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2APB                                    2-aminoethoxydiphenyl borate 

ACE1                                    Angiotensin-converting enzyme 1 

AGT                                      Angiotensinogen 

ARVMs                                 Adult rat ventricular cardiomyocytes 

AT1R                                    Angiotensin II Type 1 receptor 

ATII                                       Angiotensin II 

BDM                                     Butanedione Monoxime 

Ca2+                                      Calcium 

[Ca2+]                                    Calcium concentration 

CaM                                      Calmodulin  

CaMKII                                 Ca2+/calmodulin-dependent protein kinase II 

CaN                                      Calcineurin 

CaT                                       [Ca2+] transient 

CICR                                     Calcium-induced-calcium-release 

CKD                                      Chronic Kidney Disease 

CM                                        Cardiomyocyte 

CRU                                      Ca2+ release unit 

DAG                                      Diacylglycerols  

DMSO                                   Dimethyl sulfoxide 

ECC                                      Excitation-Contraction Coupling 

1.3. List of abbreviations  



20 
 

 

ECC                                      Excitation-Contraction Coupling  

ET-1                                     Endothelin-1 

ETC                                      Excitation-transcription coupling  

FGF23                                  Fibroblast Growth Factor 23 

GPCRs                                 G protein-coupled receptors  

HDAC                                   Histone-deacetylase  

HF                                        Heart Failure  

HFpEF                                  Heart failure with preserved left ventricular ejection fraction   

HFrEF                                   Heart failure with reduced left ventricular ejection fraction 

IICR                                      Inositol -1,4,5-trisphosphate -induced Ca2+ release 

IP3                                        Inositol -1,4,5-trisphosphate 

IP3R                                     Inositol -1,4,5-trisphosphate receptors  

LTCC                                    L-type Ca2+ channels  

LV                                         Left ventricular  

MEF                                      Myocyte Enhancer Factor 

NCX                                      Na+/Ca2+ exchanger 

NE                                        Nuclear Envelope 

NFAT                                    Nuclear factor of activated T cells  

NRVM                                   Neonatal rat ventricular cardiomyocytes 

NT                                         Normal Tyrode solution 

NXT                                      Nephrectomy  

PBS                                       Phosphate Buffered Saline 
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PKA                                       Protein kinase A 

PKC                                       Protein kinase C 

PKD                                       Protein kinase D 

PLB                                       Phospholamban  

PLC                                       Phospholipase C 

RAAS                                    Renin-Angiotensin-Aldosterone system 

RTKs                                     Receptor Tyrosine Kinases 

RV                                         Right ventricular  

RyRs                                     Ryanodine receptors  

SERCA                                 Sarco/endoplasmic reticulum Ca2+-ATPase 

SR                                         Sarcoplasmic reticulum 

SOP                                      Sham Operated  
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Heart failure (HF) manifestation and development are determined by systemic stimulation 

of neuroendocrine signaling cascades, like the renin-angiotensin-aldosterone system 

(RAAS). Fibroblast growth factor 23 (FGF23), an endocrine hormone secreted by 

osteocytes, is associated with chronic kidney disease which is a prominent co-morbidity 

in HF. FGF23 is also shown to facilitate left ventricular hypertrophy (LVH). High levels of 

circulating FGF23 are correlated with an altered systemic RAAS response in vivo. FGF23 

is proposed to trigger pathological cellular signaling mediated by Ca2+-regulated 

transcriptional pathways in cardiomyocytes (CMs).In this thesis, we studied Ca2+-

dependent hypertrophic signaling induced by FGF23 and its connection with angiotensin 

II (ATII) in CMs. 

Both the triggers, ATII and FGF23, induced a rise in the cell area and hypertrophic gene 

expression, indicating hypertrophy in neonatal rat ventricular myocytes (NRVMs). In 

addition to a global increase in cytoplasmic Ca2+, FGF23, like ATII, triggered inositol 1, 4, 

5-triphosphate (IP3)-dependent Ca2+ release (IICR) from the nucleoplasmic Ca2+ store. 

This local nuclear Ca2+ release is associated with transcriptional upregulation of 

hypertrophic genes via activation of Ca2+-calmodulin(CaM)- calcium/calmodulin-

dependent protein kinase II (CaMKII) – histone-deacetylases 4 (HDAC4) pathway. FGF23 

treatment indeed induced nuclear Ca2+-regulated CaMKII – HDAC4 hypertrophic 

pathway, as is observed for ATII treatment. Strikingly, ATII receptor antagonist, losartan 

significantly attenuated FGF23-induced alterations in Ca2+ homeostasis and induction of 

cellular hypertrophy suggesting an involvement of ATII receptor-mediated signaling on 

FGF23 induction. Additionally, application of FGF23 increased intracellular expression of 

ATII peptide and its secretion in CMs, confirming the involvement of ATII in FGF23 

signaling.  

1.4. Abstract  
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In this study, our data suggest that FGF23 acutely increases IP3-dependent intracellular 

nuclear calcium and ATII levels and further its secretion in CMs. These factors may be 

pivotal for cellular hypertrophy observed with persistent stimulation by FGF23. These 

findings indicate a pathophysiological role of the intracellular cardiac angiotensin system 

in FGF23-induced hypertrophy in ventricular CMs(Mhatre et al. 2018).  
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Die Manifestation und Entwicklung von Herzinsuffizienz (HF) wird durch systemische 

Aktivierung von neuroendokrinen Signalkaskaden, wie dem Renin-Angiotensin-

Aldosterone-System (RAAS), vorangetrieben. Fibroblast growth factor 23 (FGF23), ein 

endokrines Hormon, ist bei chronischer Nierenerkrankung, einer häufigen Komorbidität 

bei HF, erhöht. FGF23 führt auch zu linksventrikulärer Hypertrophie (LVH). Hohe 

zirkulierende Spiegel von FGF23 sind mit einer veränderten systemischen RAAS-Antwort 

assoziiert. Wir überprüften die Hypohese, dass FGF23 pathologische Signale auslöst, die 

durch Ca2+ -regulierte Transkriptionswege vermittelt werden. In der vorliegenden Arbeit 

untersuchten wir die Ca2+ -abhängige Signaltransduktion von FGF23 und dessen 

Verbindung mit Angiotensin II (ATII) in Kardiomyozyten (CM). 

In neonatalen Rattenventrikelmyocyten (NRVMs) induzierten sowohl ATII als auch 

FGF23 Hypertrophie, erkennbar durch einen Anstieg der Zellfläche und hypertrophe 

Genexpression. Zusätzlich zu einem globalen Anstieg von cytoplasmatischem Ca2+ 

induzierte FGF23, wie ATII, Inositol-1,4,5-triphosphate (IP3) -induzierte Ca2+-Freisetzung 

(IICR) aus dem nukleoplasmatischen Ca2+ -Speicher. Diese lokale nukleare Ca2+-

Freisetzung war mit zellulärer Hypertrophie über die Aktivierung des Ca2+ -Calmodulin 

(CaM) - Calcium / Calmodulin-abhängigen Proteinkinase II (CaMKII) - Histon-

Deacetylase-4 (HDAC4) -Wegs assoziiert. Der ATII-Rezeptorantagonist Lorsartan 

verringerte die FGF23-induzierten Veränderungen der Ca2+ -Homöostase und die 

Induktion zellulärer Hypertrophie signifikant, was auf eine Beteiligung von ATII-Rezeptor-

vermittelten Signalen hindeutet. Zusätzlich erhöhte die Anwendung von FGF23 die 

intrazelluläre Expression von ATII und dessen Sekretion durch CMs. 

Unsere Ergebniss legen nahe, dass FGF23 akut zu einer Produktion und Sekretion von 

ATII in Kardiomyozyten führt und dass die FGF23-vermittelten Effekte auf das nukleäre 

Ca2+ und die Hypertrophie durch ATII vermittelt sind. Diese Mechanismen können auch 

1.5. Zusammenfassung  
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für eine zelluläre Hypertrophie entscheidend sein, die bei anhaltender Stimulation durch 

FGF23 beobachtet wird. Diese Befunde weisen auf eine pathophysiologische Rolle des 

zellulären Angiotensin-Systems bei FGF23-induzierter Hypertrophie bei ventrikulären 

CMs hin(Mhatre et al. 2018). 
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2. Introduction 

 

2.1.1. Description and etiology  

By definition, Heart Failure (HF) is the inability of the heart to efficiently pump blood 

throughout the cardiovascular system to fulfill the individual’s metabolic demands and is 

the consequence of various and complex causes(Mudd and Kass 2008). The patients 

show a typical symptom of shortness of breath at rest or during exertion, and/or fatigue; 

accompanied by signs of fluid retention; and objective evidence of an abnormality of the 

cardiac structure and/or function in a clinical syndrome.  

HF manifest itself as structural and functional cardiac abnormalities, neurohormonal 

activation and increased venous pressure. Based on the measurement of the Left 

ventricular ejection fraction (LVEF), HF patients are categorized into three groups 

according to 2016 ESC Guidelines (Ponikowski et al. 2016). Patients with normal LVEF 

(typically considered as ≥50%) are grouped as HF with preserved EF (HFpEF) while those 

with reduced LVEF (typically considered as, 40%) are considered as HF with reduced EF 

(HFrEF).  Patients with an LVEF in the range of 40–49% represent a ‘grey area’, which 

are now defined as HFmrEF. In HFrEF or systolic heart failure, there is a reduction in 

cardiac contractility leading to an inadequate systemic perfusion, whereas, in HFpEF or 

diastolic heart failure, there is predominantly impaired cardiac relaxation and abnormal 

ventricular filling (Segovia Cubero et al. 2004). 

The diseases or conditions that can lead to HF are very different and their detection is of 

utmost importance, as this can modify the diagnostic, therapeutic and preventive 

approach, as well as determine prognosis.  

In most cases of HF, the clinical symptoms are due to impairment of the left ventricle and 

can be diverse. Left Ventricular (LV) systolic dysfunction is typically the outcome of 

coronary artery disease and other causes include valvular heart disease, hypertension, 

2.1. Heart failure 
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congenital heart disease, inflammation and chemotherapeutic drugs or other toxic agents. 

Right Ventricular (RV) systolic dysfunction is commonly a consequence of LV systolic 

dysfunction(Segovia Cubero et al. 2004).  

While LV diastolic dysfunction is relatively uncommon in younger patients, it increases in 

importance in the elderly. It mostly occurs in patients with chronic hypertension, diabetes 

mellitus, and/or aging. This proportion of HF patient’s exhibit impaired ventricular filling 

but normal systole, characteristic of HFpEF. These patients carry a substantial risk of the 

subsequent development of heart failure and reduced survival, even when it is 

asymptomatic or preclinical, making this group of patients difficult to diagnose and treat 

(Gaasch and Little 2007). 

2.1.2. Epidemiology and prognosis of HFpEF 

The increase in HF incidence throughout the developed and developing regions of the 

world poses enormous challenges for caregivers, researchers, and policymakers. Heart 

failure is more common than most cancers with a prevalence of ~1-2% in the overall 

population and >10% in people older than 75 years (Schocken et al. 2008). It is the only 

major cardiovascular disease (CVD) whose prevalence and incidence are increasing, 

partly because of the burgeoning growth in the elderly population and a lack of curative 

therapies due to the complexity of its many causes and pathophysiological 

origins(Bobenko et al. 2018).  

Because of the permanent increase in the prevalence of HFpEF during the past decades, 

HFpEF now accounts for up to 50% of the total HF population.  In contrast to HFrEF, 

outcomes in HFpEF remained unchanged over the last years. In a recent meta‐analysis, 

the mortality rate in HFpEF was alarming 121 deaths per 1000 patient‐years, which is 

emphasizing the need for effective therapies in this highly relevant condition(Edelmann 

2015).  
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As the heart’s ability to efficiently pump blood decreases, HFpEF patients often times 

suffer from dyspnea and fatigue, which heavily affects or even inhibits the patient’s 

tolerance to exercise. The kidneys compensate for the reduction in the blood flow by 

retaining more fluid and salt. Consequently, the patient may experience pulmonary 

congestion and or peripheral edema(Dunlay et al. 2014). Barring exceptions such as 

physically induced heart arrest or stress-induced cardiomyopathies, HFpEF has been 

recognized as a progressive disorder, which at first is asymptomatic before escalating 

into a symptomatic disease in a time-dependent manner.  

The risk factors and symptoms require differential treatment depending on the stage of 

disease progression(Dickstein et al. 2008). The long-term prognosis associated with 

HFpEF is uniformly poor despite recent improvements in diagnosis and therapeutic 

treatment. Novel treatments for HF can slow, but not halt the progression of the disease. 

Despite the numerous advantages of modern treatment approaches, quality of life for 

patients surviving HFpEF-related hospitalizations is low and distress is often worse 

compared to many other chronic diseases(Bobenko et al. 2018). HFpEF is, therefore, an 

important area for further research. 

2.1.3. Pathophysiology of HFpEF  

HF triggers such as coronary artery disease, ischemia, hypertension, inflammation or 

toxic agents can cause myocardial tissue damage. Several compensatory mechanisms 

are activated as a response to such conditions to maintain cardiac output and proper 

organ perfusion by increasing muscle contractility and circulating blood volume and 

eventually heart functioning.  

Compensatory mechanisms include activation of neurohormonal pathways such as the 

renin-angiotensin, adrenergic and endothelin system. This compensatory regulation may 

maintain cardiovascular homeostasis during acute cardiac stress, and the patient may 

remain asymptomatic over a variably long period. However, in this early, “compensated”, 
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stage of HF a process called “cardiac remodeling” takes place as summarized in Figure 

2.1(Heinzel et al. 2015). 

There are two types of hypertrophy eccentric and concentric hypertrophy depending on 

the physiology of the hypertrophic LV.   

 

The type of hypertrophic remodeling depends on the nature of the trigger and associated 

progression of contractile dysfunction. Elevated afterload due to valve stenosis, 

hypertensive heart disease lead to concentric hypertrophy. On the other hand, eccentric 

hypertrophy is commonly triggered in conditions of LV volume overload (e.g. valve 

Figure 2.1 Pathophysiology of left ventricular (LV) hypertrophy in heart failure.  

HFpEF and HFrEF are driven by different pathomechanisms Although both share some degree of 

neurohumoral activation Systemic inflammation and oxidative stress are more important mediators of 

HFpEF, whereas cardiomyocyte injury is vital in HFrEF. LV hypertrophic remodeling is a common the 

cellular phenotype in HF. (COPD, chronic obstructive pulmonary disease; ROS, reactive oxygen species).  

The figure is reproduced from “Heinzel, F.R., Hohendanner, F., Jin, G., Sedej, S., and Edelmann, F., 2015. Myocardial 

hypertrophy and its role in heart failure with preserved ejection fraction. Journal of Applied Physiology, 119 (10), 1233–

1242”. Copyright 2015 by the American Physiological Society. Reprinted with permission. 
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regurgitation or shunt) or after myocardial infarction. Thus, the nature of the trigger and 

not its temporal pattern (intermittent or continuous), determines the type of 

hypertrophy(Bisping et al. 2014). 

