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Diogo da Silva Miguel, Paulo Castro Chaves 

Cardiac adaptations to exercise: the role of stem cells and future therapeutic 

insights 

 

Abstract 

The heart responds to physical exercise through changes in its morphology known as 

physiological hypertrophy. Besides cardiomyocyte hypertrophy, there is also an 

increased cellular proliferation with formation of new myocytes. Altogether, these 

changes lead to an improvement in cardiac function. The molecular mechanism 

responsible for the development of physiological hypertrophy is centred in the IGF-

1R/PI3K/Akt signalling pathway, which modulates the activity of transcription factors 

involved in protein synthesis and cardiomyocytes proliferation. The endogenous pool of 

cardiac stem cells is believed to be crucial for the continuous renewal and regenerative 

potential of cardiac tissue, and has also been positively correlated with physiological 

hypertrophy. Another system involved in myocardium physiology and pathology is 

microRNA. The knowledge of the mechanisms underlying the beneficial effects of 

physical exercise over cardiac function may sustain the development of new therapeutic 

approaches regarding cardiac pathologies, which represent today an important cause of 

morbidity and mortality worldwide. 

 

Keywords: Exercise, Heart, Hypertrophy, microRNA, Stem cells.  
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Introduction 

The understanding of heart’s physiology has always been on the top of scientific 

community’s priorities. Indeed, there is an enormous amount of work available 

regarding this area of knowledge. 

The heart responds to increased workload with hypertrophy. According to the nature of 

the stimulus, the hypertrophy can be either physiological or pathological1. The main 

stimulus that leads to pathological hypertrophy is pressure overload, where the heart 

responds with hypertrophy of existing myocytes as an attempt to overwhelm the 

increased load2. However, in this setting maladaptive changes, such as apoptosis, 

necrosis and a shift in gene expression, also occur, which leads to rapid decline in 

cardiac function, with heart failure as possible outcome1, 2. In the opposite side there is 

the physiological hypertrophy, with physical exercise appearing as the best example of 

this type of cardiac adaptation. Unlike pressure overload, exercise training increases the 

blood flow through the heart (volume overload)1, which in turn results in lengthening of 

myocytes and consequent eccentric hypertrophy of the whole organ2. The normal 

structure of the myocardium is kept, the cardiac function remains unchanged or may 

improve3, and the loss of myocytes and increased fibrosis observed in pathological 

hypertrophy are actually attenuated with exercise training4.  

As noted above, physical exercise is the main trigger of physiological hypertrophy, with 

all the resulting benefits. Exercise training is today extensively prescribed and is a cheap 

and effective way for both the prevention and management of heart diseases3. Indeed, 

current evidence points that an improved fitness level is a strong indicator of freedom 

from all-cause mortality5 and is enough to decrease the morbidity and mortality linked 

with cardiac disorders6. Besides, physical exercise has been shown to protect the 

myocardium from age induced apoptosis, fibrosis and senescence4, 7, 8.  
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Until the past decade, it was believed that the heart was a post-mitotic organ, with no 

regenerative potential. However, an increasing body of evidence supports the existence 

of a resident population of cardiac stem cells9-12. This endogenous pool not only 

reassures the continuous renewal of cardiac tissue13, but also supports some grade of 

regeneration after an injury9, 11. The old paradigm of the heart as a terminally 

differentiated organ without any renewal potential did not give space for the exploration 

of regenerative medicine. However, by the light of the evidence accumulated during the 

past decade some work begun to be done in the field of regenerative medicine applied to 

the heart. 

This review aims to look over the mechanisms known to take part in the control of the 

adaptations of myocardium to physical exercise, and open new perspectives about 

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

 

Macroscopic and functional changes 

In 1975 Morganroth et al. used echocardiography to describe for the first time the 

cardiac changes induced by physical exercise, concluding that endurance exercise 

induced an increase in left ventricle mass and diastolic cavity size, while the wall 

thickness remained normal (eccentric hypertrophy). On the other hand, athletes that 

went through a resistance training program showed increased myocardial mass with 

ventricular wall thickening, but with normal diastolic cavity size (concentric 

hypertrophy)14. This concept has been accepted for decades as the “Morganroth 

hypothesis”. Indeed, other studies have found an increase in both left ventricular mass 

and left ventricle end diastolic diameter with endurance exercise15-17, though some of 

them have failed to show any effect of resistance training in cardiac morphology15, 16. 
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Adaptations at cellular level 

Unlike the macroscopic remodelling described in the previous paragraph, due to ethical 

limitations there is a paucity of studies describing the changes that occur at the cellular 

level in humans. However, a vast amount of studies using mice have shown that an 

increase in individual cardiomyocyte dimensions occurs in response to several 

swimming training programmes18-20. That increase comprises both the cardiomyocyte’s 

long and short axis and mean cell area21, and is remarkably related with the exercise’s 

intensity – high intensity exercise induces bigger changes than moderate intensity6. On 

the other hand, the pattern of cardiomyocyte growth is also determined by the type of 

physical exercise: while endurance training (swimming, running), and the associated 

volume overload, prompt myocyte lengthening, resistance training (wrestling, weight 

lifting), which is associated with an intermittent pressure overload, drives mainly to 

thickening of myocytes2. 

