased the activity of telomerase, which resultea delay in eCSC senescetice
Therefore, if the activation of IGF-1R/PI3K/Akt fess the activation and proliferation
of eCSC, and if physical exercise promotes thevaiitin of the IGF-1R/PI3K/Akt
signalling pathway, so it is reasonable to hypat#eeshat physical exercise is an

effective trigger of eCSC activation and consequandiac regeneration.

Clinical insights

So far, the only available therapeutic options #nblock the progression on the heart
diseas&. However, as noted above, the last decade brawghtent scientific evidence
that supports the possibility of exploring new Hputic approaches that can improve
the function of the failing heart, thereby imprayithe quality of life of millions of
people suffering from cardiac pathology.

|GF-1R/PI3K/Akt pathway. As stated above, the IGF-1R/PI3K/Akt pathway he t
central core of physiological hypertrophy. In fasgme studies have already been
performed in the setting of myocardial infarctidrat showed a reduction in cardiac
fibrosis, cardiomyocytes apoptosis and infarctiore,sas well as better systolic and
diastolic function, following the administration tBF-1%4 %3, Furthermore, in animals

subjected to myocardial infarction, the treatmenthwan association of IGF-1 and
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hepatocyte growth factor (HGF) fostered eCSC atttmawith consequent cardiac
regeneratioff ** %2, Interestingly, this was observed along with iased expression of
GATA-4** which, as described above, seems to have a rolehisiological
hypertrophy induced by physical exercise.

microRNAs. The discovery of miRNAs has brought a new biololgteaget for future
therapies. Actually, today is already possible ezitto increase the expression, using
vector$®, or antagonize specific miRNAs using ‘antagomimghich are cholesterol-
associated RNAs that block the action of miRNAsraveir targets. The expression
of miRNA-34a, aforementioned to be decreased in ¢hediomyocytes of mice
expressing caPI3K, has been shown to rise in temgdneart and following myocardial
infarction. Interestingly, using antigomir againstRNA-34a it was possible to observe
a drop in cell death and cardiac fibrosis, and eqnent improvement in contractile
function in mice subjected to myocardial infarcfforAnother miRNA described above
as being negatively correlated with PI3K activitgsumiRNA-210. By those findings, it
would be reasonable to think that a decrease iextpeession of this miRNA would be
beneficial. However, other studies found that miRRHKO, whose expression is
upregulated under hypoxic conditiéfisis actually beneficial in the setting of
myocardial infarction by significantly inducing angenesis and decreasing myocytes’
apoptotic rate, thereby contributing for a moreoianable ventricular remodelling and
cardiac functiof?.

Cdll therapy. The first attempts to regenerate myocardial tisgne been done through
transplant of stem cells from other origins thae keart® > Although animal studies
have provided exciting results, several clinicall$r in humans where already

performed and showed only modest, if any, improvemi cardiac functio®.
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Therefore, new approaches are needed in order @ nias type of therapy more
effective.

One of the first questions to be answered is wiyg®e of cells suits better for cell-
based therapy. The discovery of a pool of residandiac stem cells has opened a new
window regarding the regenerative potential of tbigan, which can be further
explored either as a therapeutic tool or targetledul, a phase 1 clinical trial has
documented significant improvements in both thetea fraction and infarct size in
patients that received autologous cardiac stens ¢e#rapy compared with controls.
Furthermore, the safety of the treatment was absolith no adverse effects registered
in any of the treated patiefts

The pool of cardiac stem cells is complex and caseprcells with different capacity to
replicate and form mature myocytes and blood vessel an attempt to better
characterize those different cellular populatidd'®ymario et al. concluded that cardiac
stem cells expressing IGF-1R were younger and haeétier replicative reserve, as
opposed with cells expressing IGF-2R and AT1R. Muee, cells expressing IGF-1R
were capable of secreting both IGF-1 and IGF-2,|#tier being responsible for the
induction of myocyte differentiation. The superigrof IGF-1R expressing cardiac stem
cells was further confirmed by the greater degfesaaliac recovery after the transplant
of these cells into hearts of rats subjected toaqasdial infarctior®.

Besides the choice of the ideal cell, other stiategan be taken to maximize the
beneficial effects of cell therapy. Interestingtlie combination of cardiac stem cells
administration and nanofibers containing IGF-1 lesu in a higher myocardial

recovery after ischemia when compared with eactaftyealoné”.

Discussion

13



In the last decade several steps have been takesrder to open new lines of
investigation regarding new therapeutic strateghaybe the biggest advances have
been done in the field of cell therapy, with sonlieical trials already in progress.
However, as stated above, there is also growinga®pon about miRNAs and its
manipulation.

The central role that the IGF-1R/PI3K/Akt has ire thevelopment of physiological
hypertrophy has also triggered attempts to modulaite signalling system, namely
through the therapy with IGF-1. In fact, the reswdbtained with IGF-1 administration
in animal models of myocardial infarction were em@ming® *3. However, this
signalling pathway is present in a wide range diftgpes and because of that systemic
administration of this growth factor can have d#u effects and result in the
progression of occult neoplasths

Concerning cell therapy, some obstacles have baisad regarding the type of cells
that better fulfil the requirements for the succebshis therapeutic approach. By one
side, the application of cells from other origihan the heart has shown disappointing
results. Among the causes advanced for this istliece and inadequate preparation of
the cells, as well as the timing and mode of celivéry. On the other side, it is
believed that embryonic stem cells are the oneshhee the greatest potential to be
successful. However, to the risk of teratoma foromat and immunogenic
incompatibilities that the use of embryonic stertiscentails, we still have to add the
ethical issue¥. Finally, it appears that autologous cardiac steifs transplantation
may be the best approach, as has been shown gt ghase 1 clinical tri#l Still,
more research is needed to find new strategiesddmatincrease the feasibility and

effectiveness of cell therapy.

14



The discovery of miRNAs has provided a new overvieW cellular regulation
mechanisms. In addition, it represents anotherga®avhere it is possible to act to
change the fate of diseased heart. Currently already clear that different miRNAs are
important in both the heart development and pathgfo Furthermore, some studies
performed in animals were successful in improving pattern of cardiac remodelling
after myocardial infarctioft #2. Nevertheless, miRNAs represent a class of magscul
that exerts a very delicate control of specific gemt a post-transcriptional le¥el
Consequently, it is critical to better understainel function of each specific miRNA in
the heart’s physiology and pathology, and onlyratftevill be possible to delineate the
best plans to take all the potential from this psong area.

Heart diseases, namely those of ischemic causea amajor source of morbidity and
mortality worldwidé*. Despite the improvement that the developmenewvésal classes
of drugs have brought to the prognostic of thedeepts, advances are need so that it

can be possible to further decrease the burderseéske of cardiac pathologies.
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Figure legends
Figure 1 —IGF-1R/PI3K/Akt signalling pathway and downstretargets. Arrows mean
activation; arrows with a cross mean inhibitionEBPB — C/EBB; GSK-3B — GSK-

3B. For more details consult the text.
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