Cardiac remodeling or hypertrophy can be characterized at the cellular and molecular 

level and includes myocyte cellular hypertrophy reflected in cell size increase, as well as 

changes in gene expression pattern in the direction of a “fetal gene program” reactivation 

(Shah and Mann 2011). In a fetus, before birth, the major energy source of the cardiac 

metabolism consists of carbohydrates. However, post birth, fatty acids becomes man 

energy source of the cardiac metabolism (Lopaschuk et al. 1992). Nevertheless, in failing 

heart muscle, to induce cardiac hypertrophy, it returns to expressing fetal genes. In this 

switch to “the fetal gene program”, there is an upregulation of expression of different 

isoforms of metabolic enzymes and other proteins with the purpose of helping the heart 

to adapt to an increased workload.  The specific features include increased expression of 

natriuretic peptides (ANP, BNP), TGF-β, isoform switches in sarcomeric proteins (relative 

increase of α-actins, myosin heavy chains 7 (MYH7))(Lopaschuk et al. 1992). 

Chronic, continuous neurohormonal stimulation (e.g. Renin-Angiotensin-Aldosterone  

System –RAAS, Adrenergic system)  leads to further cardiac enlargement, fibrosis and a 

progressive decline in contractile function, increase in wall stiffness and mechanical strain 

eventually resulting in “decompensated” HF with its signs and symptoms(Bisping et al. 

2014). In addition to neurohormonal stimuli, there is an activation of the systemic pro-

inflammatory state by the release of cytokines and other inflammatory mediators. This 

systemic response to a local cardiac dysfunction leads to progressive systemic 

phenotypic alterations, including the vasculature, kidneys, skeletal muscle and other 

organs. These global changes in combination with cardiac dysfunction eventually result 

in the syndrome of HF.  

As HFpEF is highly heterogeneous and may not represent a single condition, the 

underlying pathophysiology is difficult to understand. Patients with HFpEF frequently have 

co-morbidities such as hypertension, obesity, Type II diabetes, hyperlipidemia and renal 
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disease (Chronic kidney disease) as stated above in Figure 2.1. However, not all patients 

have all co-morbidities, the random interplay between diverse comorbidities is likely to 

result in multiple HFpEF phenotypes, and hence the disease is difficult to treat. 

It is apparent that HF is highly complex, involving not only multiple stressors but also 

many activations of different signaling pathways and adaptations on the cellular level 

(Figure 2.2)(Bisping et al. 2014). Cardiomyocyte (CM) maladaptation such as electrical 

remodeling, and changes in Ca2+ handling, contractility, energy metabolism and cell 

viability leads to LV hypertrophy (Shah and Mann 2011).  

It is well established that a crucial subcellular mediator for adaptation factors is Ca2+ and 

its regulation via different Ca2+ handling proteins within cardiomyocyte. Ca2+ regulates 

most of the signaling pathways involved in maladaptive hypertrophy. While some of these 

mechanisms are helpful in improving the cardiac output in the short term, they are a major 

contributor to the pathological development and further leading to mortality.  

Although a lot is known about the cellular mechanism in the failing heart in HFpEF, the 

exact initiatory mechanisms of cardiac remodeling are still not clear. Current HF treatment 

focuses on inhibiting systemic maladaptive responses, but they fail to address and 

prevent pathology on the CM level. Thus, it is necessary to study the Ca2+ mediated early 

hypertrophic signaling that will further bolster novel drug target possibility against 

pathophysiology of LVH. 

 

2.2. Calcium-mediated cellular and molecular pathomechanisms in 

Heart Failure  
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2.2.1. Calcium dynamics in Heart 

For all its complexity, the heart has a simple task is to pump blood efficiently. In order to 

achieve this, the heart must be excited in a regular and ordered manner, must contract 

with sufficient force, and its structural dimensions must be balanced in order to maintain 

optimal wall strain.  

Ca2+ plays an essential role in all of these demands(Bers 2008). As a charged ion moving 

across the cellular membrane, it is involved in excitation. In both, sino-atrial cells where it 

is responsible for the upstroke, as well as in ventricular myocytes where its charge is one 

of the important factors leading to plateau phase of the action potential. Ca2+ induces 

Figure 2.2 Patho-mechanisms of left ventricular (LV) hypertrophy in heart failure. 

Important triggers and stressor and common signaling pathways of cardiomyocyte remodeling. (PKA, 

protein kinase A; PKG, protein kinase G; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AMPK, 5′ 

AMP-activated protein kinase).  

The figure is reproduced from “Bisping, E., Wakula, P., Poteser, M., and Heinzel, F.R., 2014. Targeting Cardiac 

Hypertrophy : Toward a Causal Heart Failure Therapy. Journal of Cardiovascular Pharmacology, 64 (4), 293–305”. 

Copyright 2014 Wolters Kluwer Health, Inc. Reprinted with permission. 
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contraction by binding to troponin and thereby allows the myofilaments in CM to exert a 

contractile force during the plateau phase(Figure 2.3). 

In fact, the sporadic increase in intracellular calcium concentrations [Ca2+]i during every 

heart beat is the key component of excitation-contraction coupling (ECC). In addition, 

Ca2+ plays an important role in gene and structural regulation in cardiomyocyte. Ca2+-

sensitive signaling proteins, like Calcineurin (CaN) and Ca2+/calmodulin-dependent 

protein kinase (CaMKII), translate changes in Ca2+ concentration to altered gene 

expression patterns in CMs(Bers 2000). This constitutes excitation-transcription coupling 

(ETC). 

 

Figure 2.3 Ca2+ dynamics in ventricular cardiomyocyte. 

Sarcoplasmic reticulum (SR), troponin C (TnC), troponin I (TnI), tropomyosin (Tm) troponin T(TnT), Na/Ca 

exchanger (NCX), Na/H exchange (NHX), mitochondrial permeability transition pore (MPTP), voltage-

dependent anion channel (VDAC), adenine nucleotide translocator (ANT), and cyclophilin D (CycD). PLB, 

phospholamban; RyR, ryanodine receptor.  

The figure is reproduced from “Bers, D.M., 2008. Calcium Cycling and Signaling in Cardiac Myocytes”. Annual Review 

of Physiology, 70 (1), 23–49. Copyright 2008 by Annual Reviews conveyed through Copyright Clearance Center, Inc. 

Reprinted with permission. 
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2.2.2. Calcium cycling and Excitation-Contraction Coupling  

Ca2+ is a ubiquitous secondary messenger and important connection between electrical 

excitation and mechanical contraction. In the ventricular cardiomyocyte, excitation starts 

when neighboring cells transfer positive ions through gap junctions. The rise in membrane 

potential leads to opening of sodium channels and a consequent influx of positive sodium 

ions resulting in rapid depolarization.  

 

Upon this membrane depolarization, Ca2+ enters the cell via the opening of voltage-

dependent L-type Ca2+  channels (LTCC) as inward Ca2+  current (Ica) and contributes to 

the plateau phase of the action potential (AP). LTCCs are predominantly located at 

sarcolemmal-SR junctions and they are in close proximity to ryanodine receptors (RyRs) 

that are Ca2+ sensitive Ca2+ channels of the SR. In a process called calcium-induced-

Figure 2.4 Excitation-contraction coupling. 

T-tubule, transverse tubule; LTCC, L type Calcium channels; SR, sarcoplasmic reticulum; RYR, ryanodine 

receptor; NCX, Na/Ca exchanger; SERCA, Sarco/endoplasmic reticulum Ca2+-ATPase; CICR, Calcium 

induced calcium release.  The arrows indicate paths of ion translocation and Ca2+ release are highlighted 

in green cloud. 
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calcium-release (CICR), Ca2+ influx through L-type Ca2+ channels triggers the opening of 

RyR channels on the SR that in turn give rise to a massive increase in the intracellular 

calcium concentration [Ca2+]i(Bers 2014). This free Ca2+ binds to troponin C activates the 

contractile apparatus leading to contraction.  

For the cardiomyocyte to relax again, it is necessary that Ca2+ detaches from Troponin C 

and is removed out from the cytosol. This happens gradually by decreasing the Ca2+ 

concentration via two main pathways involved in Ca2+ reuptake, which are pumping of 

Ca2+ back into the sarcoplasmic reticulum (SR) via the SERCA and out of the cell via the 

Na2+/Ca2+ exchanger (NCX) (Figure 2.4). Depending on the species these two pathways 

contribute to different extend to the Ca2+ elimination (Bers 2002). 

2.2.3. Altered Ca2+ homeostasis in the pathophysiology of Heart failure 

Given the central role of Ca2+ in the heart, it not surprising that disturbances in Ca2+ 

handling can have catastrophic effects on the heart like ventricular arrhythmias, HFpEF, 

and dilated cardiomyopathy. Ca²⁺ also serves as a second messenger in CMs (Gorski et 

al. 2015). This functionality is dependent on sustaining a balanced homeostasis across 

the sarcolemma, cytosol, and SR set by Ca²⁺ channels, ATP dependent transporters, and 

ion exchangers working in synergy with Ca²⁺ handling proteins (Figure 2.5). 

SERCA, Sarco/endoplasmic reticulum Ca2+-ATPase, involved in relaxation, is the most 

abundant protein in the SR membrane and the second largest ATP consumer after 

myosin ATPase in a cardiomyocyte. SERCA2a is regulated by phospholamban (PLB), 

which inhibits SERCA2a activity of Ca²⁺ removal from the cytosol, however, it is in turn 

inhibited by PKA dependent phosphorylation(MacLennan and Kranias 2003). Activators 

of PKA, like adrenergic stimulation, thus affects SERCA2a promoting faster relaxation 

and contraction (Simmerman and Jones 1998). However, in pathophysiological 

conditions, higher phosphorylated levels of PLB are prone to be proarrhythmic (Bers 

2001). In heart failure, there is reduced expression and activity of the SERCA2 pump and 

an increased leak of Ca²⁺ through the RyR channel(Hasenfuss et al. 1994; Periasamy 
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and Kalyanasundaram 2008). This, in turn, leads to a reduced Ca²⁺ release from the SR 

in diastole and contractile dysfunction which characteristic of heart failure (Anger et al. 

1998; Schmitt et al. 2003) 

Another feature of the impaired Ca²⁺ handling in heart failure is the prolongation of the 

Ca²⁺ transient. Studies have shown that an increased phosphorylation of the LTCC leads 

to an increased influx of Ca²⁺ through the LTCC which further aggravates pathological 

Ca2+ handling(Correll et al. 2017).  

Na+/Ca²⁺ exchanger (NCX) is, besides SERCA, the second major transporting protein 

involved in Ca²⁺ extrusion(Hilgemann et al. 1991; Blaustein and Lederer 1999; Hasenfuss 

et al. 1999). However, under the pathological condition, higher [Na+]i shifts the reversal 

potential of NCX, consequentially reducing Ca²⁺ efflux via the NCX over the time course 

of an AP. These changes to the AP are denoted to as early afterdepolarizations (EADs) 

and delayed afterdepolarizations (DADs) and are observed often in pathophysiological 

conditions, in which excitation-contraction is altered (ventricular remodeling)(Sipido et al. 

2007; Antoons et al. 2012). NCX1 protein expression is also increased during heart failure 

and is proposed to compensate for the reduced SR Ca²⁺ uptake and enhances diastolic 

Ca²⁺ concentration(Hobai and Rourke 2000). 

Next, to excitation and contraction, Ca²⁺ is also involved in intracellular signaling as a 

secondary messenger. It is capable of activating the signaling proteins such as 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) and Calcineurin (CaN). Both are 

heavily involved in changes in gene expression related to pathological hypertrophy, 

characterized by dilation, reduced fractional shortening, and pro-arrhythmic changes like 

deposition of fibrosis and reduced intercellular coupling (Backs et al. 2009; Lu et al. 2011). 

CaMKII is identified to influence the calcium handling on multiple levels. It can directly 

phosphorylate the LTCC and RyR, both causing a gain-of-function and in that way induce 

afterdepolarizations(Kirchhof et al. 2004). It is also capable of phosphorylating PLB, which 

in effect diminishes the inhibitory effect of PLB, leading to more SERCA activity 
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(comparable to the effects of PKA-dependent phosphorylation). Consequently, this 

results in a higher SR calcium load, higher calcium fluxes and increased contraction(Hoch 

et al. 1999). Whereas CaN is activated by prolonged increased diastolic Ca²⁺ 

concentrations, CaMKII has been shown to be activated by increased frequency and 

longer action potentials(Lu et al. 2006). During heart failure, increased sarcolemmal Ca²⁺ 

  

flux, increased the inflow of Ca²⁺ through the LTCC, spontaneous RyR2 opening and the 

inward current generated by increased NCX1 mediated Ca²⁺ efflux result in arrhythmias 

and sudden cardiac death(Pogwizd et al. 2001). 

Figure 2.5 Altered Ca2+ transport in heart failure 

SERCA, Sarco/endoplasmic reticulum Ca2+-ATPase; NCX, sodium-calcium exchanger; PLB, 

phospholamban; RyR2, ryanodine receptor; SR, sarcoplasmic reticulum.  

The figure is reproduced from “Periasamy, M. and Kalyanasundaram, A., 2008. SERCA2a gene therapy for heart 

failure: Ready for primetime? Molecular Therapy, 16 (6), 1002–1004”. Copyright 2008 by Elsevier B. V. Reprinted with 

permission. 
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Ca²⁺, therefore, does not only link excitation to contraction, but also regulates long-term 

structural changes (ventricular remodeling) via excitation-transcription coupling (ETC). 

Thus, it is pivotal to study these early cellular Ca2+ mediated signaling in LVH. 

2.2.4. The function of microdomain in Ca2+ signaling  

Several groups have shown that signaling regulated by spatially restricted Ca²⁺ signaling 

pathways could be accountable for hypertrophy in cardiac myocytes (Wu et al. 2006; 

Escobar et al. 2011) Microdomains are subcellular spatially restricted signaling regions 

facilitated by a large number of Ca²⁺ interacting proteins and the unique cellular 

architecture of a CM.  

Dyadic Ca²⁺ release unit (CRU) is a prototypical microdomain in a CM where sarcolemmal 

invaginations studded with LTCC, referred to as t-tubules, juxtapose an expanded SR 

terminal cisterna expressing the RyR2 protein (Figure 2.6). This creates a unique 

environment whereby a small amount of trigger Ca2+ from the LTCC directly bathes the 

adjacent RyR2 to promote a much larger release of Ca2+, promoting CICR. Thus, it acts 

as a critical Ca2+ regulatory microdomain with tight spatial and geometric constraints to 

ensure proper RyR2 control and Ca2+ release. In a brief period,  a local elevation of the 

Ca2+ concentrations at the site of release (i.e. near the RyR2 or the LTCC) exceeds the 

Ca2+ concentrations in the bulk cytoplasm of the cell by several orders of magnitude 

(Rizzuto and Pozzan 2006). These Ca2+ peaks at these ‘hot spots’  are limited spatially 

and temporarily away from large subcellular Ca2+ gradients found in rest of the cytosol, 

where Ca2+ binds to myofilaments to induce contraction.  

