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Abstract

Cardiovascular diseases have a great economic and personal impact in the industrialized world and
their incidence is not expected to decrease in the near future. Chronic heart failure (CHF) is the
fastest growing subclass of terminal cardiovascular disease. CHF is usually preceded by loss of
adequate cardiac function and subsequent pathological remodeling, for example, due to
myocardial infarction, hypertension or valvular heart disease. Despite current medical
interventions, the prognosis in CHF remains grim. Research into factors governing cardiac
function is needed to uncover potential targets for the development of novel medical interventions
in prevention and treatment of CHF.

The focus of this thesis is the investigation of the roles of the circulating factors apelin and
apela in regulating the function of the adult heart. Furthermore, the studies uncover a role for the
activin receptor 2 B (ACVR2B) in regulation of cardiomyocyte metabolism The research was
carried out using state-of-the-art cell culture methods as well as in vivo and ex vivo animal models.
The main findings of this thesis were: (I) The novel apelin receptor ligand apela is not exclusively
an embryonic regulator of cardiac function, and is in fact a potent regulator of cardiac contractile
function and a coronary artery vasodilator. (II) In the absence of apelin, the heart is unable to
undergo physiological adaptation during exercise induced physiological stress. Furthermore,
exercise in the absence of apelin leads to an aged skeletal muscle phenotype. (III) Lastly, we found
that the activation of ACVR2B by its ligand myostatin aggravates ischemia-reperfusion injury and
that pre-ischemic blockade of ACVR2B signaling by pharmacological ligand capture induces
cardioprotective ischemic preconditioning.

This study provides novel insights into the functions of apela and apelin in the adult organism
and highlights them as potential targets for treatment of heart failure and the related sarcopenia.
Furthermore, inhibition of ACVR2B mediated myostatin signaling may function as a means of
pharmacologically inducing ischemic preconditioning.

Keywords: activin receptor type II B, apela, apelin, cardiomyocyte metabolism,
ischemia reperfusion, physiological cardiac hypertrophy
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Tiivistelmä

Sydän- ja verisuonisairaudet aiheuttavat kehittyneissä maissa huomattavaa taloudellista ja henki-
lökohtaista taakkaa, eikä niiden ilmaantuvuuden oleteta laskevan lähitulevaisuudessa. Krooni-
nen sydämen vajaatoiminta on nopeiten kasvava kuolemaan johtavien sydän- ja verisuonisaira-
uksien alaluokka. Sydämen vajaatoiminta saa alkunsa esimerkiksi sydänkohtauksesta, kohon-
neesta verenpaineesta tai läppäviasta johtuvasta sydämen toiminnan vajavuudesta, joka käynnis-
tää patologisen uudelleenmuovautuvuusprosessin. Nykyisistä hoitomenetelmistä riippumatta
sydämen vajaatoiminnan ennuste on huono. Sydämen toimintaa säätelevien tekijöiden tutkimuk-
sella pyritään löytämään kohteita sydämen vajaatoimintaa hoitavien ja estävien lääkkeiden kehi-
tykseen.

Tässä väitöstyössä tutkittiin verenkierrollisia säätelytekijöitä, apeliinia ja apelaa, aikuisen
sydämen toiminnan säätelyssä. Lisäksi työssä löydettiin rooli tyypin 2 B aktiviinireseptorille
(ACVR2B) sydänlihassolun aineenvaihdunnan säätelijänä. Tutkimuksissa käytettiin soluviljely-
malleja sekä ex vivo- ja in vivo-eläinkokeita. Päälöydökset olivat: (I) Apelin-reseptorin ligandi
apela ei ole ainoastaan sikiönkehityksen aikainen säätelytekijä, vaan myös voimakas aikuisen
sydämen iskutilavuuden lisääjä ja sepelvaltimoiden verenkierron tehostaja. (II) Apelinin puut-
teessa sydän ei kykene fysiologiseen koon kasvuun liikunnan aiheuttaman fyysisen rasituksen
yhteydessä. Lisäksi liikuntarasitus apelinin puutteessa johtaa luurankolihasten ikääntyneeseen
ilmiasuun. (III) Myostatiinin aiheuttama ACVR2B-reseptorin aktivoituminen pahentaa iskemia-
reperfuusiovauriota ja iskemiaa edeltävä ACVR2B-reseptorin estäminen saa aikaan sydäntä suo-
jelevan iskeemisen esialtistuksen kaltaisen vaikutuksen.

Tämä väitöskirja tuo uutta tietoa apelan ja apelinin toiminnasta ja potentiaalista kohteina
sydämen vajaatoiminnan ja siihen liittyvän lihasheikkouden lääkehoitojen kehitykselle. Lisäksi
myostatiinin aikaansaaman ACVR2B-reseptorin signaloinnin estäminen voi potentiaalisesti toi-
mia lääkkeellisenä keinona aikaansaada sydäntä iskemialta suojaava esikäsittelyvaikutus.

Asiasanat: iskemia-reperfuusio, sydämen fysiologinen kasvu, sydänlihassolujen
aineenvaihdunta, tyypin II B aktiviinireseptori
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Abbrevations 
ACE Angiotensin converting enzyme 
ACE2 Angiotensin converting enzyme 2 
ACVR2 Activin receptor type 2 
ADH Antidiuretic hormone 
ADP Adenosine diphosphate 
ALK Activin receptor like kinase 
AngII Angiotensin II 
ANS Autonomic nervous system 
APA Aminopeptidase A 
APJ Apelin receptor 
AT1R Angiotensin II receptor type 1 
AT2R Angiotensin II receptor type 2 
AT4R Angiotensin II receptor type 4 
ATP Adenosine triphosphate 
BMP Bone morphogenic protein 
BMPR2 Bone morphogenic protein receptor type II  
cAMP Cyclic adenosine monophosphate  
CHF Chronic heart failure 
CICR Calcium induced calcium release 
CNS Central nervous system 
CO Cardiac output 
EDV End diastolic volume 
ERK Extracellular regulating kinase  
ESV End systolic volume 
FADH2 Flavin adenine dinucleotide 
FSH Follicle stimulating hormone 
GDF Growth differentiation factor 
HR Heart rate 
IR Ischemia-reperfusion 
LTCC L-type calcium channel 
LV Left ventricle 
MasR Mas receptor 
MEK Mitogen activated protein kinase 
MI Myocardial infarct 
mPTP Mitochondrial permeability transition pore  
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mRNA Messenger RNA 
MSC Mesenchymal stem cell 
MSTN Myostatin 
NADH Nicotinamide adenine dinucleotide  
NCX Na+/ Ca2+ exchanger  
NHE Na+ /H+ exchanger  
PCSK3 Pro-protein convertase subtilisin/kexin type 3  
PI3K Phosphoinositide 3-kinase  
PKA cAMP-dependent protein kinase / protein kinase A 
PKC Protein kinase C 
PLCβ Phospholipase C β  
RAAS Renin aldosterone angiotensin system 
ROS Reactive oxygen species 
RyR2 Ryanodine receptor-2 
SGLT2 Sodium/glucose cotransporter 2 
SERCA2a Sarcoendoplasmic reticulum Ca2+ ATPase  
SR Sarcoplasmic reticulum 
SV Stroke volume 
TGF-β Transforming growth factor β  
TGFβR2 Transforming growth factor beta receptor type II  
TTC Triphenyltetrazolium chloride 
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1 Introduction 
Chronic heart failure (CHF) is major public health problem with high personal and 
economic impact. It is the fastest growing subclass in terminal cardiovascular dis-
eases. Although heart failure mostly affects the elderly, the lifetime risk of a 40-
year-old person to develop heart failure is roughly one in five. (McMurray, J. J. & 
Pfeffer, 2005) Despite the numerous treatments available, the prognosis remains 
unacceptably grim. For instance, patients diagnosed with severe heart failure have 
less than a 60% 5-year survival rate in the US. (Roger, 2013)  

Numerous co-existing etiologies lie behind CHF, but the endpoint remains the 
same – impaired heart contractility. (Petrofski & Koch, 2003) Common etiologies 
of heart failure include myocardial infarction, hypertension and valvular heart dis-
ease. (McMurray, J. J. & Pfeffer, 2005) The common denominator in these disease 
states is the loss of normal left ventricular function and thus insufficient cardiac 
output. Compensatory mechanisms for the loss of cardiac output lead to cardiac 
tissue remodeling. Initially the heart undergoes left ventricular hypertrophy, which 
allows the heart to maintain sufficient cardiac output. However, when prolonged, 
hypertrophy eventually leads to changes in wall thickness and/or chamber volume, 
which in turn ultimately impairs the ventricle’s ability maintain cardiac output. This 
adds up to a vicious circle, where heart failure progression is inevitable. (McMurray, 
J. J. & Pfeffer, 2005) 

The vicious circle of remodeling leads to progressive worsening of cardiac 
function. Halting or reversing this cycle has only recently become a goal of heart 
failure therapy. In addition to the development of systolic heart failure, complica-
tions of left ventricular hypertrophy include atrial fibrillation, diastolic heart failure, 
and sudden cardiac death. While the current standard drug therapies of angiotensin-
converting-enzyme inhibitors, beta-blockers and neprilysin inhibitors are known to 
provide beneficial effects on the remodeling process as well as morbidity and mor-
tality, mortality due to heart failure remains high. 

The works in this thesis study the role of circulating factors regulating cardiac 
growth and function in both physiological and pathological states. Understanding 
the underlying signaling mechanisms governing cardiac function is necessary for 
developing novel drug therapies. 
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2 Review of literature 

2.1 The heart 

The human heart is a biomechanical pump made for circulating blood to deliver 
oxygen, nutrients, hormones and components of the immunological system to all 
the tissues of the human body. The pumping action of the heart is achieved by neu-
ronally orchestrated synchronous contraction of millions of specialized cardiac my-
ocytes. The contractile apparatus of the cardiomyocyte, the sarcomere, is made of 
interwoven actin and myosin filaments that take up most of the cytoplasm.  

2.1.1 Excitation contraction coupling 

The cardiac contractive cycle is initiated by an electrical action potential from the 
sinoatrial node which travels along the cardiac conductive system to depolarize the 
cardiomyocyte cell membranes. In the process of excitation-contraction coupling, 
this electrical depolarization of the cell membrane is converted to intracellular sig-
nals to initiate the contraction of the sarcomere. (Fig.1) Depolarization of the 
plasma membrane opens voltage-gated L-type calcium channels (LTCC) of the 
membranes to facilitate an influx of Ca2+ into the cytosol from the interstitial space. 
The inflowing Ca2+ binds to the ryanodine receptor-2 (RyR2) on the sarcoplasmic 
reticulum (SR) membrane, triggering the release of Ca2+ from the SR into the cy-
tosol. This process is called calcium induced calcium release (CICR). When re-
leased into the cytosol, Ca2+ binds to myofilament associated troponin C to trigger 
the contraction of the sarcomere by displacing tropomyosin and thus revealing the 
binding sites of actin-myosin interaction. Myosin is then able to attach to the actin 
filament and pull itself along the length of the actin with a conformation change 
requiring hydrolysis of ATP into ADP. This interaction between myosin and actin 
repeats itself to produce the contraction until the cytosolic Ca2+ levels decrease to 
enable relaxation. To stop the contraction, Ca2+ is collected back inside the SR by 
sarcoendoplasmic reticulum Ca2+ ATPase (SERCA2a) while Ca2+ ATPase and the 
Na+/ Ca2+ exchanger (NCX) move Ca2+ from the cytosol into the interstitial space. 
(Bers, 2002; Eisner, Caldwell, Kistamás, & Trafford, 2017) This intricate process 
of Ca2+ release triggering contraction and the subsequent reuptake of Ca2+ to induce 
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relaxation is regulated at multiple levels and disturbances in this cycle are associ-
ated with cardiac hypertrophy and heart failure.(Gwathmey, Yerevanian, & Hajjar, 
2013; Marks, 2003)  

The surge of Ca2+ into the cytosol also causes an influx of Ca2+ into the mito-
chondria via the mitochondrial calcium uniporter (MCU). The rapid increase of 
mitochondrial Ca2+ concentration functions to drive mitochondrial ATP production 
thus elegantly coupling energy production to the magnitude of Ca2+ release. (Eisner 
et al., 2017) 

Fig. 1. Stages of calcium cycling and the excitation-contraction -coupling in the cardio-
myocyte during contraction. 1. Excitation induced Ca2+ influx into the cytosol. 2. Ca2+ 
induced Ca2+ release from the sarcoplasmic reticulum. 3. Ca2+ initiating sarcomere con-
traction. 4. Ca2+ reuptake. 5. Ca2+ efflux mechanisms. Na/K, Na+/K+ -ATPase; ATP, Ca2+-
ATPase; NCX, Na+/Ca2+ -exchanger; LTCC, L-Type Ca2+ -channel; RyR, ryanodine recep-
tor; SR, sarcoplasmic reticulum; SERCA, sarco-endoplasmic reticulum Ca2+-ATPase; 
MT, mitochondrion. Modified from Bers 2002. 

2.1.2 Regulation of cardiac contractility and function 

Cardiac output (CO) is the amount of blood circulated by the heart (or more spe-
cifically the left ventricle) per minute. Cardiac output can be calculated as the heart 
rate (HR) multiplied by the left ventricle stroke volume (SV). The stroke volume 
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can further be defined as the difference between the end diastolic volume (EDV) 
and the end systolic volume (ESV).(Solaro, 2011) 

 ∗  (1) 
 ∗  (2) 

As defined here, cardiac output can be regulated by changes in HR (chronotropic) 
or stroke volume (inotropic). Acutely, CO is regulated by the Frank-Starling mech-
anism and neurohumoral factors. In a long-term setting, CO is also affected by heart 
size and structure along with age, fitness level and gender of the individual.(Betts, 
2013) (Fig. 2)  

Fig. 2. Presentation of factors influencing the different components of cardiac output. 
ANS, autonomic nervous system; HR, heart rate; EDV, end diastolic volume; ESV, end 
systolic volume; CO, cardiac output. 