Until recently, cardiomyocyte hypertrophy was thought to be the only mean by which 

the heart increased its size, which was in line with the paradigm that heart was a post-

mitotic organ without any renewal potential. However, nowadays’ current evidence 

indicates that human myocardium is capable of, at least in part, renovate itself by new 

cardiomyocyte formation13. Actually, if it was not this self-renewing capacity, the heart 

would lose most of its mass in few decades11. Furthermore, increased levels of division 

markers, along with a rise in the number of cardiomyocytes, has already been 

documented in mice following the application of endurance exercise protocols18, 22. 

Interestingly, the increase in the number of cardiomyocytes was positively related with 

the intensity of physical exercise the rats have been exposed to22. Therefore, it seems 

that the regenerative capacity of myocardium is enhanced by physical activity. 
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Another possible mechanism by which the heart can increase its mass is through a drop 

in apoptotic rate. Indeed, several studies point in this direction. Endurance exercise has 

been found to attenuate the rise in Bax/Bcl-2 ratio seen with ageing. Consequently there 

is a decrease in the activation of caspase-9 and 3 and DNA fragmentation, which is 

reflected in the superior number of myocytes per area observed in old exercised rats 

compared with sedentary ones4. On the other hand, it was also demonstrated a rise in the 

levels of heat shock protein 70 (HSP70), known to inhibit apoptosis, in the ventricles of 

exercised mice7. At last but not the least, an improved telomerase activity was observed 

in mice exposed to endurance exercise, thereby protecting myocytes from senescence 

and apoptosis. This was found already after 21 days of exercise, even before 

physiological hypertrophy has been documented8. Furthermore, in studies using obese 

rats, endurance exercise was also shown to decrease the number of apoptotic 

cardiomyocytes23, 24 and reverse the architectural changes observed to occur in 

association with obesity23. 

 

Molecular mechanisms 

IGF-1R/PI3K/Akt pathway. The IGF-1R/PI3K/Akt pathway has been extensively 

studied and is seen as the hallmark of physiological hypertrophy20, 25, 26. In fact, the 

nature of myocardial adaptation to increased workload (physiological vs. pathological) 

begins to differentiate already at the growth factor and receptor level – while the 

activation of G-protein coupled receptors by adrenergic stimuli results in pathological 

adaptation of myocardium27, in the presence of physiological stimuli such as physical 

exercise it is the insulin-like growth factor I (IGF-1) acting over its receptor (IGF-1R) 

and triggering the beneficial adaptations described above25-27. 
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In one study using rats, it was shown that swimming training increased the IGF-1 

mRNA after 2 and 6 weeks of exercise28. These findings are compatible with the work 

of Serneri et al. that accessed the concentration of this growth factor in coronary sinus 

and concluded that it was significantly bigger in athletes than in controls29. The 

importance of the pair IGF-1/IGF-1R was further highlighted by knock-out studies in 

which the deletion of IGF-1R in mice attenuated the cardiac hypertrophy seen in 

controls after swimming training20. On the other hand, the overexpression of IGF-1R 

was associated with a proportional increase in the chamber size and wall thickness of 

heart, without any histologic signs of cardiomyopathy, what was also reflected in the 

enhanced systolic function of transgenic IGF-1R animals25. 

IGF-1R is a tyrosine kinase receptor which once stimulated by its ligand phosphorylates 

and activates phosphatidylinositol 3-kinase (PI3K)30. PI3Ks are a family of ubiquitous 

expressed lipid kinases, which are essential for a wide range of biological processes in 

several different types of tissues27. Class-I PI3K phosphorylates phosphatidylinositol-

4,5-bisphosphate to generate phosphatidylinositol-3,4,5-trisphosphate, which in turn 

acts as second messenger to activate Akt. Class-IA PI3K is activated by growth factor 

receptors, such as IGF-1R, while class-IB PI3K is activated by G-protein coupled 

receptors27. The importance of class-IA PI3K activity for the development of 

physiological hypertrophy was well documented by studies in which mice lacking either 

the catalytic or regulatory subunit of this kinase failed to show physiological 

hypertrophy25-27. However, the same didn’t happen when in the presence of a 

pathological stimulus, since even in the absence of the catalytic subunit of class-IA 

PI3K, pressure overload successfully induced pathological hypertrophy26. 