There is an emerging model of Ca2+ microdomains where it likely helps CMs to have 

functional Ca2+ domains independent of total fluxing contractile Ca2+. One of the examples 

is the expression of LTCC in caveolae, highly specialized membrane regions enriched in 

cholesterol and sphingolipids that contain the scaffolding protein caveolin(Galbiati et al. 

2001). A certain percentage of LTCCs are localized to sarcolemmal caveolae providing a 

local pool of Ca2+ in non-junctional membrane regions to initiate hypertrophic signaling 
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via Ca2+ handling protein calcineurin downstream to hypertrophic signaling receptors and 

effectors(Balijepalli et al. 2006; Houser and Molkentin 2008). 

The most important Ca2+ microdomain that likely regulates the cardiac hypertrophic 

response is the nuclear envelope (NE). The NE comprises a complex involving the IP3R, 

CaMKII, and class II histone deacetylases (e.g. HDAC4,5). There are two complex Ca2+ 

mediated signaling cascades working in beating CMs. 

 

Figure 2.6 Cytosolic Ca2+ microdomain in ventricular cardiomyocytes 

β-AR β-Adrenergic receptor, SERCA, Sarco/endoplasmic reticulum Ca2+-ATPase; NCX, sodium-

calcium exchanger; PLB, phospholamban; RyR2, ryanodine receptor; SR, sarcoplasmic reticulum, PKA 

Protein kinase A. The Ca2+ microdomains within the cardiomyocytes are highlighted in dotted boxes.  

The figure is reproduced from “Balijepalli, R.C., Foell, J.D., Hall, D.D., Hell, J.W., and Kamp, T.J., 2006. Localization 

of cardiac L-type Ca2+ channels to a caveolar macromolecular signaling complex is required for {beta}2-adrenergic 

regulation”. Proceedings of the National Academy of Sciences, 103 (19), 7500-7505. Copyright 2006 by National 

Academy of Sciences. Reprinted with permission. 
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One is mediated via large amounts of Ca2+-induced Ca2+ release  (CICR) during ECC 

which also flows through the nucleus and second, local nuclear Inositol 1,3,5 

triphosphate (IP3) induced Ca2+ signaling (IICR) via nuclear IP3 receptor (IP3R) during 

ETC leading to hypertrophic remodeling(Ljubojević and Bers 2015). There is sufficient 

evidence supporting the existence of IP3Rs in the inner nuclear membrane of 

cardiomyocyte suggesting a functional releasable Ca2+ source and store in the nucleus 

(NE) in response IP3 released by the action of extracellular stimuli like Endothelin-1 

(ET-1), Angiotensin II (ATII) on their specific G-protein coupled receptors(Higazi et al. 

2009; Ljubojević et al. 2014). Thus, the nucleus provides a local environment lead to 

confined Ca2+ signaling independent of the global Ca2+ changes. This local Ca2+ 

signaling has deemed to be important for early hypertrophic maladaptation in 

CMs(Ljubojević et al. 2014). 

Nuclear CaMKII had been established as a critical player in regulating cardiac 

hypertrophy, where it phosphorylates class II histone deacetylases (e.g.HDAC4) 

leading to cardiac hypertrophy(Dewenter et al. 2017). While overexpression of IP3R in 

the nucleus of CMs can enhance cardiac hypertrophy to select stress stimuli like 

neurohumoral activations(Garcia et al. 2016). This microdomain involves Ca2+ release 

through IP3R2 within the nuclear envelope to generate a local pool of Ca2+ that then 

directly activates CaMKII, which in turn phosphorylates HDAC4 leading to its nuclear 

export to permit expression of hypertrophic genes (Figure 2.7). 

A similar paradigm was also shown to be responsible for CaN–NFAT activation in and 

around the nucleus through IP3R activity and local Ca2+ release to induce 

hypertrophy(Wu et al. 2006). 

Thus, the nucleus is an important microdomain in cardiomyocyte with respect to 

maladaptive hypertrophic signaling regulated by Ca2+. 
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In the presence of a chronic demand for an increased cardiac output, the heart attempts 

to increase the cardiac mass and contractile fibers in a process known as cardiac 

hypertrophy. As discussed earlier, cardiac hypertrophy is a complex process that involves 

multiple signaling pathways and is yet to be fully understood(Berridge et al. 2003). From 

starting signals at the CM membrane, a host of signal transduction events occurs in a 

complex and integrated manner to arouse adaptive or maladaptive responses. Several 

signaling pathways have been identified and are linked to the development of cardiac 

hypertrophy. Research has emphasized multiple signaling networks that receive 

2.3. Excitation-Transcription Coupling and pathological hypertrophic 

signaling 

Figure 2.7 Nuclear Ca2+ microdomain and signaling in ventricular cardiomyocytes 

ET-1 , Endothelin-1; ATII, Angiotensin II; PE, Phenylephrine; ECM, Extracellular matrix; PLC, 

Phopholipase C; IP3, Inositol 1,3,5 triphosphate; IP3R, Inositol 1,3,5 triphosphate receptor. The Ca2+ 

release are highlighted in green cloud. The nuclear area within cardiomyocyte is denoted as dark pink. 
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converging inputs from several upstream molecules to effect on hypertrophy and the 

maintenance of cardiac function. Surprisingly, however, the hypertrophic response in 

highly trained athletes or pregnant mothers and in patients with pathologic cardiac 

disease seems to differ in several key ways(Bisping et al. 2014; Thienpont et al. 2017). 

While neither comprehensive nor inclusive, here I have highlighted Ca2+-mediated 

signaling in pathologic cardiac hypertrophy (Figure 2.8). 

 

Within distinct microdomains (Figure 2.7), Ca2+ act as a potent signal transduction 

molecule and lead to modulation of key Ca2+ mediated pathways, termed as ETC. 

Increased intracellular Ca2+ concentration [Ca2+]i in the cardiomyocyte, can activate two 

major Ca2+-dependent hypertrophic signaling pathways: Ca2+-calmodulin (CaM)- CaMKII-

histone-deacetylase (HDAC) and Ca2+-CaM- Calcineurin(CaN)-nuclear factor of activated 

T cells (NFAT) pathways (Figure 2.8)(Bers 2008). 

ETC is coordinated by the multifunction calcium sensor, calmodulin (CaM). CaM is a 

universal second messenger that carry Ca2+ signals. Upon binding of Ca2+ ions, CaM 

undergoes conformational changes and further leads to interaction of Ca2+-CaM complex 

with different target proteins, initiating downstream signaling pathways. It is shown that 

transgenic overexpression of CaM causes hypertrophy(Gruver et al. 1993), while CaM 

inhibition can block myocyte hypertrophy(McDonough and Glembotski 1992), thus 

emphasizing its importance.  

CaM on binding with Ca2+ stimulate CaMKII that binds Ca2+ via its EF-hands. CAMKII is 

a serine/threonine protein kinase that can phosphorylate and activate several 

downstream targets proteins in the cell as mentioned earlier. CaMKII consists of 4 

different isoforms which have distinct expression patterns (Tombes et al. 2003). However, 

cardiomyocyte expresses mainly CaMKII isoform: CaMKIIδ (Maier 2005). 
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Overexpression of this isoform in mice leads to an early onset of hypertrophy whilst 

ablation leads to protection from hypertrophy and fibrosis(Backs et al. 2009). There are 

two splice variants of CaMKIIδ (1) CaMKIIδB, which comprises a nuclear localization 

sequence (NLS) and therefore localizes in the nucleus and (2) CaMKIIδC with no NLS, 

which compartmentalizes in the cytoplasm(Mishra et al. 2011). Activation of CaMKIIδC 

mostly affects ECC through modulation of Ca2+ handling proteins such as PLB, RyR, and 

L-type Ca2+ channel. However, CaMKIIδB phosphorylates proteins responsible for the 

regulation of gene transcription like transcription factors and proteins of the epigenetic 

machinery, e.g. HDACs class II(Anderson et al. 2011).  

Cellular hypertrophy inducing Ca2+-calmodulin(CaM)-calcium/calmodulin-dependent 

protein kinase II (CaMKII) – histone-deacetylases 4 (HDAC4) pathway is shown to be 

regulated by nuclear Ca2+ release events(Ljubojević et al. 2014). In this pathway, CAMKII 

Figure 2.8 Ca2+-dependent excitation-transcriptional coupling in cardiomyocytes 

IP3R, Inositol 1,3,5 triphosphate receptor; CaN, Calcineurin ; NFAT, Nuclear factor of activated T-cells; 

CAMKII, Ca2+/calmodulin-dependent protein kinase II; p/HDAC-4, phosphorylated /Histone deacetylase-4. 

Local [Ca] elevation is indicated as green cloud. The nuclear area within cardiomyocyte is denoted as dark 

pink. GATA and MEF2 are the transcription factors involved.  
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specifically phosphorylates Serine 632 site of anti-hypertrophic transcription repressor 

histone deacetylase 4 (HDAC-4)(Backs et al. 2006). As a result, HDAC4 is exported from 

the nucleus to cytoplasm, where it no longer serve anti-hypertrophic functions against 

transcription factors like MEF2 and SRF resulting in activation of hypertrophic gene 

programs that are controlled by these transcription factors(Passier et al. 2000). HDAC4 

and MEF2 signaling are important in the development of cardiac hypertrophy as is evident 

by enhanced responsiveness to transverse aortic constriction (TAC) induced hypertrophy 

in mice in which class II HDACs are mutated or genetically deleted (Zhang et al. 2002). 

One arm of CaM signaling is via its interactions with calcineurin, (CaN), a serine/threonine 

protein phosphatase. CaN has a much higher affinity for Ca2+/CaM complex than CaMKII.  

Thus, whereas CaMKII may react to high-amplitude Ca2+ spikes, CaN can be better at 

sensing smaller, sustained Ca2+ elevations (Bers 2008). 

The activation of CaN by a sustained increase in Ca2+ levels (Dolmetsch et al. 1997) leads 

to dephosphorylation of NFAT, which is predominantly located in the cytoplasm. This 

allows the transport of NFAT to the nucleus which activates hypertrophic gene 

transcription with the transcription factor GATA4 (Frey et al. 2000; Molkentin 2004). There 

are four Ca2+ sensitive NFAT isoforms expresses in mammalian hearts (NFATc1 to 

NFATc4) which are activated by CaN(Kehlenbach et al. 1998). NFATc4 isoform is held 

to be most associated with remodeling in adult ventricular CMs(Rinne et al. 2010). Indeed, 

NFAT transcription factors have been shown in genetic mouse models to mediate cardiac 

hypertrophy while deficiency of CaN decreases the reaction to hypertrophy 

agonists(Wilkins and Molkentin 2002). Transgenic mice which overexpressed CaN and 

NFATc4 lead to robust hypertrophy that rapidly progressed to dilated heart failure within 

2-3months(Molkentin et al. 1998; Saito et al. 2003). In HF patients, the increase in CaN 

activity and expression were associated with failing or hypertrophic hearts(Lim and 

Molkentin 1999). However, few studies have also suggested a role for peri-nuclear 

CaMKII in activation of CaN-NFAT signaling in cardiac hypertrophy(Passier et al. 2000). 
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Indeed, impaired Ca2+ signaling especially nuclear Ca2+ signaling is the main contributor 

to diminished ventricular contractile function, the occurrence of arrhythmias and 

hypertrophy in HF. 

2.3.1. Regulation of nuclear Ca2+ in healthy and diseased cardiomyocyte 

It is apparent that Ca2+ signaling is paramount to cardiomyocyte function as a rise in 

intracellular Ca2+ can initiate both cardiomyocyte contraction and Ca2+ triggered signal 

transduction pathways. Considering the highly organized architecture of cardiac 

myocytes, spatial regulation by microdomains is a particular requirement for Ca2+ 

signaling efficacy (Peskoff and Langer 1998) as discussed earlier (2.2.4 above). The 

nucleus is one such microdomain important for localized signaling activation. Subcellular 

nuclear Ca2+ transients have shown to regulate important cellular processes such as gene 

expression, apoptosis, assembly of the nuclear envelope and nucleo-cytoplasmic 

transport(Sullivan and Wilson 1994, Stehno-bittel et al. 1995; Zhang et al. 2009). 

In CMs, with each heartbeat, there is a transient rise in the cytoplasmic free Ca2+ 

concentration. Each cytoplasmic [Ca2+] transient (CaT) elicits a nucleoplasmic CaT 

subsequently(Kockskämper et al. 2008b). However, studies have shown that 

nucleoplasmic [Ca2+] transients (CaT) follow a considerably slower kinetics as compared 

to the kinetics of cytoplasmic CaTs, with slower and delayed upstroke, a lower peak, and 

a prolonged return back to baseline(Genka et al. 1999; Ljubojević et al. 2011; 

Hohendanner et al. 2014). It is mainly due to restricted diffusion to the nucleus from the 

surrounding cytoplasm through the nuclear envelope (NE). The NE provides nuclear 

structural integrity and controls bidirectional transport of ions (including Ca2+) and 

macromolecular cargo (Malhas et al. 2011). It is shown to also acts as a functional Ca2+ 

store to regulate nucleoplasmic Ca2+ concentration [Ca2+] and gene expression and has 

important functions in downstream signaling (Ljubojević and Bers 2015). 

NE consists of the inner and outer nuclear membrane and has intermittent nuclear pore 

complexes (NPC) connecting the nucleoplasm and the cytoplasm. These NPCs allow the 
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passive diffusion of small molecules and ions including Ca2+ between these two 

compartments.  

However, it was found that NE also gives out invaginations or tubular structures that reach 

deep into the nucleoplasm in CM(Genka et al. 1999; Malhas et al. 2011). NE can function 

deep within the nucleus in regions that are otherwise remote from the nuclear surface 

due to the presence of a network of invaginations(Malhas et al. 2011; Ljubojević et al. 

2014). These invaginations might help decrease the diffusion delay and increase 

membrane surface area thus facilitating the intranuclear regulations of ions and 

transcription factors that cross the cytoplasm and nucleus. This might be critical for the 

regulation of gene transcription. In addition, T-tubules from sarcolemma are found to 

reaching deep into the cytosol in close proximity to the nuclear envelope, constituting 

microdomain for Ca2+ cycling and signal responsiveness(Dewenter et al. 2017). 

The presence of SERCA pumps on the invaginations facing the cytoplasmic side enables 

removal of Ca2+ from deep within the nucleus, thus important in shaping the 

nucleoplasmic CaT kinetics (Ljubojević et al. 2014). Interestingly, however numbers of 

primary active pumps for Ca2+ reuptake found on the inner nuclear membrane are 

inconsiderable (Humbert et al. 1996). Therefore, it seems like Ca2+ mostly diffuses out of 

the nucleus via NPCs. This extruded Ca2+ then taken up by SERCA on the outer nuclear 

membrane and the junctional SR, by nearby mitochondria or is pumped out by NCX on 

T-tubules in proximity to the nuclear envelope (Jaconi et al. 2000; Escobar et al. 2011). 

Thus, the decay of nuclear Ca2+ transients is slower compared with cytoplasmic Ca2+ 

transients; consequently, the Ca2+ strikingly builds up within the nucleus when diastole is 

shortened. This explains why the nuclear diastolic baseline [Ca2+] increases with higher 

beating frequencies (Ljubojević et al. 2014).  