Frank-Starling law in regulation of cardiac contractility 

The Frank-Starling law states that when other factors remain constant, the stroke 
volume of the heart increases in proportion to increased venous return and pre-
systolic ventricular filling (preload). This is partially caused by the interweaved 
structure of the cardiac sarcomere revealing more actin-myosin interaction sites 
when the structure is stretched and also myocyte stretch increasing sarcomere Ca2+ 
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sensitivity. (Allen & Kentish, 1985) Also, myosin bundles in the cardiac contractile 
element are anchored into the Z-disks of the sarcomere by a spring-like protein, 
titin. During diastole, titin stretches between myosin and the Z-disks and during 
systole the elastic potential energy stored within this biomechanical spring in-
creases the contractile force.(Libby, Bonow, Mann, Zipes, & Braunwald, 2008) 

Ca2+ in regulation of contractility 

During a normal cardiac contraction, the amount of Ca2+ released does not saturate 
cardiac troponin (TnC) Ca2+ binding sites, leaving some of the contractile elements 
“in reserve.” Furthermore, in the resting state the SR release of Ca2+ and the fol-
lowing reuptake function at only a fraction of the maximal capacity. This reserve 
allows for manipulation of Ca2+ release and reuptake to be used as the means by 
which neurohumoral factors regulate contractile force and cardiac relaxation, re-
spectively. (Solaro, 2011) 

Intracellular protein kinases and phosphatases, activated and inhibited by ex-
tracellular stimuli, regulate the activity and expression of the proteins involved in 
intracellular Ca2+ cycling. For example, the sympathetic nervous system regulates 
cardiac contractility by excretion of noradrenaline (NA) and by stimulating the re-
lease of adrenaline (A). These ligands bind to the G protein coupled β-adrenergic 
receptors on the cardiomyocyte membrane. Binding of the ligand activates the stim-
ulatory G-protein, which in turn stimulates adenylate cyclase, causing the for-
mation of cyclic adenosine monophosphate (cAMP) from adenosine triphosphate 
(ATP). cAMP activates cAMP-dependent protein kinase (PKA), which in turn pos-
sesses numerous targets in the Ca2+ cycling system, including LTCC and RyR2, 
ultimately enhancing Ca2+ release, and thus the cotractile force during systole. 
(Lymperopoulos, Rengo, & Koch, 2013) 

Renin—angiotensin-aldosterone system 

The renin-aldosterone-angiotensin system (RAAS) is a fundamental and perhaps 
the best known neurohumoral system that functions to maintain fluid homeostasis 
and blood pressure in the body.  

Angiotensin II (Ang II) is the primary effector in the RAAS. Ang II acts 
through its receptors, angiotensin type 1 and type 2 receptors (AT1R and AT2R, 
respectively). As the name suggests, Ang II acts as a potent vasoconstrictor by in-
ducing contraction of the smooth muscle cells of the arterioles, and thus works to 
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increase peripheral resistance to increase systemic blood pressure.(Libby et al., 
2008) Ang II also acts on the central nervous system (CNS) and the adrenal gland 
to induce secretion of antidiuretic hormone (ADH) (Matsukawa & Miyamoto, 2011) 
and aldosterone and to increase sympathetic neural tone (Ramchandra, Yao, & May, 
2013). These classical effects work to increase blood pressure by means of fluid 
and sodium retention and increased cardiac stroke volume.(Libby et al., 2008)  

The precursor protein of Ang II, angiotensinogen, is constitutively synthesized 
and secreted into the bloodstream by the liver. In the cascade of angiotensinogen 
activation into biologically active Ang II, the renin protease functions to first cleave 
angiotensinogen into the biologically inactive decapeptide angiotensin I (Ang I). 
Ang I in turn, is then cleaved into the active octapeptide Ang II by angiotensin 
converting enzyme (ACE) of primarily the lung capillary endothelial cells. (Libby 
et al., 2008) 

Renin is produced in the juxtaglomerular apparatus of the kidneys. Sympa-
thetic neural activity, decreased renal perfusion and decreased sodium filtration 
trigger the release of renin into the bloodstream. Thus, as the end products of RAAS 
are increased, blood pressure and sodium retention, a homeostatic feedback loop 
for renin release (and subsequent Ang II activation) is formed. (Libby et al., 2008) 

Beside the classical effects of Ang II described above, chronic AT1R activation 
by Ang II is shown to activate cardiac fibroblasts and induce a hypertrophic re-
sponse in the cardiomyocytes.(Libby et al., 2008) In addition, there are data indi-
cating that Ang II modulates cardiac contractility by enhancing Ca2+ currents 
through L-type Ca2+ channels.(Petroff, Aiello, Palomeque, Salas, & Mattiazzi, 2000) 
AT2R activation by Ang II has been shown to counteract the deleterious effects of 
AT1R activation by inhibition of fibrosis and cardiomyocyte hypertrophy.(Horiuchi, 
Akishita, & Dzau, 1999; Kaschina, Namsolleck, & Unger, 2017) 

Ang II can further be processed by angiotensin converting enzyme 2 (ACE2) 
or aminopeptidase A (APA) into angiotensin 1-7 (Ang 1-7) and angiotensin IV (Ang 
IV) respectively. (Ardaillou & Chansel, 1997) (Fig. 3) These alternative peptides 
of the RAAS act through Mas receptors and angiotensin receptor 4 (AT4R) respec-
tively. MasR activation by Ang 1-7 has been shown to confer advantageous effects 
similar to AT2R activation. (Santiago et al., 2010) Ang IV, on the other hand, is 
known to have memory enhancing and glucose uptake regulating effects in the CNS, 
while its effects on the cardiovascular system are less pronounced. (Chai et al., 
2004) 



26 

In addition to systemic RAAS described here, a tissue level system of renin 
and angiotensin has been described in the heart, kidney and other organs.(Paul, 
Mehr, & Kreutz, 2006) 

Fig. 3. Activation cascade of angiotensin. ACE, Angiotensin converting enzyme; ACE2, 
Angiotensin converting enzyme type 2; APA, aminopeptidase A; MasR, Mas receptor; 
AT1R, angiotensin receptor type 1; AT2R, angiotensin receptor type 2; AT4R, angioten-
sin receptor type 4. 

2.1.3 Energy production in the heart 

The constant cycle of contraction and relaxation requires a constant flow of energy 
in the form of ATP, mainly for the actin-myosin interaction during contraction and 
for the function of SERCA2a during Ca2+ reuptake to induce relaxation. The re-
serve of ATP (creatine phosphate) inside the cardiomyocyte is narrow and thus con-
stant production of ATP by the mitochondria is required to match the persisting 
demand for energy. Cardiomyocytes produce ATP mainly by oxidative phosphory-
lation. (Fig. 4) Energetic nutrients (mainly fatty acids in the healthy cardiomyocytes 
(Jeffrey, Diczku, Sherry, & Malloy, 1995) are broken down into acetyl coenzyme 
A bound pyruvate and fed into the citric acid cycle inside the mitochondria. The 
citric acid cycle produces nicotinamide adenine dinucleotide (NADH) and flavin 
adenine dinucleotide (FADH2) to be used as a fuel for the electron transport chain 
of the mitochondrial inner membrane. Electron transport chain complexes I-IV ox-
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idize NADH and FADH2 to ultimately reduce oxygen into water. The energy re-
leased in this complicated chain of biochemical reactions is derived from the spare 
high energy state electrons from NADH and FADH2 oxidation being transferred 
step by step to a lower energy state to finally reduce oxygen with hydrogen to form 
water. Electron transport chain complexes use the energy released to pump hydro-
gen atoms from the matrix of the mitochondria into the outer compartment of the 
mitochondria to form a gradient between the matrix and the outer compartment. 
The thusly formed gradient creates a flow of hydrogen atoms from the outer com-
partment back to the matrix through a channel called ATP-synthase. Like a water-
mill, the ATP-synthase harnesses the energy of the hydrogen atom flow to phos-
phorylate ADP into ATP to be used as a source of energy in the cell.(Murray, Gran-
ner, Mayes, & Rodwell, 2003) It is estimated that in a resting condition the heart 
functions at 15-25% of its maximal oxygen consumption.(Stanley, Recchia, & Lo-
paschuk, 2005) 

Fig. 4. Oxidative phosphorylation. Complexes I-IV transport protons into the intermem-
brane space of the mitochondrion with the energy derived from oxidation of NADH and 
FADH2 produced in the citric acid cycle. Continuous discharge of the formed proton 
gradient is harnessed as energy for ATP synthesis by the ATP synthase. Numbers I-IV 
mark the different complexes of the electron transport chain. Coenzyme Q (Q) and cy-
tochrome C (CytC) facilitate electron transport between complexes II and III and III and 
IV respectively. Intact straight lines indicate the flow of protons (H+). Dotted line indi-
cates the flow of electrons starting from complexes I and II and ending in reduction of 
oxygen (O2) into water (H2O). 
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2.1.4 Myocardial infarction 

A myocardial infarction is a state of total blockage of one or more coronary arteries 
which supply the myocardium with nutrient and oxygen rich blood. The most com-
mon etiology of such blockage is a rupture of an atherosclerotic plaque. Rupture of 
the plaque releases pro-thrombotic lipids contained within its core into the blood-
stream, activating the clotting factors and promoting platelet aggregation and thus 
forming a thrombus.(Bentzon, Otsuka, Virmani, & Falk, 2014) Formation of a 
thrombus clot in the coronary arteries prevents myocardial circulation distal to the 
clot thus resulting in myocardial ischemia. 

As the myocardium enters ischemia, oxidative phosphorylation is brought to a 
rapid halt and the cardiomyocytes start producing ATP mainly by anaerobic glycol-
ysis. Lactate, a byproduct of anaerobic glycolysis, rapidly causes acidification of 
the cytoplasm, causing inhibition of Ca2+ binding to troponin thus inhibiting con-
tractile function. The contractile apparatus is further inhibited by the breakdown of 
creatine phosphates and the following release of inorganic phosphates. While this 
rapid cessation of contractile function serves to limit the cardiomyocytes’ demand 
for energy and oxygen and thus may postpone terminal damage, it also initiates a 
near instant systolic dysfunction.(Frangogiannis, 2015) 

As the ischemia persists, the accumulation of lactate and following acidosis 
starts to inhibit many of the enzymes in the glycolytic process. The acidosis also 
disturbs the function of many of the ion channels leading to outflow of K+ and 
influx of Na+ and Ca2+ and thus lowering of the cell’s membrane resting potential. 
The cell combats the rising Ca2+ levels by increasing mitochondrial Ca2+ uptake. 
This is, however, a temporary fix as the influx of Ca2+ into the mitochondria col-
lapses mitochondrial membrane potential and ultimately triggers the opening of the 
mitochondrial permeability transition pore (mPTP). Opening of the mPTP enables 
an influx of water into the mitochondria and leads to swelling and rupturing of the 
mitochondria. Rupturing of the mitochondria leads to unregulated release of cell 
death initiating apoptogens (e.g., cytochrome C and apoptosis inducing factor) con-
tained within the mitochondria. (Frangogiannis, 2015; Jennings, 2013; Xia, Li, & 
Irwin, 2016) 

The primary treatment option in a case of myocardial infarction is restoration 
of blood flow (reperfusion) by anticoagulation or percutaneous coronary interven-
tion. (Boateng & Sanborn, 2013) 
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2.1.5 Reperfusion injury 

Restoration of blood flow into the cardiac tissue may paradoxically increase the 
damage to the tissue. During reperfusion, the rapid restoration of mitochondrial 
oxidative phosphorylation leads to increased production of reactive oxygen species 
(ROS). The sudden increase in ROS and the persisting Ca2+ ion imbalance caused 
by the ischemia, however, prevent immediate restoration of contractile function of 
otherwise viable cardiomyocytes. This phenomenon is called myocardial stunning, 
an example of reversible and preventable (by pretreatment of ROS scavengers) 
reperfusion injury. (Xia et al., 2016) In some cases the rapid accumulation of ROS 
leads to mPTP opening which, as in the case of ischemic injury, leads to mitochon-
drial swelling and rupture, thus initiating apoptosis. (Jennings, 2013; Xia et al., 
2016) 

2.1.6 Ischemic pre- and postconditioning 

The heart has numerous innate compensatory mechanisms to combat cell damage 
during ischemia. Activating these mechanisms before prolonged ischemia by re-
peated transient ischemic episodes is called ischemic preconditioning and is known 
to convey remarkable cardioprotection.(Murry, Jennings, & Reimer, 1986) While 
numerous triggers and signaling pathways responsible for ischemic precondition-
ing have been proposed, the preconditioning pathways seem to converge in the mi-
tochondria. In the mitochondria, the effects of preconditioning include inhibition 
of mPTP opening and opening of mitochondrial KATP channels, resulting in de-
creased susceptibility to Ca2+ overload. (Jennings, 2013; Xia et al., 2016) 

As the onset of pathological cardiac ischemic episodes is unpredictable, the use 
of the preconditioning phenomenon in a clinical setting is limited to various inva-
sive heart operations where ischemia is predictable. However, the conditioning phe-
nomenon has been exploited to a beneficial effect in treatment of reperfusion injury, 
where the end stage mechanism of cell damage is comparable to that of ischemic 
cell damage. Conversely to ischemic preconditioning, in ischemic postconditioning 
the infarcted tissue is transiently and repeatedly perfused with arterial blood before 
establishing lasting reperfusion. Postconditioning has been shown to reduce the 
amount of damaged tissue and improve functional recovery of the heart. (Jennings, 
2013; Xia et al., 2016)  
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2.1.7 Cardiac remodeling 

Cardiac remodeling is a phenomenon where the heart undergoes changes in cellular 
structure to combat changes in cardiac output demand. These changes are governed 
by a complex set of extracellular stress signals and manifest as changes in gene 
expression of the cardiac cells aimed at changing size, shape and function to better 
fit the current demand. While the main target of cardiac remodeling is the cardio-
myocyte, other cells like fibroblasts, vascular endothelial cells along with the inter-
stitial extracellular matrix are also subject to remodeling. (Cohn, Ferrari, & Sharpe, 
2000) 

Remodeling may be triggered by both physiological (i.e., pregnancy, increased 
exercise) and pathological (i.e. myocardial infarction, hypertension) increases in 
cardiac output demand. Physiological cardiac hypertrophy is characterized by sim-
ultaneous dilatation and thickening of the LV walls. By their nature these changes 
enhance both cardiac contractile force and stroke volume while being reversible. In 
contrast, in pathological hypertrophy, dilatation or LV wall thickening occur in iso-
lation, leading to decreased contractile force with increased stroke volume or in-
creased contractile force with restricted stroke volume, respectively. (Fig. 5) Fur-
thermore, the pathological changes in cardiac structure are often accompanied with 
fibrosis and are irreversible. (Cohn et al., 2000; Weeks & McMullen, 2011)  

In the case of myocardial infarction, the immediate cardiac contractile dysfunc-
tion caused by cardiomyocyte death triggers excretion of neurohumoral factors 
driving cardiac remodeling. Lowering blood pressure triggers the sympathetic 
nervous system and the RAAS. The sympathetic nervous system generates constant 
β-adrenergic signaling to increase contractile force while Ang II of the RAAS 
drives cardiomyocyte hypertrophy and fibrosis. In a setting of pathological remod-
eling, cardiomyocyte hypertrophy may present as concentric (LV wall thickening, 
that constricts the LV lumen) or eccentric hypertrophy (LV lumen dilation without 
wall thickening). (Cohn et al., 2000; Weeks & McMullen, 2011) In concentric hy-
pertrophy, the contractile force is increased, but stroke volume is decreased. In ec-
centric hypertrophy, however, the stroke volume is increased while contractile force 
is compromised. In both cases hypertrophic remodeling does not increase cardiac 
output. Furthermore, increased LV fibrosis results in increased rigidity of the LV 
wall and thus causes increased cardiomyocyte contracting load during systole, dis-
turbed relaxation during diastole and decreased preload. In addition, increased car-
diac fibrosis disturbs normal electrical cell-to-cell coupling and impulse conduction 
predisposing to arrhythmias and sudden cardiac death. 
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Fig. 5. A schematic representation of the main forms of cardiac hypertrophic remodel-
ing. As indicated by the arrows, physiological hypertrophy is reversible, while the 
pathological eccentric and concentric hypertrophies are not. 