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

kinase Akt, also known as protein kinase B (PKB). There have been identified 3 
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isoforms of this kinase (Akt1, 2 and 3), and despite their high degree of homology, their 

expression varies among different tissues31. Data suggests that the most important 

isoform in cardiac physiology is Akt119, 31. As noted above, PI3K plays a key role in the 

activation of Akt through generation of phosphatidylinositol-3,4,5-trisphosphate. PTEN 

has the opposite effect, and thus decreases the activation of Akt31. Akt phosphorylates 

several different targets, which implicates it in a variety of biological processes31. The 

importance of Akt for the development of physiological hypertrophy is well supported 

by a study in which mice lacking Akt1 failed in achieving the degree of cardiac 

adaptation seen in their control littermates after a program of swimming training19. In 

addition, this importance is further reinforced by the evidence that overexpression of 

Akt causes cardiac hypertrophy both at the molecular and histological level, without any 

parallel increase in the collagen content of the heart. 

Downstream targets. The mammalian target of rapamycin (mTOR) works as an 

important effector that controls protein synthesis, promoting cellular growth. This is one 

of the downstream targets of Akt, which phosphorylates and inactivates the product of 

tuberous sclerosis gene 2 (TSC2). Doing so, Akt counteracts the inhibition that TSC2 

exerts over mTOR, thereby enhancing its growth promoting effect19. This effect is 

mediated by the phosphorylation of the ribosomal S6 kinase (S6K), that once activated 

phosphorylates and activates the ribosomal protein S632. In addition, the translation 

initiation factor-4E binding protein-1 (4E-BP1) sees its activity increased by mTOR6. 

The net effect is an increased protein synthesis, with consequent cellular hypertrophy6. 

The facts that mice lacking Akt1 showed lower levels of phosphorylated S6K and S6 

after exercise training19 and that overexpression of IGF-1R was associated with an 

increase in phosphorylated S6K25 highlight the importance of the IGF-1R/PI3K/Akt 

pathway for the induction of this system. However, the absence of S6K did not 
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attenuate cardiac physiological hypertrophy when mice were subjected to an exercise 

protocol, which suggests that, while important, S6K is not essential for the development 

of physiological hypertrophy32. 

Another mean by which Akt induces myocyte hypertrophy is by inactivation of 

glycogen synthase kinase-3 beta (GSK-3β)19. GSK-3β phosphorylates and inactivates 

the transcription factor GATA-4, thereby impairing protein synthesis33. Indeed, 

increased levels of the inactive phosphorylated form of GSK-3β were detected in mice 

overexpressing Akt, which reflected in the bigger accumulation of GATA-4 in 

cardiomyocytes’ nuclei30. Once in the nucleus, GATA-4 regulates the expression of a 

variety of cardiac genes related with myocardium hypertrophy33. Moreover, GATA-4 

has also been connected to myocyte proliferation in zebrafish34 

Besides GATA-4, several other transcription factors have been associated to 

cardiomyocytes hypertrophy33. One of the identified transcription factors was C/EBPβ, 

whose expression was found to be reduced after exercise training. Interestingly, that fall 

was secondary to a higher Akt1 activity, and resulted in a reduction of the repressive 

effect that C/EBPβ has over the serum response factor (SRF). SRF is also a transcription 

factor that, among others, promotes the expression of GATA-4. Another downstream 

target negatively regulated by C/EBPβ is the CBP/p300-interacting transactivator with 

ED-rich carboxy-terminal domain 4 (CITED4). In fact, CITED4 was markedly 

increased in cardiomyocytes and induced its proliferation, as reflected by an increase in 

the number of cells18. 

 

The role of microRNAs 

MicroRNAs (miRNA) are a class of recently discovered small molecules, each 

composed of a noncoding sequence of nearly 22 nucleotides, which can modulate gene 
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expression by destroying or repressing the translation of a target RNA. Each miRNA 

molecule can target more than a different mRNA, and each mRNA can be targeted by 

more than a different miRNA, which provides a fine control of gene expression35. Some 

miRNAs have already been identified that are known to play important roles in cardiac 

development. Namely, miRNA-1 and miRNA-133 are of uttermost importance in 

cardiac development by regulating the proliferation and differentiation of 

cardiomyocytes36. The role of miRNA-1 and miRNA-133 in adult heart is less certain, 

but both pathological and physiological hypertrophic stimuli decrease the expression of 

both miRNAs, which suggests an inverse correlation between miRNA-1 and miRNA-

133 and myocardium hypertrophy37. 