The NE has found to be an extension of the SR. Thus, outer nuclear membrane show the 

same characteristics on their composition, and the perinuclear space, which is in between 

the outer nuclear membrane and the inner nuclear membrane, resembles the SR in ion 

and protein content(Fricker et al. 1997) and thus can possibly act as an intracellular Ca2+ 
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store(Wu and Bers 2006; Bootman et al. 2009). There are two components of nuclear 

CaTs: a) passive diffusion of cytoplasmic CaTs to the nucleus through nuclear pore 

complexes b) Active Ca2+ release from NE in a specific and regulated manner upon 

different stimuli. The nuclear envelope expresses the whole Ca2+-regulating proteins 

apparatus including the SERCA, Ca2+ release channels, and Ca2+-buffering proteins 

which support the notion of NE as a Ca2+store(Gerasimenko and Gerasimenko 2004; 

Bootman et al. 2009).  As stated earlier (2.2.4 above), IP3R- mediated Ca2+ release (IICR) 

is important for the localized nuclear Ca2+ triggered signaling. There is a preferential 

expression of type 2 IP3Rs as compared to ryanodine receptors on NE (Hohendanner et 

al. 2014). Lipp et al. have shown that small perinuclear Ca2+  release events, Ca2+ sparks 

or puffs within 3µm of the nuclear envelope can contribute to an increase in nuclear Ca2+ 

while not affecting the rest of the cytosol(Lipp et al. 1997).  NE has shown to have an 

entire PIP2-PLC-IP3 cascade, along with GPCRs and IP3Rs(Tadevosyan et al. 2010). 

Thus, the nuclear GPCRs in combination with nuclear IP3R-mediated IICR and Ca2+ 

removal constitute a putative distinct signaling domain that regulates nuclear Ca2+ 

dynamics. This clearly confirms that many features beyond the whole-cell Ca2+ oscillation 

influence nuclear Ca2+ regulation. 

Remarkably, early changes of CM nuclei regarding increased nuclear size and less 

frequent intrusions of NE are observed during cardiac remodeling. In addition, these early 

changes induce functional consequences like reduced NPC and SERCA within the 

nuclear core(Ljubojević et al. 2014). Also, there are few studies showing an increase in 

expression of IP3R in hypertrophied CMs(Harzheim et al. 2009). Further, leading to an 

enhancement of nuclear CaTs, slow extrusion, elevated nuclear diastolic Ca2+ ultimately 

instigating altered nuclear Ca2+ signaling which implicated in hypertrophic gene program 

activation leading to HF(Ljubojević et al. 2014).  

2.3.2. Role of IP3R in the regulation of nuclear Ca2+  

In addition to RyR, interestingly, a higher density of IP3R is found preferentially but not 

exclusively found in the nuclear and perinuclear region in CMs, suggesting a prominent 
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role for IP3R in nuclear Ca2+ signaling(Lipp et al. 2000; Bare et al. 2005). The most 

predominant subtype in CMs is IP3 receptor type 2 (IP3R2) (Zima et al. 2007). Due to 

various factors as discussed earlier (2.3.1 above), IP3R-mediated Ca2+ release elevates 

local nuclear Ca2+ independent from cytoplasmic Ca2+ changes(Wu et al. 2006). This 

localized Ca2+ increase constitutes IP3-induced Ca2+ release (IICR). 

G-protein coupled receptors (α-adrenergic, ET-1, and ATII receptor) activating 

phospholipase C (PLC), has a potential to modulate nuclear Ca2+ through IICR from the 

nuclear envelope. Thus any event which either leads to increase in cytoplasmic [Ca2+] via 

mechanical stretch, increased heart rate or non-excitatory stimulation or active stimulation 

of IP3R on NE (i.e. neurohormonal activation), will also lead to an increase in 

nucleoplasmic [Ca2+]. Such mechanism offers myocyte a means to regulate nuclear Ca2+ 

independently from the AP-induced cytoplasmic CaT during ECC and would constitute 

the basis of ETC(Wu and Bers 2006; Kockskämper et al. 2008a). Furthermore, elevated 

levels of nuclear Ca2+ have shown to enhance the IP3 sensitive of IP3Rs(Taylor and 

Tovey 2010) which might be one explanation for this phenomenon. There is the 

development of cardiac hypertrophy in IP3R2 TG mice in response to chronic 

isoproterenol infusion, Gαq overexpression, and exercise stimulation(Nakayama et al. 

2010). Strikingly, a set of G protein-coupled receptors (GPCRs), including receptors for 

ET-1, and ATII, and the entire machinery for IP3 signaling is been located in the 

nucleoplasm, possibly aiding  IP3R-mediated Ca2+ release from the nuclear 

envelope(Tadevosyan et al. 2010; Merlen et al. 2013). Furthermore, in hypertrophy and 

HF, an increase in IP3R expression and higher diastolic nuclear Ca2+ versus cytoplasmic 

Ca2+ is observed, thus reemphasizing the role of IP3-IP3R signaling(Ai et al. 2005; 

Harzheim et al. 2009; Ljubojević et al. 2014) 

The rise in nucleoplasmic [Ca2+] has shown to be able to activate transcription factors 

thus modulating the gene expression which is associated in the development of cardiac 

hypertrophy (Dolmetsch et al. 1998; Zhang and Brown 2004; Backs and Olson 2006).  As 

specified earlier (2.3), the CAMKII is an important regulator of hypertrophy especially 
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CaMKIIδB which is specifically localized in the nucleus. Moreover, α-adrenergic receptor 

activation selectively increased nuclear CaMKIIδ phosphorylation via Ca2+ mobilized 

through nuclear IP3-sensitive stores (Remus et al. 2006). ET-1 induces local nuclear 

envelope Ca2+ release via IP3 receptors and activates CAMKII/HDAC4/MEF2 axis (Wu 

et al. 2006).  

Similarly,  NFAT, a key player in cardiac remodeling, have shown to be accumulated 

locally in the nucleus possibly making is easy for shuttling in and out of the nucleus when 

local [Ca2+] is elevated(Bodi et al. 2005). This is speculated to be regulated by nuclear 

IICR(Rinne et al. 2010). This assumption is supported by studies where nuclear CaN is 

increased in human HF heart, also it is required for full transcriptional effects of 

NFAT(Kaye et al. 1995; Engelhardt et al. 1999). In addition, the development of cardiac 

hypertrophy in IP3R2 TG mice is sensitive to blocking via genetic CaN deletion 

(Nakayama et al. 2010).  

Thus, nuclear IICR plays an important role in ETC via CAMKII and CaN. 

Overall, nuclear accumulation of IP3Rs, neurohumoral activation mediated release of IP3 

CMs enhanced NFAT and CaMKII signaling and activation of a hypertrophic gene 

program characterize cardiomyocyte of failing hearts. The increased cytoplasmic and 

nucleoplasmic [Ca2+] has been shown to be vital for initiation and progression of heart 

failure (Berridge et al. 2003) while altered Ca2+ homeostasis has been a trademark for 

hypertrophic and failing human hearts(Hasenfuss and Pieske 2002, Bers 2006). Thus, in 

order to treat and prevent the underlying causes of heart disease, it is necessary to 

understand the basic regulators of cardiac physiology and their role in the 

pathophysiology of the cardiac disease. Thus, the study of subcellular Ca2+ changes in 

the nucleus is of vital importance for understanding the pathological processes in the 

heart(Gwathmey et al. 1987). 
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2.3.3. Hypertrophic transcription factors and activation of fetal response genes 

In a fetus, before birth, energy supply of the cardiac metabolism primarily consists of 

carbohydrates. After birth, the cardiac metabolism switches to the use of oxidation of fatty 

acids. A feature of the failing heart muscle, such as cardiac hypertrophy, is the return to 

fetal heart physiology expressing fetal genes. This switch to “the fetal gene program” is 

accompanied by the expression of different isoforms of metabolic enzymes and other 

proteins with the purpose of helping the heart to adapt to an increased workload. 

Activation of the fetal gene program allows synchronized synthesis of the proteins needed 

to bring about enlarged cardiac myocyte size and compensation for the altered energy 

demands of these larger cells. These genes trigger structural, functional, and electrical 

remodeling of the heart. Thus, in both eccentric and concentric hypertrophy, there is re-

induction of the fetal gene program along with inflammatory genes, whereas this induction 

is not observed in physiological hypertrophy(Thum et al. 2007). 

Specific features include, increased expression of natriuretic peptides (ANP, BNP), 

fibrosis-related (TGF-β), Immediate early genes (ERK), isoform switches of many other 

proteins including metabolic enzymes and sarcomeric proteins (relative increase of 

myosin heavy chains 7 (MYH7) compared to myosin heavy chains 6 (MYH6), and α-

actins). Since each isoform of myosin heavy chains (MHC) has a distinct enzymatic 

activity, their relative ratios greatly influence cardiac function, thus an increase in β-MHC 

coded by MYH-7 decreases the myosin ATPase enzyme velocity, which in turn slows the 

myocyte contraction rate, a key adaptation to altered workload. Atrial natriuretic peptide 

(ANP; also known as Nppa) and brain natriuretic peptide (BNP; also known as Nppb), 

correlates well and are used as a marker for the clinical severity and prognosis of 

HF(Barry et al. 2008). Gene for the regulator of calcineurin (RCAN-1) have shown to be 

upregulated and acts in a feed-forward mechanism with respect to CaN-NFAT 

hypertrophic signaling pathway in HF(Kreusser et al. 2014). 

In adult cardiac myocytes, activation of the MEF2 transcription factor in response to stress 

signaling activates a pro-hypertrophic gene expression profile. Stress signaling due to 
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triggers like stretch, neurohumoral activation stimulates MEF2 by causing the nuclear 

export of class II HDACs (HDAC-4) (as stated in 2.3 above), possibly regulated through 

protein kinase C/D(Vega et al. 2004), which in normal condition would associate with 

MEF2 and suppress its transcription activity(Lu et al. 2000). On the other hand, 

acetylation of the GATA-4 transcription factor by CBP/p300 results in eccentric left 

ventricular hypertrophy(Lu et al. 2000). Activation of p300/CBP in response to stressor 

phenylephrine (PE) via its specific β-adrenergic receptor occurs through the downstream 

protein kinase pathways, downstream of Gq, specifically ERK, p38, MSK1, and PKA. 

However, strikingly, different stressors that induce different post-translational 

modifications in GATA-4 trigger distinct cardiac remodeling. For e.g., in contrast to the 

above, activation of the MEK-ERK pathway by hypertrophic stimuli leads to 

phosphorylation of GATA-4 at serine 105 and the development of concentric 

hypertrophy(Lu et al. 2000). 

Thus, the type of hypertrophic remodeling depends on the trigger and associated 

progression of contractile dysfunction (afterload, LV volume overload, Myocardial 

Infarction)(Kuo et al. 2012). Furthermore, based on previous experimental findings, the 

distinct patterns of concentric and eccentric hypertrophy depends on differential and 

etiology-specific activation of hypertrophic signaling pathways(Toischer et al. 2010; Kehat 

et al. 2011). 

 

Cardiac remodeling is the response of the body to myocardial injury. It acutely aims at 

restoring and maintaining the cardiac output. Short-term neurohumoral adaptation helps 

maintain the arterial pressure during inadequate blood flow by vasoconstriction and by 

increasing myocardial contractility and heart rate. This restores cardiac output and 

redistribution of the flow to vital organs (Middlekauf and Mark 1998). The important 

neurohumoral mediators are angiotensin II (ATII), which is part of the Renin-Angiotensin-

Aldosterone system (RAAS) and endothelin (ET) and catecholamines (Figure 2.2). 

2.4. Neurohumoral activation in heart failure  
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Endothelin is a strong vasoconstrictor primarily expressed in the endothelium. Out of the 

three isoforms, ET-1 has a potent inotropic activity and is expressed in cardiac 

myocytes(Maccarthy et al. 2000). ET-1 exerts its function by binding to Gq protein-

coupled receptors endothelin-A and endothelin-B receptors (ETARs and ETBRs)(Archer 

et al. 2017). Activation of these receptors leads to the release of diacylglycerol (DAG) and 

inositol-1,4,5-trisphosphate (IP3)(Kockskämper et al. 2008b; Bootman et al. 2009). There 

is strong evidence that ET-1 causes cellular hypertrophy by activating IP3-mediated Ca2+ 

release from IP3Rs located at the NE (Wu et al. 2006; Kockskämper et al. 2008a). IP3 as 

discussed earlier (2.3.2 above), lead to sustained nuclear Ca2+ release and activate the 

fetal gene response. Numerous studies have demonstrated that plasma ET levels are 

elevated in patients with HF and in animal models of HF(Löffler et al. 1993; Pieske et al. 

1999).  

While, DAG activates numerous isoforms of protein kinase, PKC, and PKD, which 

regulate myocyte contractility and are also involved in hypertrophic signaling cascades 

(Viero et al. 2016). Catecholaminergic mediators like epinephrine and norepinephrine are 

shown to modulate CMs via action on their specific adrenergic receptors (AR). Depending 

on the subtype of the AR, its activation leads to either stimulation of PLC/IP3/IP3R pathway 

or trigger cAMP-dependent PKA, which phosphorylates and controls SR Ca2+
 regulation 

via LTCC, RyR, and PLB. These effects regulate the inotropic and chronotropic functions 

of the healthy heart, however, chronic activation of adrenergic receptors leads to 

substantial alterations of Ca2+
 homeostasis further leading to HF(Engelhardt et al. 1999; 

Bodi et al. 2005). It is quite evident in transgenic mice with overexpression of human 

β1ARs where various negative effects were observed on the heart. The chronic triggering 

of the sympathetic nervous system in patients with HF contributes to the poor prognosis 

associated with severe HF(Kaye et al. 1995; Engelhardt et al. 1999). 

2.4.1. Angiotensin II 

The renin-angiotensin-aldosterone system (RAAS) plays a crucial role in the 

compensatory neurohumoral response to myocardial injury. Angiotensin II (ATII), major 
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RAAS hormone, is an active vasoconstrictor peptide composed of eight amino acids (Asp-

Arg-Val-Tyr-Ile-His-Pro-Phe)(Chow and Allen 2016). It has seminal effects on the 

cardiovascular system causing vasoconstriction, increased blood pressure, and release 

of aldosterone from the adrenal cortex. In the simplest form, the RAAS contains 

sequential proteolytic conversion of AGT (angiotensinogen) to Angiotensin I (AT I) by 

renin produced by the kidneys. Angiotensin I is further acted upon by angiotensin-

converting enzyme (ACE) into ATII (Barry et al. 2008). ATII has a very short half-life and 

is rapidly degraded to ATIII and AT (1–7) by the angiotensin-converting enzyme 2  

(ACE2)(Keidar et al. 2007) (Figure 2.9). ATIII has similar actions to those of ATII but AT 

(1–7) seems to have opposite effect. It acts as an indigenous inhibitor of ATII by exerting 

hypotensive action via synthesis and release of vasodilator prostaglandins, an increase 

of the metabolic actions of bradykinin and augmenting the release of endothelial nitric 

oxide(Ferrario et al. 2005). 