When the compensation fails as described, the sustained stimulation of β-adrener-
gic receptors and RAAS lead to increases in cardiac oxygen and energy consump-
tion, increased oxidative stress and increased susceptibility to arrhythmias, leading 
to further myocyte damage and loss of contractile function.(Cohn et al., 2000; El-
Armouche & Eschenhagen, 2009) Thus a vicious circle of failing compensation is 
formed, ultimately leading to heart failure. (Fig. 6) (McMurray, J. J. & Pfeffer, 2005) 
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Fig. 6. The vicious circle of heart failure. RAAS; Renin aldosterone angiotensin system; 
SNS, sympathetic nervous system. The intact lines represent the vicious circle. The 
dashed line represents (inadequate) neural compensation. 

2.1.8 Heart failure 

As the fastest growing subclass in terminal cardiovascular diseases, the personal 
and economic impact of chronic heart failure (CHF) cannot be understated. Com-
mon etiologies of heart failure include myocardial infarction, hypertension and val-
vular heart disease (McMurray, J. J. & Pfeffer, 2005). The common denominator in 
these disease states is the acute loss of normal left ventricular function and thus 
insufficient cardiac output and the subsequent activation of maladaptive compen-
satory mechanisms to form the vicious circle, as described above. 

Clinically CHF may present with preserved (HFpEF) or reduced (HFrEF) ejec-
tion fraction (EF%). EF% is the percentage of blood pumped out of the ventricle 
during systolic contraction. Reduction of EF% indicates loss of systolic contractile 
function and, in the case in HFrEF, correlates with the loss of sufficient cardiac 
output. In the case of HFpEF, while EF% remains normal or close to normal, the 
absolute volume of blood pumped with each systolic stroke (and thus cardiac output) 
is diminished due to disturbed or restricted ventricular filling during diastole. 

Breaking the vicious circle of heart failure and reversing the related remodeling 
has recently become the primary goal of heart failure therapy. While the currently 
available pharmacological therapies are shown to slow down the progression of 
CHF, completely halting and reversing the disease process has not yet been 
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achieved. Thus, as mortality to heart failure remains unacceptably high, further re-
search in the field is warranted for the discovery and development of novel thera-
pies. 

2.2 The apelinergic system 

The apelinergic system consists of the apelin receptor (APJ), apelin and apela. The 
components of the apelinergic system are found in a plethora of tissues and organ 
systems. The effects of the apelinergic system include cardiac inotropic signaling 
(Szokodi, Istvan et al., 2002),vasodilation (De Mota et al., 2004), regulation of 
body fluid homeostasis (O'Carroll, Lolait, Harris, & Pope, 2013), modulation of 
metabolism and insulin response (Dray et al., 2008), alleviation of oxidative stress 
(Than et al., 2014) and modulation of the immune response (Han, S., Englander, 
Gomez, & Greeley, 2017). More recently, the apelinergic system has been reported 
to mediate anti- aging effects. (Rai et al., 2017; Vinel et al., 2018) 

2.2.1 Apelin receptor – APJ 

APJ is a G-protein coupled receptor with a characteristic 7 trans-membrane region 
structure. First discovered in 1993 by O’Dowd et al., the apelin receptor was first 
considered orphan, since despite the strong 30% sequence homology with AT1R 
the APJ did not bind Ang II or any other ligand known at the time. (O'Dowd et al., 
1993) The endogenous ligands of APJ, apelin and apela, were later discovered in 
1998 and 2013 respectively.(Chng, Ho, Tian, & Reversade, 2013; Pauli et al., 2014; 
Tatemoto, Kazuhiko et al., 1998)  

A summary of APJ signaling is presented in figure 7. Activation of the APJ by 
its ligands triggers downstream signaling through Gαi/o and Gαq/11. The signaling 
cascades triggered in a G-protein dependent manner convey the beneficial effects 
of apelin in the cardiovascular system. (Zhang, Y. et al., 2018) Gαi/o mediates the 
activation of extracellular regulating kinase (ERK) and phosphoinositide 3-kinase 
(PI3K) signaling and inhibition of PKA signaling. Gαq/11 activation leads to acti-
vation of phospholipase C β (PLCβ) and subsequent protein kinase C (PKC) medi-
ated activation and phosphorylation of ERK and activation of membrane Na+ /H+ 
and Na+/Ca2+ exchangers (NHE and NCX respectively), thus inducing the inotropic 
effects of apelin.  

In addition to ligand activation, mechanical stretch can activate APJ signaling 
via β-arrestin recruitment and subsequent receptor internalization. Reduced APJ 
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activation in this manner exacerbates the cardiac hypertrophic response. (Scimia et 
al., 2012) However, the pathways activated in this manner are not known. 

APJ plays a central role in development of the cardiovascular system as high-
lighted by the high embryonal mortality due to cardiovascular defects in the APJ 
knockout animal models. (Charo et al., 2009) 

Fig. 7. Summary of apelin receptor signaling. APJ, apelin receptor; PLCβ, phospho-
lipase C β; PI3K, Phosphoinositide 3-kinase; PKC, protein kinase C; AKT, protein kinase 
B; ERK, extracellular regulated kinase; NOS, nitric oxide synthase; PS70S6K, protein 
kinase S6; cAMP, cyclic adenosine monophosphate. Modified from Zhang et al. 2018 

2.2.2 Apelin 

The first endogenous ligand for APJ was discovered by Tatemoto et al. in 1998. 
Like its receptor, apelin is found in a wide variety of tissues including the heart, 
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lung, kidney, liver, adipose tissue, gastrointestinal tract and the CNS.(Tatemoto, 
Kazuhiko et al., 1998) 

Apelin is a peptide hormone, initially synthesized as the 77 amino acid pre-
proapelin. Preproapelin is further processed into the 55 amino acid proapelin and 
finally into bioactive apelin-32, -17 and -13 by yet unknown proteases. Thus far 
only pro-protein convertase subtilisin/kexin type 3 (furin or PCSK3) has been iden-
tified in the processing of apelin-55 into apelin-36 and further into apelin-13. Ape-
lin-13 can also be further modified with pyroglutamic acid ([Pyr1]) conjugates into 
[Pyr1]apelin-13. [Pyr1]apelin-13 is the most frequently detected apelin isoform in 
human plasma and the cardiovascular system and is shown to have resistance to 
degradation by exopeptidases. (Shin, Kenward, & Rainey, 2017) 

The plasma half-life of apelin is astonishingly short with estimates ranging 5-
8 minutes (Murza, Alexandre, Belleville, Longpré, Sarret, & Marsault, 2014). 
ACE2 (Wang et al., 2016) and neprilysin (McKinnie et al., 2016) have been iden-
tified in the inactivation of apelin, but evidence suggests that other, as yet unknown 
proteases are involved in the process. (Shin et al., 2017) 

Knockout of apelin results in accelerated multi-tissue aging (Rai et al., 2017) 
and reduced cardiac contractility (Charo et al., 2009) but does not cause develop-
mental cardiovascular defects. Thus, it was clear even before the discovery of apela, 
that apelin is not the only ligand of APJ. 

Functional properties of apelin isoforms 

The different apelin isoforms present with differing binding affinities and cause 
varying cellular responses when bound to APJ. The shorter isoforms exhibit a 
higher binding affinity to APJ compared to the longer ones and [pyr1]apelin-13 is 
the most potent activator of the ERK-signaling cascade, while the rest of the 
isoforms seem to activate ERK-signaling pathways with relatively similar potency. 
(Shin et al., 2017) The longer apelin-17 and -36 isoforms, however, form more 
stable complexes with APJ once bound and thus their dissociation from the receptor 
is delayed compared to apelin-13 and [pyr1]apelin-13. The prolonged binding of 
the longer isoforms enhances APJ β-arrestin -interaction leading to lysosomal deg-
radation of the APJ once internalized. Conversely, the short isoforms rapidly disso-
ciate from the receptor allowing the dissociation of the β-arrestin – APJ complex. 
If internalized without associated β-arrestins, the receptor is recycled back into the 
cellular membrane.(Evans et al., 2001) Following this key difference in receptor 
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ligand interaction, the longer apelin isoforms are known to cause receptor desensi-
tization and, in this way, regulate the magnitude of the apelinergic response.(Masri, 
Morin, Pedebernade, Knibiehler, & Audigier, 2006) Accordingly, repeated treat-
ment with the shorter [pyr1]apelin-13 and apelin-13 do not cause receptor desensi-
tization and perhaps for this reason are more regularly used in experimental re-
search. 

2.2.3 Apela 

The second endogenous ligand of APJ was discovered simultaneously in 2013 by 
two independent groups. Initially the groups named their discoveries as elabela and 
toddler, but the nomenclature has since been set as apela. The knockout of the apela 
gene strikingly resembles that of the APJ, indicating that apela is the ligand of APJ 
responsible and crucial for cardiovascular development during embryogenesis. 
(Chng et al., 2013; Pauli et al., 2014) 

Apela mRNA is expressed in tandem with APJ mRNA during embryogenesis 
to facilitate migration of progenitor cells in cardiovascular development. The levels 
of apela expression quickly diminish after embryogenesis and expression of apelin 
rises to take a more prominent role as the APJ ligand in the adult organism. How-
ever, in the adult, apela has so far been detected in the heart, kidney, prostate and 
pluripotent stem cells. (Shin et al., 2017) 

Apela is initially synthesized as a 54 amino acid polypeptide and is cleaved 
into bioactive forms of apela-32, -21 and -11 by unknown proteases. Like with 
apelin, apela-32 can be found as a [Pyr1]-conjugated [Pyr1]apela-32 form. (Zhang, 
Y. et al., 2018) 

The plasma half-life of apela, like that of apelin, is mere minutes. (Xi et al., 
2019) The proteases responsible for inactivation of apela in the plasma are as yet 
unknown. 

Ho et al. found apela to inhibit apoptosis and promote cell renewal in human 
pluripotent embryonic stem cells. However, in their report these cells did not ex-
press APJ, thus suggesting another yet unknown receptor for the ligand. (Ho et al., 
2015) 

Functional properties of apela isoforms 

As with apelin, apela isoforms have varying binding potencies to APJ. As apela is 
a relatively new discovery, the functional differences beyond binding potency are 
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as yet largely unelucidated. Of the known apela isoforms, apela-32 and -21 seem 
to be the most potent.(Deng, Chen, Yang, Feng, & Hsueh, 2015; Murza, Alexane et 
al., 2016) 

2.2.4 Apelinergic system -RAAS crosstalk 

The three components of the apelinergic system all have regulatory functions in the 
RAAS. By their nature these regulating functions antagonize the potentially detri-
mental effects of Ang II. 
 APJ has been described forming dimers with AT1R. This interaction was shown to 
inhibit the effects of Ang II in a mouse model of atherosclerosis. (Chun, H. J. et al., 
2008) The Ang II suppressing effect of this interaction was further enhanced by 
apelin binding to APJ.(Siddiquee, Hampton, McAnally, May, & Smith, 2013) 

While also being substrates to ACE2, the apelin peptides have been shown to 
upregulate ACE2 expression in an APJ dependent manner in the pressure overload 
induced heart failure model. Increased ACE2 expression increases the transfor-
mation of the detrimental Ang II into cardioprotective Ang 1-7. (Sato et al., 2013) 

While having a regulatory effect similar to that of apelin on the RAAS, apela 
exerts its functions by different means. Again, in a pressure overload model of heart 
failure, Sato et al. demonstrated that apela, but not apelin, suppressed forkhead box 
protein M1 (FOXM1) and subsequently reduced the expression of angiotensin con-
verting enzyme 1 (ACE). ACE transforms angiotensin 1 (Ang I) into the detri-
mental Ang II.(Sato et al., 2017) 

2.2.5 Apelinergic system in cardiovascular diseases 

Low apelin plasma levels are associated with essential hypertension and high nor-
mal blood pressure. (Papadopoulos et al., 2014; Przewlocka-Kosmala, Kotwica, 
Mysiak, & Kosmala, 2011) In experimental settings, the blood pressure lowering 
properties of apelin have proved similar to that of Ang 1-7, as centrally and periph-
erally administered apelin have opposite effects.  