In an attempt to identify miRNAs regulated by PI3K, Lin et al. found that mice 

expressing constitutively active PI3K (caPI3K) expressed lower levels of miRNA-222, 

miRNA-34a and miRNA-210 as opposed with controls. Moreover, although the levels 

of these miRNAs increased after myocardial infarction, they remained significantly 

lower in the group expressing caPI3K, and this was reflected in the improved cardiac 

function shown in this group38. Another miRNA that has been shown to be related with 

physiological hypertrophy following a swim training programme was miRNA-29c. 

However, unlike the former, miRNA-29c levels were upregulated after a programme of 

several weeks of physical exercise. The consequence was a downregulation in the 

expression of COLIAI and COLIIIAI, with a decrease of total left ventricle collagen 

content and improved ventricular compliance39. 

 

Endogenous Cardiac Stem Cells 

As described above, the heart harbours a pool of endogenous cardiac stem cells (eCSC). 

The fact that exercised animals’ hearts have shown evidence of new cardiomyocytes 
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formation raises a question – what is the relationship between physical exercise and 

eCSC?  

Some studies exist that try to answer this question. In one of them, the number of c-

Kit pos eCSC was found to be increased in exercised rats in comparison with controls22. 

Also the IGF-1R/PI3K/Akt pathway has been connected with eCSC. In this field, 

current evidence points to a positive correlation between the activation of this pathway 

and the activation and proliferation of eCSC22, 40. Moreover, IGF-1 overexpression 

increased the activity of telomerase, which resulted in a delay in eCSC senescence41. 

Therefore, if the activation of IGF-1R/PI3K/Akt fosters the activation and proliferation 

of eCSC, and if physical exercise promotes the activation of the IGF-1R/PI3K/Akt 

signalling pathway, so it is reasonable to hypothesize that physical exercise is an 

effective trigger of eCSC activation and consequent cardiac regeneration. 

 

Clinical insights 

So far, the only available therapeutic options aim to block the progression on the heart 

disease38. However, as noted above, the last decade brought crescent scientific evidence 

that supports the possibility of exploring new therapeutic approaches that can improve 

the function of the failing heart, thereby improving the quality of life of millions of 

people suffering from cardiac pathology. 

IGF-1R/PI3K/Akt pathway. As stated above, the IGF-1R/PI3K/Akt pathway is the 

central core of physiological hypertrophy. In fact, some studies have already been 

performed in the setting of myocardial infarction that showed a reduction in cardiac 

fibrosis, cardiomyocytes apoptosis and infarction size, as well as better systolic and 

diastolic function, following the administration of IGF-142, 43. Furthermore, in animals 

subjected to myocardial infarction, the treatment with an association of IGF-1 and 
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hepatocyte growth factor (HGF) fostered eCSC activation with consequent cardiac 

regeneration40, 44, 45. Interestingly, this was observed along with increased expression of 

GATA-444 which, as described above, seems to have a role in physiological 

hypertrophy induced by physical exercise. 

microRNAs. The discovery of miRNAs has brought a new biological target for future 

therapies. Actually, today is already possible either to increase the expression, using 

vectors46, or antagonize specific miRNAs using ‘antagomirs’, which are cholesterol-

associated RNAs that block the action of miRNAs over their targets47. The expression 

of miRNA-34a, aforementioned to be decreased in the cardiomyocytes of mice 

expressing caPI3K, has been shown to rise in the ageing heart and following myocardial 

infarction. Interestingly, using antigomir against miRNA-34a it was possible to observe 

a drop in cell death and cardiac fibrosis, and consequent improvement in contractile 

function in mice subjected to myocardial infarction48. Another miRNA described above 

as being negatively correlated with PI3K activity was miRNA-210. By those findings, it 

would be reasonable to think that a decrease in the expression of this miRNA would be 

beneficial. However, other studies found that miRNA-210, whose expression is 

upregulated under hypoxic conditions49, is actually beneficial in the setting of 

myocardial infarction by significantly inducing angiogenesis and decreasing myocytes’ 

apoptotic rate, thereby contributing for a more favourable ventricular remodelling and 

cardiac function46. 