The bioactive form, ATII, has both physiological and pathological effects. ATII peptide 

stimulates vascular smooth muscle, contraction, aldosterone release, and production of 

extracellular matrix proteins. Its effects are dependent on the time course of exposure - 

acute or chronic. Pathological effects appear when the balance of RAAS go haywire and 

the exposure to elevated ATII lasts longer than normal.  

ATII signals primarily via the Gq-coupled ATII receptor type 1 (AT1) that is coupled to the 

Gq protein and induces myocardial hypertrophy, fibrosis, and CM apoptosis. Both ATII 

and angiotensin-converting enzyme (ACE) are found to be at high levels after myocardial 

infarction and during cardiac hypertrophy (Schunkert et al. 1993; Studer et al. 1994). Mice 

with overexpression of AT1Rs in the heart have induced hypertrophy and fibrosis in 

otherwise healthy mice. These mice also exhibited enhanced hypertrophic responses to 

pressure overload and premature death in response to heart failure (Paradis et al. 2000). 

While mice with a gain of function mutant AT1 subtype A receptor displayed cardiac 

fibrosis and diastolic dysfunction in otherwise healthy mice (Keidar et al. 2007).  
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On binding to ATII, an AT-1 receptor on CMs has shown to induce cascades of 

intracellular signaling pathways (e.g. MAPK) with increased PLCβ activity (Miyata and 

Haneda 1994, Sadoshima et al. 1995; Rajapurohitam et al. 2006). As discussed 

previously in the sections earlier (2.3 above), PLCβ signaling pathway and IP3-mediated 

Ca2+ release are strongly associated with pathological hypertrophy. When the AT-1 

receptor is activated by ATII, it activates PLCβ, which hydrolyzes phosphatidylinositol 4, 

5 bisphosphate (PIP2), into IP3 which mediates an increase in cytosolic and nuclear 

[Ca2+], and diacylglycerols (DAG).  

 

DAG activates several serine-threonine isoforms of protein kinase C (PKC). PKC 

signaling is important for myocyte apoptosis, necrosis, and for triggering pro-hypertrophic 

gene transcription in CMs. However protein kinase D, a downstream effector of PKC, 

directly phosphorylates HDAC4/5 and stimulates its nuclear export, thus is also involved 

in activation of hypertrophic genes(Harrison et al. 2006). The four most functionally 

significant PKC isoforms in CMs are PKCα, β, δ, and ε. PKCα is the most predominant 

isoform in the human heart and is primarily a regulator of contractility via modulation of 

Figure 2.9 Angiotensin II biosynthesis 

Schematic diagram of the enzymatic events involved in the formation of Angiotensin II and its peptides.       

Angiotensinogen, ATG; Angiotensin, Ang; Angiotensin-converting enzyme (ACE); AT receptor, 

Angiotensin receptor. 
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PLB and SERCA activity in CMs. While, PKCβ is vital for the transduction of cardiac 

hypertrophy, contractility, and regulation of neonatal cardiac growth (Salazar et al. 2007). 

The other second messenger of PLCβ, IP3, binds several IP3 receptors on the SR and 

NE to induce the release of calcium stores into the cytoplasm and in the nucleus. As 

stated earlier (2.3.2 above), unlike the short bursts of contraction and relaxation induced 

by CICR, IP3-mediated Ca2+ signaling (IICR) results in a sustained Ca2+ release 

especially in the nucleus that allows for the activation of hypertrophic response genes 

(Figure 2.7 and Figure 2.8). A sustained increase in intracellular [Ca2+] activates CaN and 

its target, the NFAT family of transcription factors, which are critical mediators of 

pathologic hypertrophy (Dorn II et al. 2005; Rinne et al. 2010). Similarly, in ventricular 

myocytes, ATII selectively increased specifically nuclear CaMKIIδ phosphorylation and 

translocation of HDAC-4 via Ca2+ mobilized through nuclear IP3-sensitive stores(Backs 

et al. 2009).  These secondary messenger cascades also cause the activation of the 

angiotensinogen gene and thereby induce intracellular production of ATII and activation 

of RAAS (Sadoshima and Izumo 1993;  Wagner et al. 1999). Thus, ATII is indeed a strong 

and established driver of cardiac hypertrophy and HF. 

The anti-neuroendocrine therapy is the foundation for modern treatment of HF. However, 

the treatment strategies to slow HF progression depends on the symptoms of the 

individual patients. The strong indication for the long-term deleterious effect of ATII 

specific neurohumoral overstimulation is evident in the increase in patient survival 

associated with the usage of ACE inhibitors, AT1R blockers (Losartan), and aldosterone 

antagonists (Pitt et al. 2000;  Rossignol et al. 2011). In both humans and animal models, 

targeting the renin-angiotensin-aldosterone system can reduce cardiac hypertrophy 

and/or negative remodeling of the ventricles back to pre-disease states independent of 

effects on blood pressure, though blood pressure management is an additional protective 

aspect of these antagonists. However, in some cases, additional pharmacologic agents 

are needed, as some patients are refractory to the beneficial effects of ACE inhibitors and 
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AT1R blockers. Furthermore, the overall efficacy is limited for these agents, as 

cardiovascular disease still progresses even in responsive patients(van Berlo et al. 2013).  

There is an increasing evidence of local production of ATII in heart tissue other than 

classically synthesized ATII in circulating blood. All components of the renin-angiotensin 

system (RAS) and ATII receptors (AT1R and AT2R) have been identified in cardiac tissue 

(Paul et al. 2006). However, a number of questions remain to be answered regarding cell 

types that produce RAS components and the sites and regulation of ATII production in 

the heart. In vivo, metabolism and function of cardiac RAS components at the cellular 

level in normal and diseased states also remain to be determined.  

Thus, even though, neurohormonal pathways like RAAS are initially compensatory and 

beneficial, chronic activation leads to a number of maladaptive consequences eventually 

leading to the development of hypertrophy and its progression into HF. However, 

investigation of novel local RAS is of utmost importance to study the exact cellular 

mechanism of the initiation and maintenance of process of ATII-mediated cardiac 

hypertrophy and remodeling to unravel the possible targets for HF therapy.  

 

Co-morbidities like hypertension, diabetes and renal failure are of great importance in HF 

and its treatment. These co-morbidities promote the manifestation and progression of HF. 

Due to various reasons; the drugs used to treat co-morbidities may cause worsening of 

HF. Hence, the diagnosis and management of co-morbidities is a key component of the 

treatment patients with HF. HFpEF has a higher prevalence of co-morbidities compared 

with HFrEF, and many of these may be involved in the progression of this 

syndrome(Ponikowski et al. 2016). 

HF and Chronic kidney disease (CKD) frequently coexist and share many risk factors 

(diabetes, hypertension, and hyperlipidemia) that interact to worsen prognosis. CKD is a 

heterogeneous disorder affecting kidney structure and function over a period of more than 

2.5. Chronic Kidney Disease, a co-morbidity of HF   
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3 months. The presence of CKD is accompanied by a drop in glomerular filtration rate, an 

increase in the occurrence of systemic diseases (heart failure) and pathological anatomic 

outcomes within the kidney(Levin and Stevens 2014). CKD progression is promoted by 

other risk factors such as hypertension, diabetes mellitus type 2, obesity, inherited kidney 

disorders, and cardiovascular disease(Jha et al. 2013). 

Stepwise changes in bone and mineral homeostasis characterize the course of CKD 

leading to decrease of renal function. This may be demonstrated through either or all of 

the following; abnormalities of calcium, phosphate, PTH, and vitamin D metabolism, 

abnormalities in bone turnover, mineralization, volume, linear growth or strength, vascular 

calcification or other soft tissue calcification(Pavik et al. 2013). 

Fibroblast growth factor 23 (FGF23) is a phosphaturic hormone and is secreted by 

osteocytes in response to various stimuli to increase renal phosphate excretion. FGF23 

also suppresses parathyroid hormone expression and secretion and inhibits the renal 

formation of vitamin D (Silver and Naveh-Many 2009). In CKD, an increase in circulating 

FGF23  levels is observed in contrast to decline in glomerular filtration rate (GFR) and the 

renal capacity for phosphate excretion (Gutierrez et al. 2005) (Figure 2.10). A CKD animal 

model, Col4a3-/- KO mouse, exhibits an early increase in FGF23 in the course of CKD 

(Stubbs et al. 2012). In end-stage renal disease (ESRD), FGF23 reaches levels that can 

be 1000-fold above the normal range(Viaene et al. 2012). Furthermore, elevated FGF23 

levels have been associated with mortality in CKD patients before and after renal 

transplantation, thus making FGF23 important prognostic marker of CKD (Isakova et al. 

2011). Interestingly, in vivo, FGF23 is proposed to have a direct stimulatory effect on the 

RAAS via suppression of ACE2 enzyme in CKD mice model(Kovesdy and Quarles 2016). 

 

The seminal function of FGF23 involves regulation of phosphate homeostasis, intestinal 

uptake of calcium and Vitamin D3 metabolism (Angelin et al. 2012). In pathological 

conditions, however, FGF23 rises even at early stages of CKD. It has shown to be linked 

2.6. Fibroblast Growth Factor 23 
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even with cardiovascular disease and all causes mortality in end-stage renal disease (Itoh 

and Ohta 2013).  

 

FGF23 along with FGF2 belongs to basic FGF family and mediates its biological actions 

via specific FGFR-dependent manner. FGF23 exerts its physiological function via FGFRs 

with α-klotho as a co-factor present on its classic target organs of the kidney and the 

parathyroid glands. Klotho is an endocrine hormone primarily produced in the kidney and 

functions as co-receptor for FGF23, whereby it increases the binding affinity of FGF23 to 

its FGF receptors (FGFRs). In the kidney, FGF23 proficiently binds to FGFR1c with 

αKlotho, and activate FGF23-MAPK signaling to regulate renal phosphate and 1,25D 

metabolism (Hu et al. 2013) (Figure 2.10). 

Figure 2.10 Pathophysiology of FGF23 

FGF23, fibroblast growth factor 23; FGFR, fibroblast growth factor receptor; CaR, calcium receptor; PTH, 

parathyroid hormone; VDR, vitamin D receptor. The pink mass in right is the kidney. The red arrows 

indicate stimulatory pathological pathways.  

The figure is reproduced from “Silver, J. and Naveh-Many, T., 2009. Phosphate and the parathyroid. Kidney 

International, 75 (9), 898–905”. Copyright 2009 by Elsevier. Reprinted with permission. 
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LVH is one of the key cardiovascular complications in patients with CKD that contributes 

to aggravate cardiac dysfunction leading to diastolic dysfunction, congestive heart failure, 

arrhythmias and death(Eckardt et al. 2013). CKD progression often accompanied by LVH, 

is associated with raised serum levels of FGF23(Gutiérrez et al. 2009). Greater left 

ventricular mass and increased incidence and prevalence of LVH independently 

correlates with elevated FGF23 levels(Faul et al. 2011). It is highly likely that elevated 

serum levels of FGF23 directly contributes to the high rates of LVH and cardiac death in 

CKD.  

Fibroblast growth factors (FGFs) and their receptors are part of a large family of highly 

conserved signaling molecules that have been implicated in cardiac remodeling. 

However, αKlotho is not expressed in the heart, so it was assumed that FGF23 could not 

act directly on the heart to induce injury. Nevertheless, in 2011, Faul and colleagues 

presented for the first time that FGF23 induced hypertrophy in cultured CMs expressing 

FGFRs, but not αKlotho(Faul et al. 2011). In addition, in vivo, there was the development 

of LVH on direct injection of FGF23 into the left ventricular myocardium in mice, in an 

FGFR-dependent but α-klotho-independent manner. These results proposed an αKlotho-

independent FGF23 signaling in CMs(Touchberry et al. 2013) 

Downstream FGF23-klotho binding to FGFR leading to auto-phosphorylation signal 

transduction can proceed via three major pathways—Ras/MAP kinase pathway, 

phospholipase Cγ (PLCγ)/Ca2+ pathway, or PI3 kinase/Akt pathway(Eswarakumar et al. 

2005) (Figure 2.11). In classic target cells of the kidney and parathyroid glands, FGF23 

signaling requires FGFR and the co-receptor klotho. 

2.7. Fibroblast Growth Factor 23 and Heart Failure  



60 
 

 

 

In contrast to FGF2, binding of FGF23 to FGFR on CMs stimulates auto-phosphorylation 

of the receptor tyrosine kinase independent of klotho, which is not expressed in CMs, and 

signals primarily through the PLCγ-CaN pathway(Faul et al. 2011). It is hypothesized that 

FGF23 activates Ca2+-mediated hypertrophic signaling especially CaN/NFAT signaling in 

Figure 2.11 FGF23-FGFR mediated signaling in classic target cells and cardiomyocytes. 

FGF23, fibroblast growth factor 23; FGF2, fibroblast growth factor 2; FGFR, fibroblast growth factor 

receptor; PLC γ, phospholipase C γ; CaN, Calcineurin; HSP, heat shock protein; RAS, Rat sarcoma 

protein,  MAPK, Mitogen-activated protein kinase; PKC, Protein kinase C;PI3K, Phosphatidylinositol 3-

kinase; Akt, AKT serine/threonine kinase. The highlighted black arrows indicate stimulatory pathological 

pathways. 

The figure is reproduced from Faul, C., Amaral, A.P., Oskouei, B., Hu, M., Sloan, A., Isakova, T., Gutiérrez, O.M., 

Aguillon-prada, R., Lincoln, J., Hare, J.M., Mundel, P., Morales, A., Scialla, J., Fischer, M., Soliman, E.Z., Feldman, 

H.I., St, M., Sutton, J., Ojo, A., Gadegbeku, C., Seno, G., Marco, D., Reuter, S., Kentrup, D., Tiemann, K., Brand, M., 

Hill, J. A., Moe, O.W., Kuro-o, M., Kusek, J.W., Keane, M.G., and Wolf, M., 2011. FGF23 induces left ventricular 

hypertrophy. Journal of Clinical Investigation, 121 (11), 4393–4408. Copyright 2011 by American Society for Clinical 

Investigation. Reprinted with permission. 
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cultured CMs. Interestingly, these effects are independent of blood pressure levels. Thus, 

in an endocrine manner, FGF23 trigger cardiac hypertrophy by having a direct effect on 

CMs (Faul et al. 2011; Faul 2012). 

The tissue-specific alternative splicing of FGFRs, the mesenchymal splice form FGFR1c, 

was the major form identified in both the embryonic and adult heart(Pasumarthi et al. 

1995). However, it has been reported that FGF23 exclusively activates FGFR4 found on 

CMs. This interaction stimulates PLCγ/CaN/NFAT signaling.  Activation of FGFR4 is 

required for the FGF23-induced hypertrophy as FGFR4-specific blocking antibody 

prevents FGF23-induced cellular hypertrophy in NRVMs. In addition, attenuation of LVH 

in rats with CKD was observed with treatment of specific FGFR4-blocking antibody. 