Peripherally administered apelin reduces peripheral vascular resistance and 
lowers blood pressure in a nitric oxide dependent manner (Japp, Alan G. et al., 2008) 
in both acute (Barnes et al., 2013; Japp, A. G. et al., 2010) and chronic administra-
tion (Chun, Hyung J. et al., 2008). In a chronic setting, the blood pressure lowering 
effects of apelin are also associated with counteracting the effects of RAAS as de-
scribed above. Contrastingly, central dosing resulted in increased sympathetic 
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nerve activity and increased heart rate, resulting in increased mean arterial blood 
pressure. (Seyedabadi, Goodchild, & Pilowsky, 2002) The blood pressure lowering 
effect of peripherally administered apelin is also abolished in the presence of vas-
cular endothelial dysfunction and impaired nitric oxide synthesis. In this setting, 
apelin promotes the contraction of vascular smooth muscle cells thus increasing 
blood pressure.(Han, X., Zhang, Yin, Zhang, & Liu, 2013) 

Apelin is known as a powerful inotropic agent exerting its inotropic action by 
activation of NHE and NCX and thus increasing intracellular Ca2+ concentration. 
Additionally, apelin increases myofilament Ca2+ sensitivity independent of in-
creased Ca2+ concentration. (Perjés, Á et al., 2014) In general, increased intracellu-
lar Ca2+ levels are associated with arrhythmias and cardiac hypertrophy. Thus, the 
novelty of apelin lies in its ability to increase contractile function without promot-
ing cardiac hypertrophy, while simultaneously decreasing vascular resistance and 
thus decreasing both after and preload.(Farkasfalvi et al., 2007) 

In addition to its inotropy and vascular resistance regulating properties, apelin 
also activates numerous pro-survival and oxidative damage prevention pathways. 
In a setting of ischemia-reperfusion injury, apelin was shown to inhibit apoptosis 
(Jianping Tao et al., 2011), alleviate oxidative stress (Azizi et al., 2015; Zeng et al., 
2009) and prevent mitochondrial dysfunction (Smith et al., 2007), leading to im-
proved post-infarct cardiac function and reduced infarct area.  

The combination of its properties makes apelin an attractive target for drug 
development, and some clinical studies with synthetic apelin peptides on heart fail-
ure patients have been carried out with encouraging results. (Barnes et al., 2013; 
Japp, A. G. et al., 2010) Despite the undisputed benefits in cardiovascular diseases, 
the short half-life and need of parenteral administration makes apelin peptides im-
practical in a clinical setting. Drug development efforts are therefore aimed at elon-
gating the half-life of apelin by various means. 

2.2.6 Apelinergic system in anti-aging therapy 

Aging is associated with deterioration of physiological function and disturbances 
in maintaining homeostasis in the organism. On a cellular level, decreased mito-
chondrial respiration, accumulation of ROS and decreases in enzymatic activity are 
hallmarks of aging. An emerging line of evidence points to apelin counteracting 
multiple aging related changes in the body. 

Loss of apelinergic stimulus in mice leads to accelerated multiorgan aging 
characterized by disturbances in fluid homeostasis, early-onset infertility, loss of 



39 

kidney function, development of insulin resistance and loss of muscle 
mass.(Qionglin, Linxi, Mingzhu, Yu, & Langfang, 2018) Apelin is released by skel-
etal muscles during contraction. In mammals, including humans, both plasma lev-
els and contraction induced release of apelin are diminished during aging. Con-
cordantly, low plasma apelin levels are strongly correlated with disease related sar-
copenia and frailty. (Vinel et al., 2018) Furthermore, Rai et al. demonstrated that 
restoration of apelinergic signaling by exogenous apelin had a rejuvenating effect 
on aged animals. (Rai et al., 2017) 

RAAS contributes to aging by increasing ROS production and inflammation 
in addition to the more traditional cardiac hypertrophy and dysfunction causing ef-
fects. (Han, T., Liu, & Yang, 2018) As a negative regulator of RAAS, the apeliner-
gic system can be viewed as counteracting the aging effects of RAAS. 

Beyond counteracting the RAAS induced increase of ROS production, apelin 
has been shown to reduce oxidative stress and ROS production by promoting the 
expression of anti-oxidant enzymes via the activation of ERK and AMPK pathways 
in adipocytes (Than et al., 2014) and neonatal cardiomyocytes (Foussal et al., 2010). 
Furthermore, apelin enhances endothelial nitric oxide synthesis by activation of the 
nitric oxide synthase thus increasing tissue perfusion, alleviating oxidative stress 
and lowering systeming blood pressure. (Tatemoto, K. et al., 2001) 

Mesenchymal stem cells (MSCs) possess the ability to home into sites of dam-
aged tissue and promote tissue repair, thus counteracting aging related damage to 
tissues. Transplantation of MSCs from young donor mice to old mice has proved 
effective in counteracting the onset of aging and age-related infertility. (Selesniemi, 
Lee, Niikura, & Tilly, 2009; Shen et al., 2011) Apelin promotes MSCs survival, 
proliferation and differentiation and is able to mobilize cardiac progenitor cells in 
response to myocardial infarction (Zhang, N. K. et al., 2016). Furthermore, apelin 
induces skeletal muscle repair by activating muscle satellite cells in response to 
exercise induced muscle damage. (Vinel et al., 2018) 

Apelin is excreted by skeletal muscles during exercise (Fujie et al., 2014) and 
may thus be a major contributor to the anti-oxidative and anti-inflammatory effects 
of exercise in the elderly. Interestingly, Vinel et al. demonstrated that the exercise 
–induced apelin release is dampened during aging, leading to reduced regenerative 
capacity of the muscles and ultimately loss of muscle strength.(Vinel et al., 2018) 
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2.3 Transforming growth factor β superfamily 

The transforming growth factor β (TGF-β) superfamily consists of potent morpho-
genic secreted factors, most notably TGF-β1-3, activins, growth differentiation fac-
tors (GDFs) and bone morphogenic proteins (BMPs). The ligands of this family are 
mostly involved in cell differentiation, proliferation and growth signaling. (Heldin 
& Moustakas, 2016) Most notably, TGF-β and other ligands of the family are in-
volved in regulation of cardiac remodeling and fibrosis following ischemic in-
sult.(Goumans & Ten Dijke, 2017) Canonically, the members of the TGF-β family 
initiate transcription level changes in the cell through various SMAD -pathways. 

2.3.1 TGF-β ligands 

The members of the TGF-β ligand family share a common dimeric structure in their 
active form. The ligands are initially excreted by the cells as inactive pro-protein 
monomers and the inactive N-terminus of the pro-protein acts as a scaffold for di-
merization with a mature protein to form the mature heterodimer.(Morikawa, 
Derynck, & Miyazono, 2016) Furthermore, the N-terminus protects the formed 
pro-protein – protein heterodimer from degradation and are thus the most abundant 
form of the circulating ligand, albeit an inactive one. The ligand only gains receptor 
binding affinity after cleavage of the inactive N-terminal region post dimerization 
and formation of the active homodimer. Thus, the presence of the extracellular pro-
tease required for the N-terminal cleavage determines the availability of the active 
ligand homodimer in the tissue.(Walton et al., 2010) This added level of complexity 
creates an availability gradient for the active ligand between tissues and context, as 
the tissues express the required interstitial proteases in different quantities. Unfor-
tunately, due to the limited specificity for active ligand, the current biochemical 
assays for the ligands do not necessarily reflect their tissue activity, thus making 
determination of ligand involvement in different pathological states in vivo quite 
challenging indeed. 

2.3.2 TGF-β receptors 

Receptors of the TGF-β system are transmembrane serine/threonine -kinase type 
receptors divided into type I and type II receptors. There are seven known type I 
receptors and the nomenclature varies depending on context. For the sake of clarity, 
in this thesis the type I receptors are referred to as activin receptor like kinases 1-7 



41 

(ALK1-7). Type II receptors have affinity for numerous ligands, but the receptors 
are named after their primary ligands. These include TGF-β receptor type II 
(TGFβR2), activin receptor II A (ACVR2A), activin receptor II B (ACVR2B) and 
BMP receptor type II (BMPR2). (Heldin & Moustakas, 2016) 

Active TGF-β family ligand dimers first bind with their corresponding type II 
receptor. Conformational change brought on by the binding then allows interaction 
of the type II receptor with a type I receptor corresponding with the type II receptor 
– ligand couple. (Groppe et al., 2008) This process repeats for the other half of the 
ligand dimer and ultimately a hexamer consisting of the ligand dimer, two type I 
and two type II receptors is formed.(Weis-Garcia & Massagué, 1996) The type II 
receptor then phosphorylates the type I receptor into its active state. The type I 
receptor then proceeds to phosphorylate its corresponding SMAD protein(s) to 
achieve intracellular response. (Heldin & Moustakas, 2016) 

TGF-β type ligands usually can bind with multiple type II receptors and the 
different ligand – type II receptor combinations are able to associate with multiple 
type I receptors. Furthermore, the composition of different TGF-β receptors on the 
cell membrane is regulated by microRNAs during cell development, differentiation 
and even under pathological conditions. This complicating feature works to achieve 
differential intracellular responses in different contexts and cell types.(Heldin & 
Moustakas, 2016) 

2.3.3 TGF-β signaling 

The receptor complexes of the TGF-β family transduce their intracellular effects 
via the SMAD proteins. (Fig. 8) The SMAD proteins are divided into signaling 
related R-SMADs (SMADs 1,2,3,5,8 and 9), a single R-SMAD -partnering Co-
SMAD (SMAD4) and two inhibitory I-SMADs (SMADs 6 and 7). Corresponding 
R-SMADs are phosphorylated by the type I receptors and then associate with the 
Co-SMAD, SMAD4. The resulting complex is transferred into the nucleus and in-
itiates transcription of the target genes. I-SMADs 6 and 7 can compete with 
SMAD4 in binding R-SMADs, thus inhibiting the translocation of the R-SMAD – 
Co-SMAD complex into the nucleus and adding yet another layer of regulation to 
the system. The receptors of the TGF-β family are also known to trigger non-
SMAD signaling cascades in the cell. These non-canonical pathways include the 
ERK1/2, JNK, and p38 MAP kinase pathways among others. (Heldin & Moustakas, 
2016; Morikawa et al., 2016) 
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Fig. 8. Summary of canonical TGFβ family signaling. Activated ligand receptor com-
plexes phosphorylate their corresponding SMAD proteins to activate canonical signal-
ing. ALK, activin receptor-like kinase; TGFβR2, TGFβ receptor type 2; ACVR2A, activin 
receptor type 2 A; ACVR2B, activin receptor type 2 B; BMPR2, bone morphogenic pro-
tein receptor type 2; ATP, adenosine triphosphate; ADP, adenosine diphosphate. 

2.3.4 Activin receptor type II 

Activin receptor II A and II B are type II receptors of the TGF-β family. As the 
name suggests, one of their primary ligands is activin. ACVRIIs present affinity for 
both activins (A and B), GDF11, GDF8 (myostatin) and certain BMPs such as 
BMPs 9 and 10. (Heldin & Moustakas, 2016) Notably, myostatin exhibits stronger 
functional association with ACVR2B than ACVR2A. (Lee et al., 2005) After ligand 
binding, both ACVRIIs associate with ALKs 4, 5 and 7 to initiate SMAD2 or 
SMAD3 mediated signaling pathways and non-canonical signaling pathways. Fur-
thermore, ACVR2B can initiate ALK 1, ALK 2, ALK 3 or ALK 6 mediated 
SMAD1, SMAD5 or SMAD8 signaling when associated with BMPs.(Walsh, God-
son, Brazil, & Martin, 2010) 
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2.3.5 Activin receptor type II ligands 

Activins and inhibins 

Activins and their biological antagonist counterparts, inhibins, were discovered in 
1986 as regulators of follicle stimulating hormone (FSH) synthesis and secre-
tion.(Ling et al., 1986) Since their discovery, research has identified a plethora of 
functions for the activin-inhibin system in regulation of cell proliferation and dif-
ferentiation, apoptosis, metabolism and wound repair to name a few. (Chen, Ye-
Guang et al., 2006; Sulyok, Wankell, Alzheimer, & Werner, 2004) Notably, activin 
A levels are elevated during heart failure (Bloise et al., 2019) and adenoviral over-
expression of activin A is known to cause systolic and diastolic cardiac dysfunction. 
(Roh et al., 2019) 

Functional activins and inhibins are a dimer of two subunit proteins. The dif-
ferent composition of the subunits determines the nomenclature and ultimately the 
function of the formed ligand. Activins are comprised of 2 activin β subunits and 
inhibins are a combination of an inhibin α subunit and a corresponding activin β 
subunit. Structures of the ligands are presented in Table 1. (Burger & Igarashi, 1988; 
Ying, 1987)  

Table 1. Activin and inhibin subunit compositions. 

Class Ligand Subunits 

α βA βB 

Activin Activin A - 2 - 

 Activin AB - 1 1 

 Activin B - - 2 

Inhibin Inhibin A 1 1 - 

 Inhibin B 1 - 1 

Growth differentiation factors 

Of the GDF family of ligands, the ACVR2 ligands GDF8, 11 and 15 have been 
detected in the heart and in regulation of cardiac function.(Kempf et al., 2011; 
Loffredo et al., 2013; Morissette, Michael R. et al., 2006; Poggioli et al., 2016; 
Rodgers et al., 2009)  

Of the ACVR2 ligand GDFs, GDF8, better known as myostatin, is perhaps the 
most studied. In 1997 McPherron et al. created the first myostatin knockout (MSTN 
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KO) mouse strain.(McPherron, Lawler, & Lee, 1997) The KO mouse strain 
presented with robust skeletal muscle hypertrophy and cardiac growth and 
hyperplasia. Conversely, myostatin overexpressing mouse strains present with 
muscle weakness and cachexia.(Zimmers et al., 2002) The observation of increased 
cardiac myostatin expression in the disease models of chronic pressure overload 
(Shyu, Lu, Wang, Sun, & Chang, 2006) and MI (Sharma et al., 1999) combined 
with the rather obvious muscle growth regulating properties suggest a role for 
myostatin in regulation of myocardial remodeling. 

By its structure, GDF11 is extensively homologous to myostatin.(Mosher et al., 
2007; Parsons, Millay, Sargent, McNally, & Molkentin, 2006) As suggested by the 
similar structure, the functional properties of GDF11 and myostatin on skeletal 
muscle (Hammers et al., 2017) and cardiac hypertrophy (Loffredo et al., 2013) 
appear rather similar. 

Bone morphogenic proteins 

BMPs are a family of over 20 embryonic morphogens. As the name suggests, they 
are involved in ectopic bone formation as well as development of the lung and 
kidney during organogenesis. (Wu, Jackson-Weaver, & Xu, 2018) BMPs 2, 4 and 
10 can be found in the myocardium and coronary arteries of the heart and thus they 
are suspected of playing a role in regulation of cardiac growth. For example, BMP4 
levels in the heart are induced during LV pressure overload.(Merino et al., 2016) 
While the exact effects the BMPs might have on the myocardium are unelucidated, 
BMPs have been shown to regulate skeletal muscle mass (Sartori et al., 2013) and 
thus present a tempting therapeutic target for cardiac hypertrophy and heart failure. 