Cell therapy. The first attempts to regenerate myocardial tissue have been done through 

transplant of stem cells from other origins than the heart50, 51. Although animal studies 

have provided exciting results, several clinical trials in humans where already 

performed and showed only modest, if any, improvement in cardiac function50. 
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Therefore, new approaches are needed in order to make this type of therapy more 

effective. 

One of the first questions to be answered is which type of cells suits better for cell-

based therapy. The discovery of a pool of resident cardiac stem cells has opened a new 

window regarding the regenerative potential of this organ, which can be further 

explored either as a therapeutic tool or target. Indeed, a phase 1 clinical trial has 

documented significant improvements in both the ejection fraction and infarct size in 

patients that received autologous cardiac stem cells therapy compared with controls. 

Furthermore, the safety of the treatment was absolute, with no adverse effects registered 

in any of the treated patients52. 

The pool of cardiac stem cells is complex and comprises cells with different capacity to 

replicate and form mature myocytes and blood vessels. In an attempt to better 

characterize those different cellular populations, D’Amario et al. concluded that cardiac 

stem cells expressing IGF-1R were younger and had a better replicative reserve, as 

opposed with cells expressing IGF-2R and AT1R. Moreover, cells expressing IGF-1R 

were capable of secreting both IGF-1 and IGF-2, the latter being responsible for the 

induction of myocyte differentiation. The superiority of IGF-1R expressing cardiac stem 

cells was further confirmed by the greater degree of cardiac recovery after the transplant 

of these cells into hearts of rats subjected to myocardial infarction53. 

Besides the choice of the ideal cell, other strategies can be taken to maximize the 

beneficial effects of cell therapy. Interestingly, the combination of cardiac stem cells 

administration and nanofibers containing IGF-1 resulted in a higher myocardial 

recovery after ischemia when compared with each therapy alone54. 

 

Discussion 
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In the last decade several steps have been taken in order to open new lines of 

investigation regarding new therapeutic strategies. Maybe the biggest advances have 

been done in the field of cell therapy, with some clinical trials already in progress. 

However, as stated above, there is also growing expectation about miRNAs and its 

manipulation. 

The central role that the IGF-1R/PI3K/Akt has in the development of physiological 

hypertrophy has also triggered attempts to modulate this signalling system, namely 

through the therapy with IGF-1. In fact, the results obtained with IGF-1 administration 

in animal models of myocardial infarction were encouraging42, 43. However, this 

signalling pathway is present in a wide range of cell types and because of that systemic 

administration of this growth factor can have diffuse effects and result in the 

progression of occult neoplasms31. 

Concerning cell therapy, some obstacles have been raised regarding the type of cells 

that better fulfil the requirements for the success of this therapeutic approach. By one 

side, the application of cells from other origins than the heart has shown disappointing 

results. Among the causes advanced for this is the source and inadequate preparation of 

the cells, as well as the timing and mode of cell delivery. On the other side, it is 

believed that embryonic stem cells are the ones that have the greatest potential to be 

successful. However, to the risk of teratoma formation and immunogenic 

incompatibilities that the use of embryonic stem cells entails, we still have to add the 

ethical issues50. Finally, it appears that autologous cardiac stem cells transplantation 

may be the best approach, as has been shown by a recent phase 1 clinical trial52. Still, 

more research is needed to find new strategies that can increase the feasibility and 

effectiveness of cell therapy. 
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The discovery of miRNAs has provided a new overview of cellular regulation 

mechanisms. In addition, it represents another process where it is possible to act to 

change the fate of diseased heart. Currently, it is already clear that different miRNAs are 

important in both the heart development and pathology55. Furthermore, some studies 

performed in animals were successful in improving the pattern of cardiac remodelling 

after myocardial infarction46, 48. Nevertheless, miRNAs represent a class of molecules 

that exerts a very delicate control of specific genes at a post-transcriptional level55. 

Consequently, it is critical to better understand the function of each specific miRNA in 

the heart’s physiology and pathology, and only after it will be possible to delineate the 

best plans to take all the potential from this promising area. 

Heart diseases, namely those of ischemic cause, are a major source of morbidity and 

mortality worldwide51. Despite the improvement that the development of several classes 

of drugs have brought to the prognostic of these patients, advances are need so that it 

can be possible to further decrease the burden of disease of cardiac pathologies. 

 

Conflict of interest 

None declared. 

 

Bibliography 

1. Dorn GW, II. The fuzzy logic of physiological cardiac hypertrophy. Hypertension 

2007;49:962-970. 

2. Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in Cardiology 4 - 

Controversies in ventricular remodelling. Lancet 2006;367:356-367. 