These results are consistent with the in vivo studies demonstrating an absence of 

hypertrophy induced by FGF23 in FGFR4-/- mice(Grabner et al. 2015). Interestingly, 

FGF23 has also been implicated in age-related cardiac remodeling (Gutiérrez et al. 2009; 

Grabner et al. 2017). Older FGFR4 knock-out mice were protected from age-related 

cardiac remodeling notwithstanding high serum FGF23 levels when compared to wild-

type littermates(Grabner et al. 2017). Thus, FGF23 indeed promotes LVH by activating 

FGFR4 on CMs.  

Application of FGF23, in vitro on primary cultures of ventricular CMs, alters Ca2+ 

homeostasis by increasing Ca2+ influx via L–type Ca2+ channels(Touchberry et al. 2013). 

FGF23 has also shown to modulate SR Ca2+ pump (SERCA) activity and dysregulate 

electrophysiology of atrial cells. This lead to increases in SR Ca2+ content delayed 

afterdepolarizations and arrhythmogenicity (Kao et al. 2014). Moreover, FGF23 treatment 

induced increased intracellular Ca2+ levels in CMs and raised contractility in mouse 

ventricular muscle strips, ex vivo, possibly via FGFR4 activation(Touchberry et al. 2013). 

Thus, activation of cardiac FGFR4 might be required to induce early Ca2+ changes that 

progress to pathologic remodeling including cardiac hypertrophy and fibrosis. 

FGF23-induced cardiac hypertrophy has been reported to be reversible in vitro and in 

vivo upon removal of the hypertrophic stimulus. A reversal of FGF23-mediated 
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hypertrophic growth of isolated cardiac myocytes was possible with isoform-specific 

FGFR4 blocking antibody treatment. FGFR4 inhibition reverses LVH in an animal model 

of CKD with high FGF23 levels, without any side effects on renal function, tissue 

calcification, serum phosphate levels, hypertension, and mortality(Grabner et al. 2017). 

This is in contrast with the other studies, where the earlier mentioned side effects were 

observed with the FGF23 neutralization and pan-FGFR inhibition 

interventions(Touchberry et al. 2013;  Yanochko et al. 2013). These findings indicate that 

FGFR4 does not mediate all effects of FGF23, including its physiological actions on the 

kidney that are mainly mediated by FGFR1 and αKlotho(Liu et al. 2008; Gattineni et al. 

2014).  

Thus, studies until now have strongly implicated FGF23 as a causal mechanism for 

pathological hypertrophy and HF in relation with co-morbidities like CKD and aging. To 

date, however, no studies have shown that lowering FGF23 improves CVD outcomes in 

individuals with or without CKD. Whether cardiac FGF23 alone is sufficient to induce 

cardiac hypertrophy, must be investigated in further studies. The cellular mechanism of 

αKlotho-independent FGF23 signaling remains unclear. Undoubtedly, future mechanistic 

studies are required to elucidate the potential direct effects of FGF23 on isolated CMs 

with respect to Ca2+ homeostasis and signaling which are pivotal for LVH and HF. 
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3. Aims and description of the thesis project  

HF is a syndrome of symptomatic cardiac dysfunction with high morbidity and mortality. 

Left ventricular hypertrophy (LVH) and remodeling is a pivotal adaptation of the heart to 

stress. Even though these adaptations can be beneficial in the short term, eventually, 

they activate maladaptive pathways that ultimately lead to HF(Bisping et al. 2014).  

Current HF treatment focuses on inhibiting systemic maladaptive responses, however, 

fail to target and prevent cellular pathology on the CM level. Although there has been 

huge research interest, the exact initiatory cellular mechanisms of cardiac remodeling still 

remain to be elucidated.   

Cardiac hypertrophy is one of the important cardiovascular complications in HF patients 

with CKD. The accompanied LVH in these patients is associated with elevated serum 

levels of Fibroblast growth factor 23 (FGF23). FGF23 is an endocrine hormone primarily 

involved in calcium and phosphate metabolism. However, FGF23 also has an effect on 

CMs via specific receptor tyrosine kinase FGFR4, which mediates hypertrophy(Grabner 

et al. 2015).  However, there is a lack of a systematic mechanistic study on how FGF23 

induces pathological hypertrophy signaling in CMs. 

Early Ca²⁺ homeostasis changes and signaling are important for inducing cellular 

hypertrophy. It is pivotal to study early Ca2+ mediated signaling in LVH. Nuclear Ca2+ 

homeostasis is claimed to be important with respect to maladaptive hypertrophic signaling 

in CMs(Ljubojević et al. 2014).  Thus, it is necessary to study the Ca2+ mediated early 

hypertrophic signaling, especially in the nucleus. Not much is known about the FGF23 

effect on Ca2+ homeostasis, particularly within the nucleus. As well as, potential 

alterations in hypertrophic cellular mechanisms mediated by FGF23 are still unknown. 

Studies until now have strongly associated FGF23 as a causal mechanism for 

pathological hypertrophy and HF in relation with co-morbidities like CKD. Interestingly, 

the high circulating level of FGF23 is linked with an altered systemic renin-angiotensin-

aldosterone system (RAAS) response, which one of the important systems activated 
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during LVH(Kovesdy and Quarles 2016). A mechanistic study is required to elucidate the 

potential direct effects of FGF23 on isolated CMs with respect to pathological Ca2+ 

signaling, which will further bolster novel drug target possibility against hypertrophy in 

these HF patients.  

In this project, we investigate FGF23-mediated maladaptive hypertrophic Ca2+-dependent 

signaling in ventricular CMs.  

Therefore, the aim of my Ph.D. work was: 

1. To establish an in vitro cell culture model of hypertrophy to study underlying molecular 

mechanisms. 

2. Study the mechanistic effect of novel hypertrophic trigger FGF23 as compared to 

established hypertrophic triggers like angiotensin II (ATII) and phenylephrine (PE). 

3. Study the mechanistic effect of FGF23 on Ca2+ homeostasis as compared to 

established hypertrophic triggers like ATII. 

4. To investigate underlying hypertrophic signaling pathways activated by FGF23 in CMs. 

The data obtained in this study is published as an original article:  

Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 2018. 

Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac 

hypertrophy. Cellular and Molecular Life Sciences, (0123456789).  

Copyright 2018 by Springer Nature. Reprinted with permission. 

In neonatal rat ventricular myocytes (NRVMs) culture, both ATII and FGF23 triggered 

hypertrophy with respect to cell area and hypertrophic gene expression. FGF23 induced 

additional Ca2+ release from the nuclear envelope, a known mediator of hypertrophic gene 

activation.  Furthermore, FGF23 activates nuclear Ca2+-regulated CaMKII–HDAC4 

pathway, similar to ATII. ATII receptor (AT1R) antagonist losartan significantly attenuated 
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FGF23-induced changes in Ca2+ homeostasis and cellular hypertrophy. Interestingly, 

FGF23 treatment increased intracellular expression and secretion of ATII peptide in 

NRVMs in a time-dependent manner (Mhatre et al. 2018).  

Collectively, based on the results obtained in this study, we propose that ATII is one of 

the mediators of the FGF23 triggered hypertrophic responses. Our results suggest that 

the local cardiac renin-angiotensin system plays a pathophysiological role in FGF23 

action on CMs. FGF23 not only stimulated intracellular ATII production, but also its 

secretion. Thus, ATII may act as an autocrine ligand able to trigger an IP3-mediated 

release of Ca2+ from perinuclear stores and regulate hypertrophic transcription observed 

on FGF23 stimulation.  
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4. Materials and Methods  

The part of the Material and Methods section specified below is published as an original 

article:  

Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 2018. 

Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac 

hypertrophy. Cellular and Molecular Life Sciences, (0123456789).  

Copyright 2018 by Springer Nature. Reprinted with permission. 

 

The culture of isolated CMs are a vital tool in cardiovascular research but are challenging 

to prepare and culture. Adult and neonatal ventricular CMs can be isolated and cultured 

in vitro via sequential enzymatic digestion of heart tissue. Adult CMs can be maintained 

in culture depending on the animal species and culture conditions for about 24-48 hours; 

in contrast, neonatal ventricular CMs can be maintained in culture for up to two 

weeks(Pinz et al. 2011).  

4.1.1. Isolation and culture of Adult rat ventricular cardiomyocytes (ARVMs) 

All animal experiments were approved by the local authorities and performed in 

agreement with the Guidelines for the Care and Use of Laboratory Animals (National 

Institute of Health, U.S.A.). Ventricular CMs were isolated by a modification of a 

procedure described previously (Primessnig et al. 2016). Wistar rats (3–6 months) were 

weighed and anesthetized with isoflurane and placed in a polystyrene chamber. Loss of 

reflexes was verified prior to sacrifice of animal by gluten. The animal was turned on the 

back and needles were used to fix all extremities to the plate. The skin over the chest was 

removed while holding it with a pair of tweezers. In order to gain full access to the thorax, 

a subcostal cut was cranially extended to the left and right. The aorta was grabbed with 

a forceps and the visibly beating heart was cut out and quickly transferred to a beaker 

4.1. Cell culture preparation 
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glass containing an ice-cold Perfusion Solution. After excessive tissue was removed the 

heart was weighed, then the heart was placed in a Petri dish containing ice-cold Perfusion 

Solution along with 1mM Ca2+. A syringe with a cannula with an appropriate width was 

used to cannulate the aorta. The heart was fixed with 5-0 surgical silk to the cannula and 

flushed with Perfusion Solution with 1mM Ca2+, to remove blood from the myocardium. 

The needle with the attached heart was removed from the syringe and transferred to a 

Langendorff-system with a constant flow. It was ensured that no air bubbles had formed 

between the Langendorff-system and the cannula to avoid ischemia. The heart was 

perfused at 3ml/min for 4 min at 37°C with oxygenated Perfusion Solution and then 

followed by Enzyme Solution (Perfusion Solution with LiberaseTM (80µg/ml) and Trypsin 

(0.1%; Life Technologies, Carlsbad, CA, USA) with 0.1 mmol/L CaCl2 added) for 10 to 13 

min, depending on the weight of the heart. The heart turns slightly pale, swollen and 

becomes flaccid due to enzymatic digestion. After the perfusion was stopped, the 

ventricles were separated from the atria and minced into small pieces with a scissor in 

perfusion solution containing 10% BSA (to inhibit further digestion) and 0.125mM Ca2+. 

Mechanical separation of single CMs was carried out by pipetting the cell suspension up 

and down with three plastic Pasteur pipettes. The opening diameter was decreased from 

the first to the last pipette to ensure an effective dissociation. The suspension was filtered 

through a 200μm nylon mesh into a 50ml tube to remove undigested tissue. Viable cells, 

settled by gravity and formed a cell pellet on the bottom of the tube. After ten minutes, the 

supernatant was discarded and NT with 0.125mM Ca2+ solution was added. Cells were 

resuspended and given ten minutes to settle again. This procedure was repeated until a 

final Ca2+ concentration of 1.8mM was reached. The procedure yielded 80–90% rod-

shaped, quiescent CMs, which were used within 6h after isolation. The ARVMs are 

cultured in culture medium consisting of M199 GlutaMAX Supplement (Thermo Scientific, 

Rockford, IL, USA) with 1% Insulin transferrin selenium (ITS-G) (100X), 1% 

penicillin/streptomycin (100units/ml) (Thermo Scientific, Rockford, IL, USA) and HEPES 

(10μM). CMs were seeded at a density of 1×106cells/ml on laminin-coated cell culture 

and imaging dishes. 
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4.1.2. Isolation and culture of neonatal rat ventricular cardiomyocytes (NRVMs) 

Neonatal rat ventricular cardiomyocytes (NRVMs) were isolated from 1-3 days old rat 

pups and cultured for a period of a week as previously described (Bisping et al. 2006;  

Mhatre et al. 2018).  In short, hearts were excised from neonatal rat pups and placed in 

ice-cold PBS. Unwanted blood and connective tissues were removed and ventricles were 

minced into small pieces. Cells were dissociated from the tissue by five rounds of 

digestion at 37°C for 10-12 min in digestion buffer containing LiberaseTM (80µg/ml), 

Trypsin (0.1%; Life Technologies, Carlsbad, CA, USA) and DNase I (20µg/ml) in 10 µM 

Ca2+-1X HBSS-buffered solution with constant stirring. The dissociated cells of each 

round of digestion were treated with 10% horse serum (Life Technologies, Carlsbad, CA, 

USA) to eliminate fibroblast and further centrifuged. The cell pellets obtained were re-

suspended in culture medium containing DMEM-F12 medium (Thermo Scientific, 

Rockford, IL, USA) with 10% fetal bovine serum (VWR International, PA, USA) to inhibit 

further digestion, along with 1% penicillin/streptomycin (100units/ml) and kept on ice. 

Pooled cells were passed through a cell strainer (100µm) and further pre-plated for 1h for 

CMs enrichment and to remove contaminating fibroblasts. CMs were counted and seeded 

at a density of 0.5-1×106cells/ml on 1% gelatinized cell culture and imaging dishes. CMs 

were cultured in the above-mentioned culture medium at 37°C in a humidified atmosphere 

containing 5% CO2. After 24h, the culture medium was changed to serum-free medium 

containing 80% DMEM-F12 and 20% M199 GlutaMAX Supplement (Thermo Scientific, 

Rockford, IL, USA) with 1% penicillin/streptomycin (100units/ml). CMs were cultured 

under serum-free conditions at least 48h before experiments. The experiments and 

stimulation were started at day 4 post isolation.  

 

Subtotal (5/6) nephrectomy was carried out as described previously (Primessnig et al. 

2016). Young male 8 weeks old Wistar rats (HsdRCCHan, Harlan, Italy) with a body 

weight between 250 and 275 grams underwent subtotal (5/6) nephrectomy (NXT) or sham 

operation (Sham). Animals were premedicated with the analgetic carprofen (5 mg/kg/BW) 

4.2. Nephrectomy rat model 
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and the antibiotic enrofloxacin (7.5 mg/kg/BW). Rats were anesthetized with 5 % 

isoflurane (Abbott, Germany) and 1.6 l/min oxygen in an induction chamber for 1-2 

minutes and afterward placed on a heated table to maintain body temperature at 37.5°C 

(rectal probe). Anesthesia was maintained by injection of 400 µl/kg/BW ketamine/xylazine 

i.p. and reduction to 2 % isoflurane with same oxygen flow rate via an anesthetic mask 

(spontaneous breathing). Animals were monitored via tail pulse oximetry and regular 

control of their reflexes. Furthermore, Ringer‘s solution (10 ml/kg/h) was applied through 

a tail vein cannula and an eye cream (Oleovit, Bayer, Germany) to prevent eye dryness. 

The surgical procedure was performed in a one-time intervention (4, 5). In a primary step, 

the left kidney was exposed through a flank incision and decapsulated. Renal vessels 

were ligated and the kidney was carefully removed. Furthermore, the right kidney was 

exposed and the two poles and the cortex were quickly removed. In Sham animals, both 

kidneys were exposed for the same time but left intact. As post-operative analgesia 

animals received metamizole (40 mg/kg/BW) subcutaneously. 