2.3.6 Activin receptor type II in cardiovascular disease and aging 

Ligands of the ACVR2 have been implicated in numerous cardiovascular diseases 
and aging related muscle wasting disorders. Perhaps due to the structural 
similarities of the ligands, their on-site proteolytic activation, the lack of ligand 
specific inhibitors and the complexity of intracellular responses, the reports have 
been partly conflicting. For example, Loffredo et al. reported that circulating 
GDF11 decreases during aging and exogenous substitution was able to reverse age 
associated cardiac hypertrophy.(Loffredo et al., 2013) Furthermore, Oshima et al. 
have suggested activin A to be cardioprotective.(Oshima et al., 2009) However, 
more recent insights have provided evidence to the contrary.(Roh et al., 2019) 
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Indeed, the very notion that GDF11 decreases during aging has been attributed to 
faulty – non- specific assays, and actually the structurally similar GDF8 rather than 
GDF11 is decreased.(Harper et al., 2016; Schafer et al., 2016) Furthermore, 
knockout of GDF8 has been shown to improve cardiac function.(Morissette, 
Michael et al., 2009) Perhaps paradoxically, even as GDF11 and GDF8 expression 
are decreased during aging and cardiac stress, their external substitution is not 
beneficial but rather detrimental.(Harper et al., 2016; Harper et al., 2018)  

Recently Roh et al. investigated ACVR2 activity in the context of aging and 
frailty using follistatin-like ligand 3 (FSTL3), a counter-regulatory ligand induced 
by SMAD2/3 signaling, as a marker of ACVR2 activation.(Roh et al., 2019) They 
found, that although circulating levels of GDF8 and GDF11 were indeed declining 
during aging in humans, the activity of ACVR2 was increased. In their work, 
ACVR2 activity was also increased in mice subjected to LV pressure overload. 
They further demonstrated, that overexpression of activin A by adenoviral 
injections was enough to induce cardiac dysfunction, and non-specific inhibition of 
ACVR2 ligands had a cardiac function restoring effect. 

In summary, current evidence suggests that the activation of ACVR2 by its 
ligands is detrimental in the context of aging and cardiac disease. 
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3 Aims of the thesis 
Ever since its discovery, apelin had been considered as the only ligand of the apelin 
receptor. During late 2013, this exclusiveness was proven wrong: Two separate 
research groups simultaneously discovered a new ligand for the apelin receptor. 
(Chng et al., 2013; Pauli et al., 2014) It was first called elabela or toddler and has 
been since designated apela. This newly identified APJ ligand was demonstrated to 
have an important role in the development of the heart during embryonal stages. 
However, apela or its functional role in the adult organism was, at the time, 
unelucidated.  

Apelin has been suggested to have beneficial effects in numerous 
cardiovascular disease states, like heart failure and ischemia-reperfusion injury. 
Apelin also seems to antagonize some of the deleterious effects of Ang II and the 
peptide has been established as an exceptionally potent inotropic agent.(Szokodi, 
Istvan et al., 2002) Our group has demonstrated that apelin activates pro-survival 
kinase signaling in the adult rat heart. (Perjés, Á et al., 2014) These properties of 
apelin make it an attractive target for heart failure therapy. However, the function 
of apelin in a physiological setting is poorly understood.  

Expression of different ACVR2B ligands is upregulated after MI and ischemia-
reperfusion injury. (Chen, Yi et al., 2014; Oshima et al., 2009) Furthermore, the 
absence of the ACVR2B ligand myostatin improves cardiac function post MI.(Lim 
et al., 2018) Thus, while a role for ACVR2B ligands in MI and ischemia-
reperfusion injury are implied, their exact contribution in these disease states 
warrants further investigation.  

The specific aims of studies presented in this thesis are:  

1. To characterize the function of the novel APJ receptor ligand apela in the adult 
heart. 

2. To elucidate the role of apelin in physiological cardiac hypertrophy.  
3. To investigate the potential of ACVR2B inhibition in treatment of cardiac 

ischemia-reperfusion injury. 
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4 Materials and methods 

4.1 Materials 

Biomolecules used in the studies of this thesis are listed in Table 2. 

Table 2. List of biomolecules, antibodies and drugs used. 

Chemical Manufacturer Used in 

Biomolecule   

ACVR2B-Fc University of Helsinki III 

125 I-apelin-13 Phoenix Europe GmbH, Karlsruhe, GER I 

Apela-32 Phoenix Europe GmbH, Karlsruhe, GER I 

Apelin-13 Phoenix Europe GmbH, Karlsruhe, GER I,II 

Bisindolylmaleimide I (Bis) Merck Chemicals Ltd. Nottingham, UK I 

U0126 LC Laboratories, Woburn, MA, USA I 

Antibody   

Activin A Ansh Labs LLC, Webster, TX, USA III 

Activin B Ansh Labs LLC, Webster, TX, USA III 

Alexa fluor 568 anti-mouse  Invitrogen, Carlsbad, CA, USA II,III 

Biotin rat anti-mouse CD31 BD Biosciences I 

ERK1/2 Cell Signaling Technology Inc., Danvers, MA, USA I,III 

MHC-I Merck Millipore, Darmstadt, GER II 

Myostatin Abcam Plc, Cambridge, UK III 

p38 Cell Signaling Technology Inc., Danvers, MA, USA I,III 

p-ERK1/2 Cell Signaling Technology Inc., Danvers, MA, USA I,III 

p-JNK Cell Signaling Technology Inc., Danvers, MA, USA III 

p-p38 Cell Signaling Technology Inc., Danvers, MA, USA I,III 

p-SMAD2 Cell Signaling Technology Inc., Danvers, MA, USA III 

WGA Invitrogen, Carlsbad, CA, USA II,III 

Drug   

Buprenorphine Ceva Santé Animale, Libourne, FRA I,III 

Carprofen Zoetis Finland Inc., FIN I,III 

Isoflurane Baxter, IL,USA I,II,III 

4.2 Experimental animals 

Only male animals were used in the experiments to minimize variation due to 
gender differences. Adult Sprague-Dawley (SD) rats, C57BL/6J and Apelin 
knockout mice in a C57BL/6J background were utilized. All animal protocols were 
pre-approved by the Animal Use and Care Committee of the University of Oulu 
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and the National Animal Experiment Board. The animals were housed in the Center 
for Experimental Animals at the University of Oulu. 

4.3 Methods 

Table 3. List of methods used. 

Method Used in 

Animal and tissue models  

ACVRIIB-Fc treatment III 

Area at risk evaluation III 

Doxorubicin induced cardiomyopathy model III 

Echocardiography I,II,III 

Cardiac ischemia-reperfusion injury III 

Rat heart Langendorff perfusion I,III 

Experimental myocardial infarction model I,III 

Treadmill high intensity interval training II 

Cell models  

Bioenergetic profiling II,III 

Cardiomyocyte isolation and culture from adult rat/mouse I,II,III 

Cardiomyocyte isolation and culture from neonatal rat III 

Cell survival assay III 

Cardiomyocyte hypoxia model III 

Immunomagnetic cell separation I 

Luciferase reporter assay III 

Receptor binding assay I 

Satellite cell culture and isolation from adult mouse II 

Biochemical models  

Immunohistochemical analyses II,III 

Protein isolation I,II,III 

qPCR I,II,III 

RNA isolation I,II,III 

Western blot I,II,III 

4.3.1 Treadmill high intensity interval training 

Using a protocol modified from Kemi et al. (Kemi, Loennechen, Wisløff, & 
Ellingsen, 2002) we subjected mice to treadmill (Panlab treadmill, Harvard 
Apparatus, MA, USA) running high intensity interval training (HIIT) to induce 
physiological cardiac load. The mice were first allowed to accommodate to the 
treadmill and experiment related handling for one week. Individual estimates of 
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running speed where maximal oxygen uptake (VO2 max) is reached were 
performed for each mouse by forced treadmill running at a 25° incline. The speed 
test consisted of a 10-minute warmup of 7 cm/s running speed followed by a 
gradual increase in speed by 3 cm/s every 2 minutes. Maximal running speed was 
considered to be 3 cm/s lower than the speed at which the animal was removed due 
to exhaustion. The HIIT program consisted of 10 cycles of 6 minute bouts 
comprised of 2 minutes running at 50% of VO2 max speed followed by 3.5 minutes 
of running at 70% of VO2 max speed with 30 second acceleration/deceleration steps 
in between at a 25° incline. Control animals were subjected to 15 minutes running 
with gradually increasing speed from 7 to 15 cm/s on a level treadmill. The mice 
were trained 5 days a week for 4 weeks. Cardiac function was monitored before, 
during and after the training by transthoracic echocardiography using a Vevo 2100 
high-frequency, high-resolution ultrasound system with 40MHz linear transducer. 

4.3.2 Myocardial infarct model 

The surgical ligation of the left anterior descending coronary artery (LAD) model 
developed by Gao et al.(Gao et al., 2010) was used as a model of myocardial 
infarction. 8-week-old male C57BL/6J mice were anesthetized with 2% isoflurane 
inhalation and the pericardium was accessed via thoracotomy. Briefly, after 
separation of the pectoral major and minor muscle, a small cut was made in the 
fourth intercostal space and the heart was gently pressed out. The LAD coronary 
artery was then located and quickly ligated with a 6-0 silk suture 2-3 mm from the 
origin of the artery. After ligation, the heart was placed back, the air was manually 
evacuated to avoid pneumothorax, and the skin incision was closed by tightening a 
previously placed purse-string suture. Mice subjected to thoracotomy without LAD 
ligation were used as sham controls. Carprofen (5mg/kg) and buprenorphine (0.05-
0.1 mg/kg) were administered as peri- and postoperative analgesics and 5% glucose 
solution was administered by subcutaneous injection to prevent post-operative 
dehydration. For ischemia-reperfusion (IR) studies, the protocol described above 
was employed except for using a slipknot suture to ligate the LAD coronary artery 
for 30 minutes. After re-anesthesia, the slipknot was then released to allow 
reperfusion for 6 or 24 hours. Cardiac function was monitored afterward by 
transthoracic echocardiography using a Vevo 2100 high-frequency, high-resolution 
ultrasound system with a 40MHz linear transducer.  
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Infarct size measurements 

To determine area at risk (AR) for the mice subjected to IR, the mice were re-
anaesthetized 24h after IR. The slipknot ligature was retied, and 2% Evans blue dye 
was injected into the aorta and allowed to perfuse into the cardiac tissue via the 
unblocked coronary arteries. The hearts were then quickly removed and snap frozen 
on dry ice. The hearts were then cut into 5 transversal sections and incubated in 1% 
triphenyltetrazolium chloride (TTC) in PBS for 20 minutes at 37ºC, followed by 
fixation in phosphate-buffered 10% formalin (pH 7.0) for 20 minutes. The sections 
were then rinsed in PBS and photographed. The area not at risk (ANAR; area 
stained with Evans blue), AR (TTC staining-positive red area, non-infarcted area) 
and infarcted area (TTC staining-negative white area) were then measured and 
quantified by using Nikon NIS-Elements BR 2.3 software.  

4.3.3 Isolated rat heart preparation 

7-week old male Sprague-Dawley rats were used for ex-vivo heart experiments. 
The rats were decapitated, and the heart was quickly transferred to retrograde 
Langendorff -perfusion as described earlier (Perjes et al., 2014). The hearts were 
perfused with a modified Krebs-Henseleit bicarbonate buffer, pH 7.40, equilibrated 
with a mixture of 95 % O2 and 5 % CO2 at 37 ºC. Hearts were perfused at a constant 
flow rate of 5.5 mL/min with a peristaltic pump (Minipuls 3, model 312, Gilson, 
Villiers, France). The heart rate was maintained constant (302 ± 0.9 beats per 
minute) by atrial pacing using a Grass stimulator (model S88, Grass Instruments, 
West Warwick, RI, USA) (11 V, 0.5 ms). Contractile force (apicobasal displacement) 
was obtained by connecting a force displacement transducer (FT03, Grass 
Instruments, West Warwick, RI, USA) to the apex of the heart at an initial preload 
stretch of 20 mN. Perfusion pressure reflecting coronary vascular resistance was 
measured by a pressure transducer (model BP-100, iWorx Systems, Inc., Dover, 
NH, USA) situated on a side arm of the aortic cannula. Data were recorded using 
an IX-228 Data Acquisition System and Lab- Scribe recording and analysis 
software (iWorx Systems, Inc., Dover, NH, USA). The experiments started with an 
equilibration period (40 ± 1 min) and a 5-min control period. 
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4.3.4 Adult cardiomyocyte isolation 

Adult mouse and rat ventricular cardiomyocytes (AMVMs and ARVMs 
respectively) were cultured as described previously. (Martini et al., 2008) 8-12-
week-old C57BL/6J mice and SD rats were used. The cells were isolated by Ca2+-
low antegrade perfusion, and the hearts were enzymatically digested in Tyrode’s 
solution containing collagenase type II and 2,3-butanedione monoxime (BDM). 
Briefly, mice were anesthetized with isoflurane (4%) and rats were euthanized with 
CO2 followed by decapitation. The hearts were then quickly exposed and/or 
removed, and the aorta was cannulated above the aortic valve for retrograde 
perfusion at a flow rate of 3 ml/min for 8 min for mouse heart or 10 ml/min for 18 
min for rat heart. After perfusion, atrial appendices, atria and fibrous tissue were 
cut off and ventricles were cut into small pieces with scissors and collected in a 
tube. Tissue fragments were gently mechanically dispersed, and after digestion the 
filtered cell suspension was centrifuged at 20 × g. The subsequent pellet was 
resuspended in modified Tyrode’s solution and Ca2+ was gradually reintroduced 
equal to that in the cultivating medium (Mice: αMEM supplemented with Hank’s 
salt containing 5% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, 
USA), insulin-transferrin-selenium, 10 mM BDM, 2 mM L-glutamine and 
penicillin-streptomycin. Rats: αMEM supplemented with Earle’s salt supplemented 
with 5% fetal bovine serum, 10 mM HEPES, insulin-transferrin-selenium, 10 mM 
BDM, 2 mM L-glutamine and penicillin-streptomycin.). Cells were plated on 
laminin-coated wells (10 µg/ml) at a density of 1–1.5×104 cardiomyocytes/cm2 and 
incubated in a humidified atmosphere at 37°C containing 2% CO2 for mouse and 
5% CO2 for rat cells.  