3. Ellison GM, Waring CD, Vicinanza C, Torella D. Physiological cardiac remodelling in 

response to endurance exercise training: cellular and molecular mechanisms. Heart 

(British Cardiac Society) 2012;98:5-10. 



16 
 

4. Kwak H-B, Song W, Lawler JM. Exercise training attenuates age-induced elevation in 

Bax/Bcl-2 ratio, apoptosis, and remodeling in the rat heart. Faseb Journal 2006;20:791-

+. 

5. O'Keefe JH, Vogel R, Lavie CJ, Cordain L. Exercise like a hunter-gatherer: a 

prescription for organic physical fitness. Progress in cardiovascular diseases 

2011;53:471-479. 

6. Kemi OJ, Wisloff U. Mechanisms of exercise-induced improvements in the contractile 

apparatus of the mammalian myocardium. Acta physiologica (Oxford, England) 

2010;199:425-439. 

7. Siu PM, Bryner RW, Martyn JK, Alway SE. Apoptotic adaptations from exercise 

training in skeletal and cardiac muscles. Faseb Journal 2004;18:1150-+. 

8. Werner C, Hanhoun M, Widmann T, Kazakov A, Semenov A, Poss J, et al. Effects of 

physical exercise on myocardial telomere-regulating proteins, survival pathways, and 

apoptosis. Journal of the American College of Cardiology 2008;52:470-482. 

9. Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, et al. Adult 

cardiac stem cells are multipotent and support myocardial regeneration. Cell 

2003;114:763-776. 

10. Torella D, Ellison GM, Karakikes I, Nadal-Ginard B. Resident cardiac stem cells. 

Cellular and Molecular Life Sciences 2007;64:661-673. 

11. Nadal-Ginard B, Kajstura J, Leri A, Anversa P. Myocyte death, growth, and 

regeneration in cardiac hypertrophy and failure. Circulation Research 2003;92:139-150. 

12. Saravanakumar M, Devaraj H. Distribution and homing pattern of c-kit(+) Sca-1(+) 

CXCR4(+) resident cardiac stem cells in neonatal, postnatal, and adult mouse heart. 

Cardiovascular pathology : the official journal of the Society for Cardiovascular 

Pathology 2012. 

13. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F, Walsh S, et al. 

Evidence for Cardiomyocyte Renewal in Humans. Science 2009;324:98-102. 



17 
 

14. Lewis EJ, McKillop A, Banks L. The Morganroth hypothesis revisited: endurance 

exercise elicits eccentric hypertrophy of the heart. The Journal of physiology 

2012;590:2833-2834. 

15. Venckunas T, Raugaliene R, Mazutaitiene B, Ramoskeviciute S. Endurance rather than 

sprint running training increases left ventricular wall thickness in female athletes. 

European journal of applied physiology 2008;102:307-311. 

16. Spence AL, Naylor LH, Carter HH, Buck CL, Dembo L, Murray CP, et al. A 

prospective randomised longitudinal MRI study of left ventricular adaptation to 

endurance and resistance exercise training in humans. The Journal of physiology 

2011;589:5443-5452. 

17. De Luca A, Stefani L, Pedrizzetti G, Pedri S, Galanti G. The effect of exercise training 

on left ventricular function in young elite athletes. Cardiovascular ultrasound 

2011;9:27. 

18. Bostroem P, Mann N, Wu J, Quintero PA, Plovie ER, Panakova D, et al. C/EBP beta 

Controls Exercise-Induced Cardiac Growth and Protects against Pathological Cardiac 

Remodeling. Cell 2010;143:1072-1083. 

19. DeBosch B, Treskov I, Lupu TS, Weinheimer C, Kovacs A, Courtois M, et al. Akt1 is 

required for physiological cardiac growth. Circulation 2006;113:2097-2104. 

20. Kim J, Wende AR, Sena S, Theobald HA, Soto J, Sloan C, et al. Insulin-Like Growth 

Factor I Receptor Signaling Is Required for Exercise-Induced Cardiac Hypertrophy. 

Molecular Endocrinology 2008;22:2531-2543. 

21. McMullen JR. Role of insulin-like growth factor 1 and phosphoinositide 3-kinase in a 

setting of heart disease. Clinical and Experimental Pharmacology and Physiology 

2008;35:349-354. 

22. Waring CD, Vicinanza C, Papalamprou A, Smith AJ, Purushothaman S, Goldspink DF, 

et al. The adult heart responds to increased workload with physiologic hypertrophy, 

cardiac stem cell activation, and new myocyte formation. European heart journal 2012. 