 

To investigate upstream hypertrophic signaling pathways, we quantified classical marker 

genes for cardiac hypertrophy and fibrotic remodeling. ACTA-1 codes for α-actinin, MYH-

7, which encodes β-myosin heavy chain, NppB codes for natriuretic peptide BNP and 

TGF-β as a marker for fibrosis, at an early time points following the hypertrophic triggers. 

We also measured the calcineurin reporter gene, RCAN-1, which is involved in Ca2+-

dependent cardiac hypertrophic signaling(Kreusser et al. 2014).  After the stimulus, total 

RNA was isolated from the single wells of the 6-well plates at suitable time-point using 

the RNeasy Mini Kit (Qiagen, Hilden, Germany), including DNase treatment. Quality and 

quantity of RNA were assessed with a Nanodrop 1000 spectrophotometer (Thermo 

Fischer Scientific, Wilmington, DE, USA) and reverse transcription was performed with 

QuantiTect ReverseTranscription Kit (Qiagen, Hilden, Germany). qPCR was carried out 

using SYBR Green Mastermix (BIO-RAD) in 10µl total reaction volumes on a 

LightCycler® 480 Instrument II at optimized thermocycling settings. Relative gene 

4.3. Real-time quantitative RT-PCR  
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expression was calculated using the ddCt method, with expression normalized to GAPDH 

as a reference gene. Each sample was run in triplicates and fold changes were calculated 

in comparison with corresponding control (untreated ARVMs/NRVMs). Sequences of 

used primer-oligonucleotides are provided in Table 4.1(Mhatre et al. 2018). 

4.3.1. GAPDH as an appropriate housekeeping gene  

In order, to check the stability of GAPDH in our study setting, we compared the expression 

of GAPDH to RLP-4, which is commonly used as internal control gene in cardiac 

hypertrophy gene expression studies(Ruiz-Villalba et al. 2017). 

Table 4.1 Primer sequences used for RT-PCR (SYBR green method) 

Adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 2018. Crosstalk 

between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. Cellular and 

Molecular Life Sciences, (0123456789)”. Copyright 2018 by Springer Nature. Reprinted with permission. 

Gene  Forward (5’-3’) Reverse (5’-3’) 

GAPDH GCA ACT CCC ATT CTT CCA CCT 

TT 

TAT CCT TGC TGG GCT GGG 

TG 

ACTA-1 AGA GTC AGA GCA GCA GAA ACT 

AGA 

CAC GAT GGA TGG GAA CAC 

AGC 

RCAN-1 AGT CGC TTG GGC TGT GAC GG AAG AGC CGC AGG CAG AGT 

CA 

TGF-β GAG GCG GTG CTC GCT TTG T ATT GCG TTG TTG CGG TCC 

AC 

NppA AGG GCT TCT TCC TCT TCC TGG CTT CAT CGG TCT GCT CGC 

TCA 

NppB AGT CGC TTG GGC TGT GAC GG AAG AGC CGC AGG CAG AGT 

CA 

RPL-4 CGC CAG GCT AGG AAT CAC AAA AGC CCC CTT CTC TGG AAC 

AA 
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4.4.1. Ca2+ dye loading 

Cultured CMs were washed with Normal Tyrode Solution (NT) (1.8mM CaCl2). Cells were 

loaded with the Ca2+ -sensitive fluorescent dye Fluo-4AM (20 μM) (fluo-4/AM; Molecular 

Probes, Eugene, OR, USA) with pluronic acid in NT and incubated for 30 min in dark at 

room temperature. After loading, cells were then washed twice with NT for 15mins for de-

esterification and used for Ca2+ imaging. 

4.4.2. Compartmental Ca2+ Imaging 

Intracellular Ca2+ recordings in cytosol and nucleus were performed using a confocal laser 

scanning microscope (ZEISS LSM 800) that consisted of an inverted microscope 

equipped with a x40 oil-immersion objective lens (N.A. 1.3).  Fluo-4AM was excited by 

the 488nm light from an argon-ion laser and fluorescence was collected at wavelengths 

>515 nm. The temporal resolution of the scanning was 0.58 or 0.8ms per line. The 

confocal line was set to the middle of the nuclei for the recording of the [Ca2+] nucleus, 

thus ensuring that fluorescence originating only from the nucleoplasm was collected. 

Cells were field-stimulated via two platinum electrodes at 1 or 5Hz using 5ms pulse with 

a voltage of 24.2 amplitude. Steady-state CaT was recorded at room temperature(Mhatre 

et al. 2018).  

4.4.3. Ca2+ transient analysis 

4 to 5 consecutive transients in the line scan image were segmented and were averaged 

using custom-made algorithms coded in IDL (IDL 7.0, ITT Visual Information Solutions, 

Paris, France)  as previously described(Heinzel et al. 2008). The amplitude of the [Ca2+]i 

transient (ΔFpeak) was deduced by normalizing the peak of CaT (F) to F averaged during 

30 ms before the onset of the Ca2+ transient (F0). Total cytosolic or nuclear Ca2+ load 

during a paced beat was calculated as Area under the curve (AUC) as the area under the 

CaT using Area (mV.ms) function in pCLAMP 10.2 (Molecular Devices, California, USA). 

4.4. Ca2+ transient measurements: 
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Hypertrophy stimuli, ATII (1 µM; Sigma-Aldrich) or FGF23 (25 ng/ml; R&D Systems) were 

added to the cells in NT solution. A subset of cardiomyocytes was treated 30 mins with 

2-Aminoethoxydiphenyl borate (2-APB, 5-10µM; Sigma-Aldrich), Losartan potassium (1 

µM; Sigma-Aldrich), Xestospongin.C. (10µM) or vehicle (DMSO) 30min prior to the 

agonist stimulation. Frequency and of Ca2+ sparks were measured using 

SparkMaster(Picht et al. 2008). The temporal profiles of CaT were then fitted to gamma 

function to analyze time to peak (TTP), and decrease time to half-maximum (D50) using 

pCLAMP 10.2. 

 

4.5.1. Cardiomyocyte size measurements  

NRVMs were fixed with methanol/acetone (ratio 1:1, at -20 °C), permeabilized for 5 min 

with in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 and 0.1% Na-

citrate, and blocked with PBS containing 5% Bovine serum albumin for 1 h.  Cells were 

incubated with primary antibody for sarcomeric desmin (mouse monoclonal antibody, 

1:50, Dako, catalog no. M0760) for overnight at 4°C in the same solution as blocking 

solution. Cells were washed three times with PBS, incubated with the secondary 

AlexaFluor® 488-conjugated antibody (rabbit anti-mouse IgG, dilution 1:1000, Invitrogen) 

and washed three times with PBS. Nuclei were stained with DAPI (Sigma-Aldrich, catalog 

no. F6057). NRVMs were visualized with an inverted fluorescence phase-contrast 

microscope (BZ-9000E, All-in-One fluorescence microscope, Keyence) at a ×20 and ×60 

magnification, and images were captured using a digital camera CFI60 (Nikon). Open 

source Fiji software (ImageJ) (http:// fiji.sc/Fiji) was used to measure the cell. Cell surface 

area was calculated based on desmin–positive staining (ImageJ)(Mhatre et al. 2018). 

4.5.2. Intracellular Angiotensin formation  

Methanol/acetone fixed NRVMs were co-stained with the anti-desmin antibody (1:50, 

Dako, catalog no. M0760) and anti-Angiotensin II antibody (1:50, Angiotensin (N-10), 

4.5. Immunocytochemistry (ICC) analysis  
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Santa Cruz Biotechnology, catalog no. sc-7419) as specified in protocol above. Along 

with FGF23 (25ng/ml), we used high glucose (25mM) as a positive control for induction 

of ATII formation in CMs. Rest of the conditions (Negative control, control, FGF23) were 

in 10mM glucose medium. Intracellular ATII formation in NRVMs was visualized using 

confocal laser scanning microscope (ZEISS LSM 800) with a x40 oil-immersion objective 

lens. 

 

A field of vision with 2-3 NRVM was chosen. Using confocal microscopy, a z-stack of five 

adjacent layers was recorded for each view to determine the optimal focus setting for the 

equatorial plane. Z-stack was recorded with a pixel volume of 0.078 µm in XY and 1.0 µm 

in Z-axis.  Equatorial plane of each of the scanned cardiomyocyte for every condition with 

identical settings for excitation and detection were analyzed. Images were converted to 

binary by thresholding with a signal threshold defined as mean + 3 standard deviations of 

the intracellular intensity in negative controls (without primary antibody). The area with 

positive signal was normalized to the total area of the cell and corresponding nucleus. 

Thereby deriving % density of positive signal (Figure 4.1) that is directly proportional to 

Figure 4.1 Schematic representation of ATII expression analysis in NRVMs. 
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the cytoplasmic formation of ATII present as measured by the standard area function in 

the open source Fiji software (ImageJ) (http:// fiji.sc/Fiji). 

 

For Western blot analysis, NRVMs from 6-well plate were homogenized at 4°C  in 160μl 

of cell lysis buffer (with freshly added protease inhibitor (PMSF, leupeptin, aprotinin, 

pepstatin A). Lysates were run on 4–12% Bis-Tris polyacrylamide gels and transferred to 

nitrocellulose membranes for 2 h.  Proteins on the membrane were stained with Ponceau 

S. The signal was detected with the Odyssey CLx System. The band intensities were 

determined by Image Studio software (LI-COR, Nebraska, USA). 

4.6.1. PLC-γ phosphorylation 

Non-specific binding was blocked with 5% powdered milk in Tris-buffered saline (pH 7.4) 

containing 0.1% Tween-20. Lysates were analyzed by immunoblotting using antibodies 

against phospho-PLC-γ (Tyr783) and total- PLC-γ (Cell Signaling Technologies, 

Massachusetts, USA). Respective secondary antibody Goat anti-rabbit IRDye 680RD (LI-

COR, Nebraska, USA) was used. The fluorescence was detected using the LI-COR 

Odyssey® CLx Imaging System. 

4.6.2. HDAC-4 phosphorylation 

Non-specific binding was blocked with 3% Bovine serum albumin in Tris-buffered saline 

(pH 7.4) containing 0.1% Tween-20. Membranes were probed with anti-HDAC4 

phosphoS632 and anti-HDAC4 (Abcam, Cambridge, USA) sequentially, overnight at 4 

°C. Anti-rabbit IgG linked with IRDye 800CW (pHDACS632) and anti-rabbit linked with 

680RD (HDAC-4) (LI-COR, Nebraska, USA) were used as a secondary antibody(Mhatre 

et al. 2018). 

 

4.6. Western Immunoblotting  

4.7. BNP ELISA  

https://www.google.de/search?q=Lincoln+Nebraska&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCpMLjdPUeIAsU3SK9K0NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRiEA2L06-kIAAAA&sa=X&ved=0ahUKEwjKr6PB4YLcAhVIjiwKHddVCAQQmxMIygEoATAh
https://www.google.de/search?q=Danvers+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCu3KKlIUeIEsQ1zKsrztDQyyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqv0xKKizGKgcEYhAP0W02lDAAAA&sa=X&ved=2ahUKEwiVzPj5jP7cAhUB-aQKHbWBCIIQmxMoATAPegQICxAc
https://www.google.de/search?q=Lincoln+Nebraska&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCpMLjdPUeIAsU3SK9K0NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRiEA2L06-kIAAAA&sa=X&ved=0ahUKEwjKr6PB4YLcAhVIjiwKHddVCAQQmxMIygEoATAh
https://www.google.de/search?q=Cambridge+United+Kingdom&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAjWaQkEQAAAA&sa=X&ved=0ahUKEwi-1rPq4YLcAhXMGCwKHcaaB5YQmxMIyQEoATAZ
https://www.google.de/search?q=Lincoln+Nebraska&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCpMLjdPUeIAsU3SK9K0NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRiEA2L06-kIAAAA&sa=X&ved=0ahUKEwjKr6PB4YLcAhVIjiwKHddVCAQQmxMIygEoATAh
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BNP ELISA was performed according to the manufacturer's protocol (KA0979, Abnova, 

Taiwan) with a 1:2 dilution of the samples. 

 

4.8.1. Sample Preparation  

 

Supernatants (12ml) were first dried in a speedvac (Eppendorf, Hamburg, Germany) and 

resuspended in 1 ml 0.1%TFA. Next, these 100µl sample solution was desalted and 

peptides concentrated by using ZipTip (C18) according to the standard manufacturer 

protocol (Merck Millipore, Billerica, MA, USA). Thus, samples got concentrated and 

desalted using 3kDa molecular weight cut-off spin-filter columns to remove the very 

abundant albumin and immunoglobulins, so that these proteins would not hinder analysis 

of less abundant protein of interest. Subsequently, the sample was concentrated if 

required specifically for ATII using immunoprecipitation using ATII antibody.  

4.8.2. MALDI-TOF/TOF analysis 

The resulting peptide mixtures were then spotted on one 384-anchor-containing MALDI 

AnchorChip targets (Bruker Daltonic, Bremen, Germany) and mixed with a 1µl matrix 

solution and analyzed. MALDI-IMS data acquisition was performed in positive ion reflector 

4.8. Mass Spectrometry 

Figure 4.2 Work-flow of sample processing for Mass spectrometry analysis of ATII peptide in 
conditioned medium. 

Proteins are indicated as yellow  
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mode on an Autoflex III MALDI-TOF/TOF using flexControl 3.0 software (Bruker Daltonic). 

Measurement settings were as follows: detection range of m/z 800–3000, 200 laser shots 

per spot, the sampling rate of 2.0GS/s(Mhatre et al. 2018). 

 

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless noted 

otherwise. Perfusion Solution in mmol/L: 130 NaCl, 5 KCl, 0.5 MgCl2, 0.33 NaH2PO4, 22 

Glucose, 5 Glutamine, 25 HEPES; pH adjusted to 7.4 with NaOH. Normal Tyrode solution 

(NT) contained (in mM): 130 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 D-glucose, 10 HEPES; 

pH 7.4 with NaOH. Cell lysis buffer (in mM): 20 Tris pH 7.5, 150 NaCl, 1 Na2EDTA pH8, 

1 EGTA pH7, 1% Triton, 2.5 Na4P2O7, 1 Na3VO4, 1 β-glycerophosphate). Matrix 

solution contained: 1ml 7g/L a-cyano-4-hydroxycinnamic acid (Bruker Daltonic) in 50% 

acetonitrile (Fluka, St. Louis, USA) and 1% trifluoroacetic acid (spectroscopy purity, 

Merck, Darmstadt, Germany)(Mhatre et al. 2018). 

 

Primary cell culture experiments were conducted on 3-5 independent cell culture isolates 

obtained on different days with technical replicates. The appropriate statistical analysis 

was performed using paired or unpaired t-test or Mann-Whitney U test (for 2 groups), 

ANOVA or Kruskal–Wallis followed by Bonferroni or Dunn’s test for multiple comparisons 

(for 3 or more groups). Chi-square test was used to compare nuclear spark incidence 

between the treatment groups. Statistical tests were performed using SPSS (IBM SPSS 

Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp, USA). Results are reported 

as a mean ± standard error of the mean (SEM) or Standard deviation (SD), and a P value 

<0.05 was considered significant. N is the number of independent isolations, and n is the 

number of individual cells analyzed(Mhatre et al. 2018). 