4.3.5 Adult mouse muscle satellite cell isolation 

Skeletal muscle satellite cells were isolated using the protocol by Danoviz et al. 
(Danoviz & Yablonka-Reuveni, 2012) with minor modifications. Notably, we used 
1% collagenase type II instead of 1% pronase and used 1 ml plastic Pasteur pipettes 
instead of widened-bore glass Pasteur pipettes. Briefly, the mice were anesthetized 
with 4% isoflurane and sacrificed by cervical dislocation. Tibialis anterior and 
gastrocnemius muscles were then dissected from both hind legs and placed on 60 
mm petri dishes with 5 ml prewarmed serum free medium DMEM (D6546. Sigma 
Aldrich, Saint Louis, MI, USA) supplemented with 2mM L-glutamine and 
penicillin-streptomycin. The muscles were then individually cleaned of non-muscle 
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tissues and transferred onto fresh dishes with medium to be cut into 3 mm pieces. 
The muscle pieces were then enzymatically digested in collagenase type II (0.1%) 
containing serum free medium for 60-90 minutes at 37°C with 5% CO2. After 
digestion the samples were centrifuged at 400 x g for 5 minutes and the digestion 
medium was discarded. The fragments were resuspended in 10% horse serum 
containing medium (washing medium) and triturated with a 1 ml plastic pipette 10 
times. The fragments were allowed to settle and the satellite cell containing 
supernatant was collected. The remaining fragments were resuspended with a 
further 5 ml of washing medium for another round of trituration and supernatant 
collection. The resulting supernatants were then passed through a 40 µm cell 
strainer to finish isolation. After isolation the satellite cells were plated onto 
Matrigel coated (1:10 Matrigel in DMEM) cell culture dishes. The cells were then 
cultured in high-glucose DMEM (D6546. Sigma Aldrich, Saint Louis, MO, USA) 
supplemented with 2 mM L-glutamine (Sigma Aldrich, Saint Louis, MO, USA), 
penicillin-streptomycin, 20% horse serum (Thermo Fisher Scientific, Waltham, 
MA, USA), 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, 
USA) and 1% chicken embryo extract (US Biological, Salem, MA, USA) and 
incubated in a humidified atmosphere at 37°C containing 5% CO2. The culture 
medium was replenished every two days by removal and replacement of half the 
used volume. After 7 days, the cultures reached confluency and spontaneous 
fusions into contracting myotubes were detected. The medium was then changed 
to high-glucose DMEM supplemented with 2 mM L-glutamine, penicillin-
streptomycin and 2% horse serum to induce further differentiation into primary 
myotubes. 2 days after medium change, the cells were fully differentiated into 
myotubes and were used for experiments. 

4.3.6 Binding assay 

Receptor binding experiments were performed on primary adult rat cardiomyocytes 
cultured on laminin coated 24-well plates at 1.6 x104 cells per well. The isolation 
protocol is described briefly above. Three technical repeats of the binding reactions 
were performed in room temperature buffer composed of phosphate buffered saline 
(PBS) supplemented with 0.1% bovine serum albumin (BSA) and 10 mM BDM to 
prevent contractions. The reactions were incubated for 90 minutes and washed 
three times before dissolving the contents of each well in 250 µl of 1 M NaOH. A 
sample of 100 µl of the lysate was then removed for gamma-counting. 
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Iodine-125 labeled apelin-13 (Phoenix Europe GmbH) was used in the binding 
reactions. The Kd for the labeled ligand was first determined using increasing 
concentrations of the ligand from 60 to 600pM. Non-specific binding for the same 
concentrations was then determined in the presence of 1 µM unlabeled apelin-13. 
Competitive binding of apelin-13 and apela-32 was then studied with increasing 
concentrations of apela-32 from 10 pM to 1 µM in the presence of a constant 
concentration of 500 pM I125-labeled apelin-13. 

After washes and lysis, the remaining radioactivity of the samples was 
measured using a LKB Wallac 1260 multigamma II gammacounter (LKB 
instruments) and the results were further analyzed in GraphPad Prism software 
(GraphPad Software Inc.) using pre-existing models of competitive enzyme 
kinetics. 

4.3.7 Bioenergetic profiling 

Mouse primary skeletal myotubes bioenergetics measurements 

Adult mouse muscle satellite cells were isolated as described above and seeded at 
1200 cells per well onto Matrigel coated Seahorse microplates. 80% confluency 
was reached in 7 days and optimal differentiation was achieved 2 days later. The 
cells were then treated with 1 µM apelin for 24 hours or left untreated for studies 
of acute apelin injection. Seahorse assay medium was supplemented with 2 mM L-
glutamine, 25 mM glucose and 1 mM sodium pyruvate and the pH level was 
adjusted to 7.4 with 0.1 mM NaOH. The optimal FCCP-concentration was 
determined as per the manufacturer’s protocol and was found to be 0.25 µM. 
Experiments were then carried out using an Agilent Seahorse XFp cell mito stress 
test kit and the provided protocol using 1 uM oligomycin, 0.25 µM FCCP and 0.5 
uM rotenone + antimycin A. The results were analyzed using Agilent Wave and 
GraphPad Prism 7. An example for how the parameters were calculated is given in 
figure 9. 

Mouse primary cardiomyocytes bioenergetics measurements 

Primary AMVM were isolated as described above and seeded onto laminin coated 
8-well Seahorse microplates at a density of 1500 cells/well in plating medium. 
After a 2-hour pre-plating, the cells were washed with plating medium and then 
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incubated 4h in either normoxia conditions or hypoxia (0.1% O2) in αMEM 
medium supplemented with insulin-transferrin-selenium supplement (Thermo 
Fisher Scientific), 10 mM BDM and 2 mM L-glutamine. Seahorse assay medium 
(Agilent) was supplemented with 10 mM BDM, 2 mM L-glutamine, 10 mM 
glucose and 1 mM sodium pyruvate, pH adjusted to 7.4 with 0.1 mM NaOH. The 
optimal FCCP-concentration was determined as per the manufacturer’s protocol 
and was found to be 1.5 µM. The experiments were then carried out as per the 
Agilent Seahorse XFp cell mito stress test protocol using 1 μM oligomycin, 1.5 μM 
FCCP and 0.5 μM rotenone + antimycin A. Homogeneity of cell seeding density 
among wells was verified by light microscopy prior to the assay. The test protocol 
was modified to perform 2 min measurements instead of the standard 3 min in order 
to avoid consuming the media oxygen reserve and possible restriction of cell 
oxidative metabolism. The results were analyzed using Agilent Wave and Graphpad 
Prism 7. An example for how the parameters were calculated is given in figure 9. 

Fig. 9. Calculating the parameters from seahorse analysis. OCR, oxygen consumption 
rate. ECAR, extracellular acidification rate. Arrows indicate the time of injection for the 
assay reagents. 

4.3.8 Statistical analysis 

SPSS statistics 20 (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 
(GraphPad Software Inc. San Diego, CA, USA) software were used for statistical 
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analyses. Normality of the distributions of data were verified by Shapiro-Wilk test. 
Multiple comparisons were analyzed for parametric data using one- or two-way 
ANOVA where appropriate, followed by Tukey’s post hoc test, and for 
nonparametric data, Kruskal-Wallis test followed by Dunn’s post hoc test was 
employed. Student’s t -test and Mann-Whitney U test were employed for single 
comparisons of parametric and non-parametric data respectively. A P-value of 
<0.05 was considered as statistically significant. 
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5 Results and discussion 

5.1 Apela in the adult organism 

5.1.1 Apela is mainly expressed in the non-cardiomyocyte fraction of 
the heart 

As the discovery and preliminary characterization of apela was made in embryonic 
stages, it was as yet unknown whether apela was expressed or had any significant 
function in the adult organism.(Chng et al., 2013; Pauli et al., 2014) Analysis of 
heart samples from embryonic (11.5 days embryonic age), adolescent (4-week old) 
and adult (8-week old) mice revealed that, while in significantly lower quantities 
compared to embryonic hearts, apela mRNA was indeed being expressed in the 
adolescent and adult hearts. (I Fig.1B) Samples from the adult mice were further 
fractioned into cardiomyocyte and non-cardiomyocyte fractions and the analysis 
revealed that apela mRNA was mainly expressed in the non-cardiomyocyte (mainly 
fibroblasts and endothelial cells) fraction. (Fig. 10) 

At the time of publication, this was the first in field demonstration of the apela 
peptide being present in the adult heart. Since then, the peptide has further been 
characterized and found in kidney, prostate and pluripotent stem cells in the adult 
organism. (Shin et al., 2017) 

Fig. 10. Relative expression levels of APJ (Aplnr), apelin and apela in the adult mouse 
heart normalized to 18s. A) Cells separated into cardiomyocyte (CM) and non-
cardiomyocyte (Non-CM) fractions. B) The Non-CM fraction further separated into 
endothelial- and fibroblast fractions. Values are mean ± SEM relative to CM and 
endothelial fraction values in A and B respectively. n= 4-5, *p<0.05; **p<0.01; ***p<0.001 
vs CM fraction in A and endothelial fraction in B. 
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5.1.2 Apela binds competitively to the apelin receptors of adult 
cardiomyocytes 

Next, we proceeded to demonstrate that apela would competitively bind to the 
apelin receptors of adult cardiomyocytes. A receptor ligand binding assay was 
performed using isolated adult rat ventricular myocytes in the presence of a 
constant 500 pM concentration of radiolabeled apelin-13. A gradient of 10 pM to 1 
µM unlabeled apela was determined to dose-dependently displace the bound 
labeled apelin in a competitive manner. The Ki for apela was determined to be 38.2 
nM. (Fig. 11) 

While apela binding to the APJ was strongly suggested by two publications 
that announced its discovery, this was the first direct demonstration of apela 
competing with apelin for APJ binding. Compared to the reported binding affinities 
of apelin to APJ, the half maximal binding concentration of apela was found to be 
3-7 times higher.(El Messari et al., 2004; Kawamata et al., 2001) 

Fig. 11.  Displacement of 125I-labeled Apelin from cultured adult rat cardiomyocytes by 
increasing concentrations of apela. Values are mean ± SEM percentage of maximal 
specific apelin binding (500pM, n=3). Ki for apela was calculated assuming one-site 
binding using non-linear fit model. 

5.1.3 Apela functions as an inotropic agent and potent coronary 
vasodilator 

Using isolated adult rat hearts, the effects of apela on cardiac function and coronary 
arteries were then studied with Langendorff perfusion. Similar to apelin, apela was 
able to significantly increase developing tension and decrease perfusion pressure at 
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nanomolar concentrations, indicating that, like apelin, apela too is a potent inotrope 
and coronary vasodilator. (Fig. 12) 

Fig. 12. Dose-dependent positive inotropic and vasodilator effects of apelin and apela 
in adult rat hearts ex vivo. Langendorff perfused hearts were treated with vehicle and 
varying concentrations of apela and apelin. Effects of the treatments on developing 
tension (A) and perfusion pressure (B) are presented. Values are mean ± SEM 
normalized to baseline values of each individual preparation. n=4-6, **p<0.01; ***p<0.001 
vs vehicle. 

5.1.4 Apela treatment triggers ERK1/2 signaling 

As earlier studies had identified ERK1/2 as the mediator of apelinergic inotropic 
and vasodilatory responses (Perjés, A. et al., 2014), it was probable that the same 
signaling cascade would be involved in the response provoked by apela. Indeed, 
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apela increased ERK1/2 phosphorylation. The inotropic and vasodilatory effect 
along with ERK1/2 phosphorylation by apela were partially abolished by inhibition 
of MEK1/2, an upstream regulator of ERK1/2. (Fig. 13) 

The potency of apela as an inotropic agent was here demonstrated as being on 
par with not only apelin (Perjés, A. et al., 2014; Szokodi, Istvan et al., 2002) but 
also other inotropic agents such as endothelin-1(Kinnunen, Szokodi, Nicholls, & 
Ruskoaho, 2000; Szokodi, István et al., 2008) and adrenomedullin (Kinnunen et al., 
2000; Szokodi, I. et al., 1998). In our setting, the inhibition of ERK1/2 only 
partially abolished the inotropic response brought by apela, thus indicating the 
involvement of parallel inotropic signaling pathways. While apelin is known to 
influence cardiac contractility through the PKC pathway in addition to the 
MEK1/2-ERK1/2 pathway, this does not seem to be the case for apela, as the 
inotropic effect was not attenuated by PKC inhibition by bisindolylmalemide I 
(data not shown). At present the parallel contractility regulating pathways for apela 
have not yet been discovered.  

5.1.5 Apela expression is induced post-infarction during remodeling 

To further study the significance of apela in the adult organism, cardiac samples 
from mice subjected to myocardial infarction were collected 4 weeks post MI. The 
expressions of apela, apelin and APJ mRNAs were then studied. MI increased the 
expression of apela and APJ but not apelin. Furthermore, the higher expression 
levels of both apela and APJ correlated significantly with better preserved left 
ventricular ejection fraction, while the correlation between EF% and apelin 
expression was nonexistent. (Fig. 14) 

Previous reports indicate that the expression of apelin is decreased in heart 
failure. (Chong, Gardner, Morton, Ashley, & McDonagh, 2006; Iwanaga, Kihara, 
Takenaka, & Kita, 2006) Thus, our findings suggest that the increased apela 
expression in the MI hearts may function, at least partly, to compensate for this 
deficiency and to rescue cardiac contractility. 
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Fig. 13. Apela induces cardiac contractility via activation of ERK. Adult rat hearts were 
perfused with either vehicle or apela (3 nM) in the presence and absence of the ERK 
inhibitor U0126 (1.5 µM). A) Shown is quantification of ERK phosphorylation in western 
blot analysis. B) Developing tension and C) perfusion pressure from the treated hearts. 
Values are mean ± SEM normalized to vehicle in A and baseline values of each individual 
preparation in B and C. n=5, *p<0.05; vs vehicle, #p<0.05; ###p<0.001 vs apela treated 
hearts. 
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Fig. 14. Apela, apelin (apln) and APJ (aplnr) expression in the infarcted myocardium 4 
weeks post-MI. A) Ejection fraction and myocardial apela expression relative to 18s in 
sham and MI operated mice. Values are mean ± SEM normalized to baseline values of 
each individual preparation. n=7-11, *p<0.05; ***p<0.001 vs sham. B) Left ventricular 
ejection fraction plotted against myocardial apela, apelin and apelin receptor 
expression of each individual mouse.  