18 
 

23. Lee SD, Shyu WC, Cheng IS, Kuo CH, Chan YS, Lin YM , et al. Effects of exercise 

training on cardiac apoptosis in obese rats. Nutrition, metabolism, and cardiovascular 

diseases : NMCD 2012. 

24. Peterson JM, Bryner RW, Sindler A, Frisbee JC, Alway SE. Mitochondrial apoptotic 

signaling is elevated in cardiac but not skeletal muscle in the obese Zucker rat and is 

reduced with aerobic exercise. Journal of applied physiology (Bethesda, Md : 1985) 

2008;105:1934-1943. 

25. McMullen JR, Shioi T, Huang WY, Zhang L, Tarnavski O, Bisping E, et al. The 

insulin-like growth factor 1 receptor induces physiological heart growth via the 

phosphoinositide 3-kinase(p110 alpha) pathway. Journal of Biological Chemistry 

2004;279:4782-4793. 

26. McMullen JR, Shioi T, Zhang L, Tarnavski O, Sherwood MC, Kang PM, et al. 

Phosphoinositide 3-kinase(p110 alpha) plays a critical role for the induction of 

physiological, but not pathological, cardiac hypertrophy. Proceedings of the National 

Academy of Sciences of the United States of America 2003;100:12355-12360. 

27. Luo J, McMullen JR, Sobkiw CL, Zhang L, Dorfman AL, Sherwood MC, et al. Class I-

A phosphoinositide 3-kinase regulates heart size and physiological cardiac hypertrophy. 

Molecular and Cellular Biology 2005;25:9491-9502. 

28. Scheinowitz M, Kessler-Icekson G, Freimann S, Zimmermann R, Schaper W, Golomb 

E, et al. Short- and long-term swimming exercise training increases myocardial insulin-

like growth factor-I gene expression. Growth hormone & IGF research : official 

journal of the Growth Hormone Research Society and the International IGF Research 

Society 2003;13:19-25. 

29. Neri Serneri GG, Boddi M, Modesti PA, Cecioni I, Coppo M, Padeletti L, et al. 

Increased cardiac sympathetic activity and insulin-like growth factor-I formation are 

associated with physiological hypertrophy in athletes. Circ Res 2001;89:977-982. 

30. Condorelli G, Drusco A, Stassi G, Bellacosa A, Roncarati R, Iaccarino G, et al. At 

induces enhanced myocardial contractility and cell size in vivo in transgenic mice. 



19 
 

Proceedings of the National Academy of Sciences of the United States of America 

2002;99:12333-12338. 

31. Matsui T, Rosenzweig A. Convergent signal transduction pathways controlling 

cardiomyocyte survival and function: the role of PI 3-kinase and Akt. Journal of 

Molecular and Cellular Cardiology 2005;38:63-71. 

32. McMullen JR, Shioi T, Zhang L, Tarnavski O, Sherwood MC, Dorfman AL, et al. 

Deletion of ribosomal S6 kinases does not attenuate pathological, physiological, or 

insulin-like growth factor 1 receptor-phosphoinositide 3-kinase-induced cardiac 

hypertrophy. Mol Cell Biol 2004;24:6231-6240. 

33. Akazawa H, Komuro I. Roles of cardiac transcription factors in cardiac hypertrophy. 

Circulation Research 2003;92:1079-1088. 

34. Kikuchi K, Holdway JE, Werdich AA, Anderson RM, Fang Y, Egnaczyk GF, et al. 

Primary contribution to zebrafish heart regeneration by gata4(+) cardiomyocytes. 

Nature 2010;464:601-605. 

35. Cataluccia D, Latronico MVG, Condorelli G. MicroRNAs control gene expression - 

Importance for cardiac development and pathophysiology. In: Sideman S, Beyar R, 

Landesberg A, eds. Control and Regulation of Transport Phenomena in the Cardiac 

System, 2008:20-29. 

36. Cordes KR, Srivastava D. MicroRNA Regulation of Cardiovascular Development. 

Circulation Research 2009;104:724-732. 

37. Latronico MVG, Catalucci D, Condorelli G. Emerging role of MicroRNAs in 

cardiovascular biology. Circulation Research 2007;101:1225-1236. 

38. Lin RCY, Weeks KL, Gao X-M, Williams RBH, Bernardo BC, Kiriazis H, et al. 

PI3K(p110 alpha) Protects Against Myocardial Infarction-Induced Heart Failure 

Identification of PI3K-Regulated miRNA and mRNA. Arteriosclerosis Thrombosis and 

Vascular Biology 2010;30:724-732. 