5.2 Apelin regulates physiological stress response 

5.2.1 Apelin deficient hearts fail to adapt to physiological stress 

Previously Foussal et al. demonstrated that apelin attenuates ROS induced 
cardiomyocyte hypertrophy by activation of ROS-salvaging catalase in vitro. 
(Foussal et al., 2010) Logically, it would follow that knock-out of apelin would 
then exacerbate cardiac hypertrophy in a pathological setting. Interestingly, Kuba 
et al. demonstrated that knock-out of apelin did not exacerbate the pressure 
overload induced cardiac hypertrophic response (the apelin KO mice and wild type 
mice had equally severe cardiac hypertrophy) but rather LV contractile function 
was compromised. (Kuba et al., 2007) However, it was not clear if apelin would 
modulate cardiac growth in the setting of the fundamentally different physiological 
cardiac hypertrophy. (McMullen & Jennings, 2007)  
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Treadmill HIIT was used to induce physiological cardiovascular stress and thus 
physiological cardiac hypertrophy. Transthoracic echocardiography confirmed that 
the 4-week training period was sufficient to induce mild physiological hypertrophy 
and improvement of left ventricular function in the wild type mice, but the apelin 
knockouts showed no significant functional or structural changes compared to their 
sedentary counterparts. (Table 4.) 

Fig. 15. Analysis of cardiomyocyte (CM) cross sectional area (CSA) and fitted 
cumulative frequency distribution of CSA of the cardiomyocytes. Marked is the 50% line. 
N=200-250 cells per group. Data are presented as mean ± SD. WT no run n=7, apelin KO 
no run n=8, WT run n=9, apelin KO run n=8. *** p<0.001 vs. WT no run. 

The absence of a hypertrophic response was reaffirmed by microscopy studies 
of wheat germ agglutinin (WGA) stained transverse heart sections, where no cell-
level hypertrophy was seen in apelin knockout mice and a significant increase in 
cardiomyocyte cross-sectional area was detected in the wild type mice in response 
to HIIT. (Fig. 15) Of note, the cardiomyocyte cross sectional area of the sedentary 
apelin KO mice was significantly larger compared to sedentary WT mice. This may 
be due to apelin deficiency facilitating hypertrophy promoting Ang II signaling by 
decreased ACE2 activity. (Sato et al., 2013) Exercise has been shown to counteract 
Ang II signaling by reducing ACE1 activation and inducing ACE2 activation. 
(Agarwal, Welsch, Keller, & Francis, 2011) However, in our setting the increased 
exercise did not result in smaller cardiomyocyte CSA in the knockouts, thus 
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suggesting that either apelin is needed for exercise to counteract AngII signaling, 
or the baseline cellular hypertrophy is caused by some other mechanism. 

Our results thus suggest that apelin is essential for the heart in adapting to 
physiological stress.  

Table 4. Echocardiography data of wild type and apelin knockout (KO) mice subjected 
to high intensity interval training by treadmill running for four weeks. At the end of the 
study, mice were subjected to analysis of left ventricular structure and function by 
echocardiography.  

Wild type control Apelin KO control Wild type Run Apelin KO Run 

(n=7) (n=8) (n=9) (n=8) 

LVID;d 4,06 ± 0,12 4,10 ± 0,13 4,20 ± 0,25 4,10 ± 0,22 

LVID;s 2,84 ± 0,22 2,89 ± 0,18 2,89 ± 0,38 2,85 ± 0,24 

LVPW;d 0,71 ± 0,06 0,73 ± 0,07 0,73 ± 0,06 0,70 ± 0,03 

LVPW;s 1,09 ± 0,06 1,12 ± 0,09 1,12 ± 0,14 1,10 ± 0,09 

RWT 0,35 ± 0,03 0,36 ± 0,04 0,35 ± 0,05 0,34 ± 0,03 

              

EF% 57,56 ± 6,02 56,80 ± 3,95 59,26 ± 7,61 58,25 ± 4,82 

FS% 30,03 ± 3,90 29,46 ± 2,60 31,39 ± 5,24 30,47 ± 3,20 

SV 43,61 ± 5,08 44,12 ± 1,95 49,20 ± 2,17 * 45,61 ± 6,03 

HR 461,11 ± 26,27 482,67 ± 40,13 477,91 ± 57,08 464,59 ± 38,51 

CO 20,10 ± 2,43 21,30 ± 2,14 23,93 ± 3,12 21,27 ± 3,85 

              

E/E' -36,01 ± 4,08 -36,67 ± 5,64 -41,08 ± 13,67 -36,09 ± 5,77 

IVRT 12,14 ± 1,03 11,65 ± 1,30 11,51 ± 1,85 12,34 ± 1,72 

              

LV mass/BW 2,88 ± 0,32 3,22 ± 0,21 3,41 ± 0,20 * 3,25 ± 0,27 

LV mass 81,65 ± 8,82 88,30 ± 7,79 94,70 ± 5,44 ** 85,83 ± 8,01 

BW 28,42 ± 1,97 27,39 ± 0,94 27,82 ± 0,66 26,40 ± 1,34 

LVID;d, left ventricular internal diameter during diastole (mm). LVID;s, LV 
internal diameter during systole (mm). LVPW;d, LV posterior wall thickness during 
diastole (mm). LVPW;s, LV posterior wall thickness during systole (mm). RWT, 
relative wall thickness. EF%, LV ejection fraction. FS%, LV fractional shortening. 
SV; stroke volume (µl) HR, heart rate. CO, cardiac output (ml/min). E/E’, ratio of 
early mitral inflow velocity and mitral annular early diastolic velocity. IVRT, 
isovolumic relaxation time (ms). LV mass/BW, LV mass to body weight (BW) ratio 
(mg/g). Data are presented as mean ± SD. *p<0.05, ** p<0.01. Statistics calculated 
with two-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. 
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5.2.2 Apelin deficient muscles respond to stress abnormally 

Prolonged exercise is known to cause muscle damage via oxidative stress and ATP 
depletion. (Conley, 2016; Tee, Bosch, & Lambert, 2007) Apelin has been known to 
be released by the muscles during contraction. (Vinel et al., 2018) Furthermore, 
Vinel et al. demonstrated that apelin orchestrates skeletal muscle regeneration by 
activation of muscle satellite cells as well as oxidative damage preventive processes 
in the muscles. (Vinel et al., 2018) They also discovered a strong correlation with 
diminished plasma apelin levels and age-related muscle weakness (sarcopenia). 
Sarcopenia is characterized by myofiber type switching from fast, type II myosin 
heavy chain (MHC) containing myocytes to slow, type I MHC containing myocytes. 
(Demontis, Piccirillo, Goldberg, & Perrimon, 2013) 

We prepared quadriceps femori muscles of the animals onto microscopy slides 
and immunohistochemically double stained with WGA and MHC-I antibodies. 
Analysis of the samples via fluorescence confocal microscopy revealed the average 
myofiber CSA to be smaller in the trained apelin KO animals compared to both 
control groups and the trained WT mice. (Fig. 16) Quantification of myofiber type 
in the muscles revealed that the culprit for reduced CSA could indeed be the shift 
in myofiber type from bigger MHC-II containing type 2 muscle fibers to smaller 
MHC-I containing type 1 fibers in the knockouts. (Fig 17A) This change in 
myofiber composition was accompanied by increased expression of βMHC mRNA. 
(Fig.17B) No changes in myofiber type composition or cellular level hypertrophy 
were detected in the WT mice. 

Mature myocytes are able to alter their MHC composition from fast to slow 
and vice versa in response to changes in usage. (Schiaffino & Reggiani, 2011) For 
instance, denervated and thus inactive muscle generally undergoes type switching 
to contain more MHC-I type fibers. (Esser, Gunning, & Hardeman, 1993) 
Furthermore, when muscle damage is repaired by activation of satellite cells, the 
formed myotube initially contains MHC-I as the contractile protein.(Lambert, 
Collins, & Grobler, 2004) In our experimental setting, the lack of apelin in 
physiologically stressed animals led to an increased proportion of MHC-I muscle 
fibers in the quadriceps femori muscles. However, due to methodological 
limitations, we were unable to determine whether this was due to mature myocytes 
switching their type or the muscle regenerative process halting at the initial MHC-
I stage. 
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Fig. 16. Analysis of skeletal muscle cell cross sectional area (CSA) and fitted cumulative 
frequency distribution of CSA in skeletal muscles of sedentary (no run) and trained (run) 
mice. Marked is the 50% line. N=300-450 cells per group. Data are presented as mean ± 
SD. WT no run n=7, apelin KO no run n=8, WT run n=9, apelin KO run n=8. §§ p<0.01 vs 
WT run; # p<0.05 vs KO no run. 

5.2.3 Apelin modulates oxidative metabolism in vitro 

The effects of apelin on skeletal muscle energy metabolism were studied in vitro in 
primary myotube cultures differentiated from skeletal muscle satellite cells. Live 
cell mitochondrial respiration measurements were performed in a Seahorse XFp 
instrument after treating the cells with apelin for 24 hours. 

Apelin treatment significantly increased ATP-production rate, mitochondrial 
coupling efficiency and glycolytic reserve while decreasing proton leak. (Fig. 18) 
In contrast, these changes were not seen in cells treated acutely with apelin, 
suggesting that translational level changes in the cells function were required. In 
summary, these changes appear to optimize the use of energy substrates and oxygen 
into production of ATP by the ATP synthase. 
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Fig. 17. Skeletal muscle fiber type distribution in trained and sedentary mice. A) 
Representative composite epifluorescence microscopy images of the wheat germ 
agglutinin (WGA) – myosin heavy chain type I (MHC-I) double-staining (WGA is shown 
in green and MHC-I in red) and proportion of MHC-I –fibers in skeletal muscles. Scale 
bars are 100 µm. B) Skeletal muscle beta myosin heavy chain (βMHC) mRNA 
expressions normalized vs. 18s. WT no run n=7, apelin KO no run n=8, WT run n=9, 
apelin KO run n=8. Data are presented as mean ± SD. § p<0.05, §§ p<0.01 vs WT run; 
### p<0.001 vs KO no run. 
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Fig. 18. Pooled oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR) curves from primary myotubes treated with vehicle (control) or apelin for 24 
hours (Apelin 24h). Injection times of oligomycin, carbonyl cyanide-4-phenylhydrazone 
(FCCP) and Rotenone + antimycin A are marked with a dashed line. Data are presented 
as mean ± SD. Control n=7, apelin 24h n=6. *p<0.05, ** p<0.01 vs control. 
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5.2.4 Apelin modulates the expression of cell energy related genes 

Peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α) and 
its splice variants are known master regulators of cellular energy metabolism and 
are associated with regulation of skeletal muscle growth and differentiation. 
(Martínez-Redondo, Pettersson, & Ruas, 2015) 24h apelin treatment induced the 
expression of the PGC-1α4 isoform nearly 2-fold in primary mouse myotubes, and 
in mouse primary cardiomyocytes the apelin treatment induced the expression of 
all 4 splice variants (1α1, 1α2, 1α3 and 1α4) nearly 2-fold. In both cell types the 
treatment also induced the expressions of PGC-1α downstream targets, ERRα and 
CytC mRNAs. (II Fig. 4) 

Previous findings by Ruas et al. (Ruas et al., 2012) indicated that induction of 
PGC-1α4 increases fast oxidative MHC-IIa/IIx fiber mRNA expression and 
reduces the expression of fast glycolytic MHC-IIb, while simultaneously 
depressing myostatin expression and resulting in robust skeletal muscle 
hypertrophy and increased oxygen consumption. In our experiments we identified 
that, in vitro, apelin induces PGC-1α4 and its known downstream targets and 
increases mitochondrial ATP production, fitting the anabolic profile of PGC-1α4. 
Interestingly, despite lacking apelin, PGC-1α4 mRNA expression was increased 
due to exercise in the muscles of the apelin KO mice. (II Fig.5) However, this 
induction of PGC-1α4 was not accompanied by hypertrophy, and instead the 
muscles of the apelin deficient mice produced a muscle phenotype rich in the 
smaller MHC-I type muscle fibers. Thus, this apparent induction of PGC-1α4 in 
vivo may stem from MHC-I muscle fibers expressing PGC-1α at a higher level 
compared to MHC-II containing fibers. (Lin et al., 2002) 

5.3 Activin 2B receptor ligands contribute to ischemia reperfusion 
injury 

5.3.1 ACVR2B ligand capture reduces ischemic injury 

To study the role of ACVR2B in ischemia-reperfusion (IR) injury, mice were 
treated with a soluble ACVR2B decoy receptor (ACVR2B -Fc) 24h before 
subjecting them to surgical ligation of the LAD for 30 minutes followed by 
reperfusion for 6 or 24h. Previous experimental results have indicated that 
expression of myostatin, a ligand of ACVR2B, is increased immediately after 
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myocardial infarction and that genetic deletion of myostatin conveys 
cardioprotection in IR. (Castillero et al., 2015; Lim et al., 2018)  

ACVR2B-Fc has been shown to bind the endogenous ligands of the ACVR2B, 
including myostatin, with high affinity, and should thus present with similar 
cardioprotective qualities as genetic deletion of myostatin. (Sako et al., 2010) 
Indeed, as analyzed by TTC staining, the pre-treatment with ACVR2B-Fc reduced 
the area of infarcted LV tissue. (Fig. 19A) Furthermore, the pre-treatment resulted 
in better cardiac function post IR as evidenced by better preserved ejection fraction 
(EF%). (Fig. 19B) At the same time, the hearts of the pre-treated mice showed signs 
of macroscopic and cellular level LV hypertrophy. (Fig. 19C) 

Fig. 19. Effects of ACVR2B-Fc treatment on ischemia reperfusion injury. A) Shown are 
representative triphenyltetrazolium (TTC) stainings and infarct area measurements. B) 
Ejection fraction as determined by echocardiography post IR. C) Analysis of 
cardiomyocyte cross sectional area and representative Masson trichrome stained heart 
cross-sections. Sham values are shown as a dotted line. Scale bar, 50 μm. n = 10, 9, 8. 
Data are presented as mean ± SD. *p<0.05, **p<0.01. 
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5.3.2 ACVR2B ligands act via SMAD2, apoptotic and autophagy 
pathways 

TUNEL staining 6h after reperfusion revealed ACVR2B -ligand capture to reduce 
LV apoptosis. (Fig. 20A) Congruently, the expression of the pro-apoptotic Bcl-2 
family member pro-apoptotic protein Bim was reduced in mice treated with 
ACVR2B-Fc. (Fig. 20B) Analysis of the involved signaling pathways concluded 
that IR-induced canonical SMAD2 phosphorylation was reduced in the infarct and 
peri-infarct zones of ACVR2B-Fc treated mice and the activation of non-canonical 
ERK1/2, p38 and PI3K-Akt pathways was unaffected by the treatment. (Fig. 20C)  

Inflammatory cytokines are known to exacerbate myocardial injury in IR. 
(Frangogiannis, 2014) Activin A, a ligand of ACVR2B, is involved in regulation of 
inflammatory processes. (de Kretser, O’Hehir, Hardy, & Hedger, 2012) Thus, the 
post IR infiltration of neutrophils into the affected tissue was studied. However, 
treatment with ACVR2B-Fc did not affect neutrophil infiltration, chemokine 
expression or pro-inflammatory cytokine expression post IR. (III Fig. S3) 

Fig. 20.  Mice were treated with vehicle or ACVR2B-Fc 24h before surgical LAD ligation 
and at reperfusion. A) Decreased apoptosis in hearts of both ACVR2B-Fc treated groups. 
B) Decreased pro-apoptotic Bim in hearts of both ACVR2B-Fc treated groups. C) 
ACVR2B-Fc treatment inhibited canonical SMAD2 phosphorylation in the infarct and 
peri-infarct zones as well as inhibitednon-canonical JNK phosphorylation in the peri-
infarct zone. n = 7,8,8. Data are presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001. 