20 
 

39. Soci UPR, Fernandes T, Hashimoto NY, Mota GF, Amadeu MA, Rosa KT, et al. 

MicroRNAs 29 are involved in the improvement of ventricular compliance promoted by 

aerobic exercise training in rats. Physiological Genomics 2011;43:665-673. 

40. Ellison GM, Torella D, Dellegrottaglie S, Perez-Martinez C, Perez de Prado A, 

Vicinanza C, et al. Endogenous Cardiac Stem Cell Activation by Insulin-Like Growth 

Factor-1/Hepatocyte Growth Factor Intracoronary Injection Fosters Survival and 

Regeneration of the Infarcted Pig Heart. Journal of the American College of Cardiology 

2011;58:977-986. 

41. Torella D, Rota M, Nurzynska D, Musso E, Monsen A, Shiraishi I, et al. Cardiac stem 

cell and myocyte aging, heart failure, and insulin-like growth factor-1 overexpression. 

Circulation Research 2004;94:514-524. 

42. O'Sullivan JF, Leblond AL, Kelly G, Kumar AH, Metharom P, Buneker CK, et al. 

Potent long-term cardioprotective effects of single low-dose insulin-like growth factor-1 

treatment postmyocardial infarction. Circulation Cardiovascular interventions 

2011;4:327-335. 

43. Lai NC, Tang T, Gao MH, Saito M, Miyanohara A, Hammond HK. Improved function 

of the failing rat heart by regulated expression of insulin-like growth factor I via 

intramuscular gene transfer. Human gene therapy 2012;23:255-261. 

44. Ruvinov E, Leor J, Cohen S. The promotion of myocardial repair by the sequential 

delivery of IGF-1 and HGF from an injectable alginate biomaterial in a model of acute 

myocardial infarction. Biomaterials 2011;32:565-578. 

45. Bocchi L, Savi M, Graiani G, Rossi S, Agnetti A, Stillitano F, et al. Growth factor-

induced mobilization of cardiac progenitor cells reduces the risk of arrhythmias, in a rat 

model of chronic myocardial infarction. PloS one 2011;6:e17750. 

46. Hu S, Huang M, Li Z, Jia F, Ghosh Z, Lijkwan MA, et al. MicroRNA-210 as a novel 

therapy for treatment of ischemic heart disease. Circulation 2010;122:S124-131. 



21 
 

47. Krutzfeldt J, Kuwajima S, Braich R, Rajeev KG, Pena J, Tuschl T, et al. Specificity, 

duplex degradation and subcellular localization of antagomirs. Nucleic acids research 

2007;35:2885-2892. 

48. Boon RA, Iekushi K, Lechner S, Seeger T, Fischer A, Heydt S, et al. MicroRNA-34a 

regulates cardiac ageing and function. Nature 2013. 

49. Chan YC, Banerjee J, Choi SY, Sen CK. miR-210: the master hypoxamir. 

Microcirculation 2012;19:215-223. 

50. Fraccarollo D, Galuppo P, Bauersachs J. Novel therapeutic approaches to post-

infarction remodelling. Cardiovascular research 2012;94:293-303. 

51. Dimmeler S, Burchfield J, Zeiher AM. Cell-based therapy of myocardial infarction. 

Arteriosclerosis Thrombosis and Vascular Biology 2008;28:208-216. 

52. Bolli R, Chugh AR, D'Amario D, Loughran JH, Stoddard MF, Ikram S, et al. Cardiac 

stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial results of a 

randomised phase 1 trial. Lancet 2011;378:1847-1857. 

53. D'Amario D, Cabral-Da-Silva MC, Zheng H, Fiorini C, Goichberg P, Steadman E, et al. 

Insulin-like growth factor-1 receptor identifies a pool of human cardiac stem cells with 

superior therapeutic potential for myocardial regeneration. Circ Res 2011;108:1467-

1481. 

54. Padin-Iruegas ME, Misao Y, Davis ME, Segers VF, Esposito G, Tokunou T, et al. 

Cardiac progenitor cells and biotinylated insulin-like growth factor-1 nanofibers 

improve endogenous and exogenous myocardial regeneration after infarction. 

Circulation 2009;120:876-887. 

55. Small EM, Olson EN. Pervasive roles of microRNAs in cardiovascular biology. Nature 

2011;469:336-342. 

 

 

  



22 
 

Figure legends 

Figure 1 – IGF-1R/PI3K/Akt signalling pathway and downstream targets. Arrows mean 

activation; arrows with a cross mean inhibition; C/EBPB – C/EBPβ; GSK-3B – GSK-

3β. For more details consult the text. 
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