5.3.3 ACVR2B ligand capture is protective in hypoxia in vitro 

Cultured cardiomyocytes were subjected to hypoxia after treatment with ACVR2B-
Fc. As expected, the treatment was able to alleviate hypoxia-induced cell death. 
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(Fig. 21A) To further decipher which of the ACVR2B ligands was responsible for 
exacerbating ischemic cardiomyocyte death, the cells were treated with myostatin, 
activin A, activin B and GDF11 before subjecting the cells to hypoxia. Of these 
treatments, only myostatin was detrimental for cell survival. (Fig. 21B) 

To study the canonical signaling pathways of ACVR2B during hypoxia, 
neonatal rat ventricular myocytes were transfected with CAGA-luc SMAD2/3 
reporter and BRE-luc SMAD1/5/8 reporter luciferase constructs. Both hypoxia and 
the tested ACVR2B ligands (myostatin, activin A, activin B and GDF11) induced 
SMAD2/3 dependent promoter activity, while SMAD1/5/8 signaling was 
unaffected. Furthermore, treatment of the cells with ACVR2B-Fc pre-hypoxia was 
able to markedly reduce hypoxia-induced SMAD2/3-dependent promoter activity. 
(Fig. 21C-D) 

Based on these results one may hypothesize that myostatin induced SMAD2 
signaling is the culprit in the detrimental activation of ACVR2B signaling during 
ischemia. Our findings support the previous suggestion of myostatin preferentially 
acting through ACVR2B to induce SMAD2 signaling. (Dogra et al., 2017) 

Previously blockade of myostatin has been studied mainly in treatment of 
muscle-wasting conditions. However, as myostatin and other ACVR2 ligands share 
a high degree of similarity in their receptor binding sites, developing ligand specific 
methods of blockade has proved challenging. Recently, Pirruccello-Straub et al. 
developed a novel human monoclonal antibody targeting the pro-domain of 
myostatin. (Pirruccello-Straub et al., 2018) The pro-domains of the TGF-β ligands 
are less conserved among the different ligands and thus, in theory, the antibody 
works to specifically inhibit myostatin maturation. For now, it remains to be seen 
whether this approach of myostatin blockade will offer benefits in treatment of IR 
injury. 

5.3.4 ACVR2B-Fc induces ischemic preconditioning in vitro 

Next, the effects of ACVR2B-Fc treatment on cardiomyocyte metabolism were 
studied. The treatment induced the expression of PGC-1α1 and PGC-1α4 mRNAs, 
which are known master regulators of mitochondrial energy production. 
Furthermore, the ACVR2B-Fc treatment increased expression of the glycolytic 
phosphofructokinase enzyme (Pfkm) and the insulin-regulated glucose uptake 
transporter (Glut4), suggesting increased glycolysis. (Fig. 22A) 
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Fig. 21. ACVR2B-Fc pretreatment in in vitro hypoxia. A) Reduced cell toxicity by 
ACVR2B-Fc treatment in adult rat ventricular myocytes (ARVMs). B) Myostatin 
treatment increases cell toxicity and decreases cell viability in hypoxia in ARVMs. C) 
Increased GACA-luc SMAD 2/3 luciferase reporter activity in neonatal rat ventricular 
myocytes (NRVM) treated with different ACVR2B receptor ligands and GDF15. D) 
Hypoxia induces SMAD2/3 but not SMAD1/5/8 induced reporter activity. Pretreatment 
with ACVR2B-Fc reduces hypoxia induced SMAD2/3 reporter activity. Data are 
presented as mean ±SD, n=6 in A, B and D, n=12 in C. Control values presented by the 
dotted lines in B and C. *p<0.05; **p<0.01; ***p<0.001 vs control. 

In vitro bioenergetic profiling was then carried out to study the metabolic 
effects of ACVR2B-Fc pre-treatment on adult mouse cardiomyocytes. While the 
ACVR2B-Fc treatment alone had no pronounced functional effect on cell 
metabolism in normoxic conditions, the treatment attenuated oxygen consumption 
under hypoxia in vitro. The treated cardiomyocytes demonstrated reduced maximal 
respiration and reduced spare respiratory capacity compared to vehicle treated 
cardiomyocytes after hypoxia. (Fig. 22B-C) However, we detected no increases in 
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glycolysis, thus suggesting the increased expression of glycolysis related mRNAs 
to be compensatory. (III Fig. 4E) 

Controlled repetitive short episodes of ischemia are known to promote 
cardioprotection in IR and depress the expression of myostatin in both ischemic 
and remote myocardium.(Pavo et al., 2017) This phenomenon is known as ischemic 
preconditioning. Here we have demonstrated, that treatment with ACVR2B-Fc 
prior to prolonged ischemia and reperfusion reduces detrimental myostatin 
activated signaling and thus reduces myocyte apoptosis. Furthermore, the treatment 
resulted in a metabolic profile similar to that of ischemia preconditioned cells.(da 
Silva, Sartori, Belisle, & Kowaltowski, 2003)  

5.3.5 ACVR2B-Fc improves LV function in doxorubicin induced 
cardiomyopathy 

To study the effects of ACVR2B-Fc treatment in a more chronic setting, we studied 
whether ACVR2B-Fc treatment could work to protect the heart in a model of 
doxorubicin induced cardiomyopathy. The anthracycline antitumor drug 
doxorubicin is notorious for causing dose dependent cardiotoxic effects by 
mitochondrial failure.(Carvalho et al., 2014)  

Indeed, as revealed by echocardiography assessment, the hearts of ACVR2B-
Fc treated mice had preserved LV function despite doxorubicin. (Fig. 23A) 
Furthermore, as revealed by qPCR analysis of the tissues, the ACVR2B-Fc treated 
and doxorubicin stressed hearts were expressing markedly less cardiac stress 
related ANP and BNP mRNAs compared to untreated hearts. (Fig. 23B)  

LV metabolic function was then further analyzed by high-resolution 
respirometry. Interestingly, ACVR2B-Fc treatment improved LV respiration under 
doxorubicin-stress (Fig. 23) while not having an effect on mitochondrial number, 
as evident by unchanged quantities of respiratory chain component proteins 
compared to untreated hearts (data not shown). 

Our results indicate, that ACVR2B-Fc has pro-survival effects on the 
cardiomyocytes beyond its acute IR rescuing properties. 
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Fig. 22. ACVR2B-Fc in optimizing cardiomyocyte metabolism to hypoxia. A) qPCR 
analysis of cardiac tissues 24h after IR from the peri-infarct zones of mice pre-treated 
with ACVR2B-Fc or vehicle. ACVR2B-Fc pretreatment increased expression of 
peroxisome proliferator-activated receptor gamma coactivator 1 isoforms PGC-1α1 and 
-1α4 as well as phosphofructokinase Pfkm and insulin-regulated glucose uptake 
transporter GLUT4. The dotted line presents values from the vehicle treated mice. B) 
Seahorse mito-stress test results from cardiomyocytes isolated from vehicle or 
ACVR2B-Fc pre-treated mice, cultured in normoxia or 4h hypoxia. C) Reduced maximal 
respiration and spare respiratory capacity in ACVR2B-Fc treated myocytes subjected 
to hypoxia. Data are presented as mean ±SD, n=8-9 in A, n=12,11 (normoxia); n=6,5 
(hypoxia) in C. Control values presented by the dotted lines in A. *p<0.05; **p<0.01 vs 
control. 
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Fig. 23.  ACVR2B-Fc treatment is beneficial in doxorubicin induced cardiac metabolic 
stress. A) Increased citrate synthase activity in ACVR2B-Fc treated, doxorubicin 
stressed hearts. B) Preserved ejection fraction in ACVR2B-Fc treated hearts after 4-
week doxorubicin stress. D) Reduced mRNA expression of cardiac stress related ANP 
(Nppa) and BNP (NppB) relative to 18s in ACVR2B-Fc treated hearts after 4-week 
doxorubicin stress. C) High resolution respirometry of LV tissue (left panel) and whole 
hearts (right panel) of mice treated with doxorubicin, doxorubicin + ACVR2B-Fc or 
vehicle for 2 weeks. CI, complex I; CII, complex II; ETS, electron transfer system 
(maximal uncoupled respiration). Data are presented as mean ±SD, n=7 in A, B and C; 
n=9,6,9 in C; n= 9,6,8 in D. *p<0.05; **p<0.01. 
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6 Conclusions and future perspectives 
In the present study, circulating factors in cardiac function and stress response were 
investigated in cultured cardiomyocytes and in whole hearts ex vivo and in vivo. 

1. The novel APJ ligand apela is not exclusively an embryogenic regulator but is 
indeed expressed in the adult heart. We demonstrate, that apela competes with 
apelin in receptor binding in adult cardiomyocytes and exerts similar inotropic 
and vasodilatory effects as apelin in the adult hearts ex vivo. The inotropic 
effects of apela were determined to be at least partially mediated by ERK1/2 
signaling. Our results present apela as a novel mediator of the beneficial APJ 
activation in the adult organism and thus a tempting target for future drug 
development for treatment of heart failure. 

2. Apelin is required for physiological cardiac hypertrophy. Furthermore, apelin 
enhances skeletal muscle mitochondrial metabolism in myotubes and is 
required for proper skeletal and cardiac muscle adaptation to physiological 
stress. High intensity physiological stress in the absence of apelin leads to an 
aged muscle phenotype. Restoring apelinergic signaling may have benefits in 
treatment of aging- or disease-related muscle wasting. 

3. The main culprit for the detrimental effects of ACVR2B activation in ischemic 
cardiomyocytes was identified to be myostatin. Both pre-infarct and post-
infarct treatment with ACVR2B-Fc inhibited activation of SMAD2/3 and non-
canonical ACVR2B activated pathways. Pre-infarct, but not post-infarct 
treatment with ACVR2B-Fc protected the myocardium from ischemia-
reperfusion injury by optimizing myocyte metabolism for an ischemic 
environment. These findings resembled ischemic preconditioning, a 
phenomenon where repeated controlled ischemic events prime the 
mitochondria to cope better with ischemic conditions. Specific blockade of 
myostatin may prove beneficial in prevention of ischemia reperfusion injury. 

Future perspectives 

Recent years have seen the breakthrough of neprilysin inhibitors (McMurray, John 
J. V. et al., 2014; Solomon et al., 2019) and most recently sodium/glucose 
cotransporter 2 (SGLT2) inhibitors (McMurray, John J. V. et al., 2019) as viable 
options for heart failure therapy. Of the two, the neprilysin inhibitors have already 
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become a staple of heart failure treatment, while SGLT2 inhibitors have not yet 
been widely adopted.  

Interestingly, the SGLT2 inhibitors were originally used for the treatment of 
type 2 diabetes, where they function by inducing glucosuria to combat 
hyperglycemia. The mechanisms by which the SGLT2 inhibitors provide benefit in 
heart failure are yet unknown. Most surprisingly, the SGLT2 inhibitors improve the 
outcome of heart failure even in the non-diabetic patients. (McMurray, John J. V. 
et al., 2019)  

Interest for the use of exercise as an intervention (and a prognostic factor) for 
heart failure has seen an increase during recent years. (Cattadori, Segurini, Picozzi, 
Padeletti, & Anzà, 2018) In this context, the mounting evidence presented in the 
current work and in the works referred within linking the apelinergic system to the 
beneficial cardiovascular effects of exercise, raise hope for yet another viable drug 
therapy option for heart failure. As the use of apelin or apela peptides is clinically 
impractical due to their short half-life, the development and optimization of small-
molecule APJ agonists is already underway. (Huang, He, Chen, & Chen, 2018) 

Drug development aimed at inhibiting myostatin has been underway for quite 
some time and is currently pursued by numerous companies. However, perhaps due 
to the complex nature of the TGF- β system, the development of specific and 
effective drugs has proved challenging. For example, the clinical trial of the human 
monoclonal myostatin antibody stamulumab was terminated due to ineffectiveness 
in human patients. (Wagner et al., 2008) Numerous 2nd generation myostatin 
antibodies are currently in phase I/II trials for the treatment of sarcopenia and 
muscle dystrophies and are expected to conclude within a few years. (Hoogaars & 
Jaspers, 2018) To what extent the specific inhibition of myostatin contributes to the 
ischemia preconditioning effect seen in aim III, remains to be seen. Fortunately, 
similarly to apelin, the beneficial effects of myostatin inhibition are achievable by 
aerobic exercise. (Hittel et al., 2010) 

Summary of the conclusions of the current work are presented in figure 24. 
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Fig. 24. The apelinergic system and myostatin in connecting the dots between aerobic 
exercise and its beneficial effects in the cardiovascular system. The different original 
publications contributing to this schematic are referred next to the arrow that 
represents their respective findings. The dashed line represents a hypothetical 
equivalence of diminished ACVR2B activity to ACVR2B blockade. 
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