 

  

4.9. Solutions and chemicals 

4.10. Statistical analysis  
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5. Results 

The part of the Result section specified below is published as an original article:  

Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 2018. 

Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac 

hypertrophy. Cellular and Molecular Life Sciences, (0123456789).  

Copyright 2018 by Springer Nature. Reprinted with permission. 

 

We were successful in culturing freshly Isolated ARVMs from adult Wistar rats for 48h in 

our culture conditions. Percentage viability was measured at different timepoints Day0, 

Day1 (24h) and Day2 (48h). There was a considerable decrease in viability with an 

increase in the culture days (Figure 5.1A, B, C). Also, there was visible de-differentiation 

with respect to the cell morphology, rounding of the sarcolemma, loss of t-tubule 

etc.(Louch et al. 2015). As a marker for hypertrophy, we checked the cell size and fetal 

(hypertrophic) gene response in the ARVM cell culture model. 

5.1.1. ATII and PE do not have any effect on cell size in ARVMs  

We used standard hypertrophy triggers to induce hypertrophy in our cell culture. ATII, a 

neurohormone is a strong hypertrophy and hypertension stimulus (Ljubojević et al. 2014). 

β-adrenergic receptor agonist PE was used as a comparative stimulus which is known to 

trigger hypertrophy via PKC pathway(Schreckenberg et al. 2004). 

PE (10μM) significantly decrease the viability at day 1 and day 2 as compared to ATII 

(250nM) and untreated cells (Figure 5.1B, C). This can be explained by the possible 

trigger of apoptosis by independent pathways induced by PE(Heger et al. 2009). We 

measured the cell size of the ARVMs after treatment with ATII (250nM) and PE (10μM) 

at different time points Day0, Day1 (24h) and Day2 (48h) as a read-out of hypertrophy. 

5.1. Establishment of a hypertrophy in vitro cell culture model 
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As seen in Figure 5.1D, there was no significant difference between the groups at all the 

time points. 

5.1.2. No significant effect of treatment of ATII and PE on hypertrophic gene expression 

in ARVMs 

The gene expression for pro-hypertrophic marker genes was studied as a second 

hypertrophy read-out in ARVM cell culture. Gene expression was measured at 24h with  

 

Figure 5.1 Effect of ATII (250nM) and PE (10μM) on cell size of ARVMs 

A Bright field images of ARVMs at timepoint day 0 (right), day 1 (middle) and day 2 (left). The scale bar 

denotes 100μm. B Percentage cell viability at different timepoints of ARVMs after ATII (250nM, blue) and 

PE (10μM, red) treatment vs. (CTRL) vehicle-treated control cells. (mean±SEM; n>6 Isolations for each 

timepoint and treatment; *P<0.05, #§P=0.05; Kruskal-Wallis followed by Dunn’s test). C Dot blot showing 

percentage cell viability of individual isolation at different timepoints of ARVMs after ATII (250nM, blue) and 

PE (10μM, red) treatment vs. (CTRL) vehicle-treated control cells. D The bar graph (below) represents 

cross sectional area of ARVMs in ATII (250nM, light grey) and PE (10μM, dark grey) treatment group at 

different timepoint compared to corresponding vehicle-treated control (black) group. 
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 ATII (1μM) and PE (10μM) treatment. At 250nM, the concentration of ATII did not show 

any hypertrophic effect on ARVMs with cell size as readout (Figure 5.1D). Hence, a higher 

concentration of 1μM was used for the gene expression study. Only MYH-7 showed a 

significant increase in expression for 2-folds with ATII (1μM) and 2.3 folds with PE (10μM) 

treatment at 24h (Figure 5.2A, B). The remaining genes (ACTA-1, NPPB, RCAN-1) did 

not show any significant change in expression at 24h with both the treatments.  

 

As the effect of these triggers on hypertrophy genes is transient, we measured the effect 

of ATII (1μM) on all the genes acutely at time points 20mins, 2h, and 6h. Only TGF-β 

showed a significant increase in the 2h treatment of ATII which returned to basal levels 

at 6h (Figure 5.3). 

 

Figure 5.2 Effect of ATII (1μM) and PE (10μM) at 24h timepoint on hypertrophic gene expression in 
ARVMs 

Compared to control cells (black), expression of genes ACTA-1, NPPB, RCAN-1 and MYH-7 at 24h of ATII 

treatment (bar graph in left) (grey). In bar graph on right, Compared to control cells (black), expression of 

genes ACTA-1, NPPB, RCAN-1 and MYH-7 at 24h of PE treatment (grey).(mean±SEM; N=3 independent 

isolations quantified by RT-PCR normalized to GAPDH gene expression; **P<0.01, compared with 

corresponding control; unpaired t-test or Mann-Whitney U test). 
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5.1.3. Acute treatment of ATII and FGF23 did not have any effect on Ca2+ transient of 

1Hz and 5Hz stimulated ARVMs  

Treatment of ARVMs with ATII or FGF23 did not induce cellular hypertrophy with respect 

to hypertrophic marker gene expression and cell size. We further tried to elucidate 

whether these hypertrophic triggers have an early effect on Ca2+ homeostasis of ARVMs. 

Ca2+ imaging protocol was followed as shown schematically in Figure 5.4. 

Figure 5.3 Effect of ATII (1μM) at 20mins, 2hrs, 6hrs timepoint on hypertrophic gene expression in 
ARVMs 

Compared to control cells (black), expression of genes TGF-beta, ACTA-1, NPPB, RCAN-1 and MYH-7 at 

20mins (patterned), 2hrs (light grey), 6hrs (dark grey) of ATII treatment.(mean±SEM; N=3 independent 

isolations quantified by RT-PCR normalized to GAPDH gene expression; *P<0.05, compared with 

corresponding control; unpaired t-test or Mann-Whitney U test). 

 



81 
 

 

 

 

 

In CMs an increase in stimulation frequency can cause increases in diastolic and systolic 

[Ca2+]. Since there is distinctly slower kinetics of nucleoplasmic CaTs as compared to 

cytoplasmic CaTs, an increase in stimulation frequency affected [Ca2+]nuclear and 

[Ca2+]cytoplasmic differentially, in particular, the diastolic [Ca2+].  

Thus, an increase in stimulation frequency may be sufficient for the differential regulation 

of diastolic[Ca2+] in the nucleus vs. cytoplasm(Ljubojević et al. 2014). We included 5Hz 

along with 1Hz stimulation frequency to study the effect of triggers on CaT in cytosolic 

and nuclear compartment. The original recording of a typical CaT is illustrated in Figure 

5.5. 

Figure 5.4 Ca2+ imaging protocol for studying effect of ATII (1uM) and FGF23 (25ng/ml) on CaT of 
ARVMs paced at 1z and 5 Hz.   
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As expected, an increase in diastolic calcium F0 was observed in all the treatment groups 

on 5Hz stimulation as compared to 1Hz. In addition, there was enhanced the increase in 

the nucleus as compared to the cytoplasm in all the groups. 

Moreover, both ATII (trend), as well as FGF23, significantly increased F0 in the cytoplasm 

as well as a nucleus at 1Hz and more heightened at 5Hz (Figure 5.6A, B).  

We normalized nuclear F0 to corresponding cytoplasm value (F0 Nuc/Cyt) in order to 

detect any nucleus-specific changes. However, no alterations of F0 Nuc/Cyt was 

observed in all the groups at a stimulation frequency of 1Hz and 5Hz (Figure 5.6C, D). 

Figure 5.5 Electrical Stimulation (ES) protocol (above) and representative CaT (below) of ARVMs 
paced at 1Hz with black trace constituting cytoplasmic CaT and red trace indicating nuclear CaT.   
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Here single-wavelength indicators were used to measure relative changes in Ca2+ 

concentration between different treatments. A simple approach to correct for uneven  

Figure 5.6 Effect of acute treatment of ATII (1μM) and FGF23 (25ng/ml) on F0 of CaT of ARVMs 
paced at 1Hz and 5 Hz.   

A F0 of CaT in ARVMs paced at 1Hz after ATII (triangle) and FGF23 (square) treatment vs. control NRVMs 

(circle) for 15-90mins in the cytoplasm (black) and in the nucleus (grey). B F0 of CaT in ARVMs paced at 

1Hz after ATII (triangle) and FGF23 (square) treatment vs. control NRVMs (circle) for 15-90mins in the 

cytoplasm (black) and in the nucleus (grey). C Effect of ATII and FGF23 on F0 in nucleus normalized to 

corresponding cytoplasmic F0 (F0 Nuc/Cyt) in ARVMs paced at 1Hz D and 5Hz (each symbol represents 

1 cell; mean±SEM; n>15 cells for each group and region; N=3 isolations of NRVMs; *P<0.05, **P<0.01, 

compared with corresponding vehicle-treated control; Kruskal-Wallis followed by Dunn’s test).  
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indicator loading is to express the fluorescence signal relative to the lowest fluorescence 

signal before Ca release (F0) (Kockskämper et al. 2008a). This CaT peak amplitude is 

denoted as ΔF/F0 (change in fluorescence).  

In adult cardiomyocytes, there was no significant difference between the treatment and 

control groups with respect to CaT amplitude in both cytoplasm and nucleus at 1Hz 

(Figure 5.7A) and 5Hz (Figure 5.7B). The ratio of CaT peak amplitude  

Figure 5.7 Effect of acute treatment of ATII (1μM) and FGF23 (25ng/ml) on ΔF/F0 of CaT of ARVMs 
paced at 1Hz and 5 Hz.   

A ΔF/F0 of CaT in ARVMs paced at 1Hz B and at 5Hz after ATII (triangle) and FGF23 (square) treatment 

vs. control NRVMs (circle) for 15-90mins in the cytoplasm (black) and in the nucleus (grey). C Effect of ATII 

and FGF23 on ΔF/F0 in nucleus normalized to corresponding cytoplasmic ΔF/F0 (ΔF/F0 Nuc/Cyt) in 

ARVMs paced at 1Hz D and 5Hz (each symbol represents 1 cell; mean±SEM; n>15 cells for each group 

and region; N=3 isolations of NRVMs; *P<0.05, **P<0.01, compared with corresponding vehicle-treated 

control; Kruskal-Wallis followed by Dunn’s test).  
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also did not show any nuclear specific changes at 1Hz (Figure 5.7C) and 5Hz (Figure 

5.7D).  

Figure 5.8 Effect of acute treatment of ATII (1μM) and FGF23 (25ng/ml) on AUC of CaT of ARVMs 
paced at 1Hz and 5 Hz.   

A AUC of CaT in ARVMs paced at 1Hz after ATII (triangle) and FGF23 (square) treatment vs. control 

NRVMs (circle) for 15-90mins in the cytoplasm (black) and in the nucleus (grey). B AUC of CaT in ARVMs 

paced at 1Hz after ATII (triangle) and FGF23 (square) treatment vs. control NRVMs (circle) for 15-90mins 

in the cytoplasm (black) and in the nucleus (grey). C Effect of ATII and FGF23 on AUC in nucleus 

normalized to corresponding cytoplasmic AUC (AUC Nuc/Cyt) in ARVMs paced at 1Hz B and 5Hz (each 

symbol represents 1 cell; mean±SEM; n>15 cells for each group and region; N=3 isolations of NRVMs; 

*P<0.05, **P<0.01, compared with corresponding vehicle-treated control; Kruskal-Wallis followed by 

Dunn’s test).  
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The AUC of the CaT is a function of the total intracellular Ca2+ exposure during one Ca2+ 

cycle and depends not only on the CaT amplitude but also on the Ca2+ release and decay 

kinetics. The AUC remained unchanged for both the treatment in both cytoplasm and 

nucleus at both the frequencies in ARVMs (Figure 5.8). 

In conclusion, both ATII and FGF23 did not have any significant effect on a Ca2+ transient 

in ARVMs. This result is in line with the lack of downstream hypertrophic response of 

ARVMs to the chronic treatment of ATII. 

5.1.4. Study of FGF23/FGFR expression in Nephrectomy rat model 

In parallel with ARVM experiments, we studied FGF23 in a CKD rat model. CKD was 

induced in rats by 5/6 nephrectomy as mentioned in methods. Along CKD, 5/6 

nephrectomy (NXT) is also a good model of HFpEF with early induction of cellular 

hypertrophy at the early time point of 8 weeks post-operation(Primessnig et al. 2016). In 

addition, NXT rats have increase FGF23 serum levels after induction as compared to 

sham-operated (SOP) rats(Di Marco et al. 2014).  

 

Figure 5.9 FGF23 serum concentration in Nephrectomy rats (NXT) at 8 and 24 weeks timepoint 
post-operation vs Sham operated rats (SOP) 

A FGF23 serum lev els in ng/ml in NXT and SOP rats at 8 weeks (left) and B 24 weeks (right) time point 

post-operation. (red line denotes mean; N6 rats per group, quantified by EMD Millipore ELISA). 
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We measured the FGF23 serum levels in NXT vs SOP rats at 8 weeks and 24 weeks. 

However, there was no significant difference in the FGF23 levels between both the groups 

at these time-points (Figure 5.9A, B). 

 

Figure 5.10 Level of FGFR1 expression and phosphorylation in LV samples of Nephrectomy rats 
(NXT) at 8 and 24 weeks timepoint post-operation vs Sham operated rats (SOP) 

A Immunoblot of FGFR1 (130kDa) and pFGFR1 at at site (Tyr653/Tyr654) present in LV samples of NXT 

rats vs SOP (mixed) at 8 and B 24 week’s time point post-operation. GAPDH is used as a loading control 

C Bar graphs derived from the immunoblot (left) in NXT (grey) vs. SOP (black) at 8 and 24 week’s time 

point depicting the FGFR1 levels normalized to GAPDH D Phosphorylation levels of FGFR1 at site 

(Tyr653/Tyr654) normalized to FGFR1 ( N6 rats per group). 
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We further studied the expression of the FGF23 specific receptor (FGFR1) and its 

phosphorylation levels at the site (Tyr653/Tyr654) involved in PLC-γ activation, which is 

involved in the further hypertrophic signaling(Grabner et al. 2015). There was no change 

in the expression of FGFR1 expression in LV myocardium both the groups at 8 and 24 

weeks after nephrectomy (Figure 5.10C). While a trend (p<0.2) of increase in 

phosphorylation at the site (Tyr653/Tyr654) was observed at 8-week samples (Figure 

5.10D). 

 

5.2.1. FGF23 and ATII induced an increase of cell size in NRVMs  

Here, we compared the response of isolated neonatal rat ventricular cardiomyocytes 

(NRVMs) to 48 hours of treatment with FGF23 or ATII at concentrations that induced 

hypertrophy in previous studies (Fig. 6). We immunostained the cells with sarcomeric 

protein desmin to differentiate CMs from fibroblast (). A significant increase in cell surface 

area in response to ATII (46.8±2.6%; P<0.01) and FGF23 (37.4±2.5%; P<0.01) treatment 

respectively was observed as compared to control cells from 5 independent isolations 

with >1000 cells analyzed per conditions (Figure 5.11B, C, D). 

5.2.2. Treatment of FGF23 and ATII triggered hypertrophic gene expression in NRVMs 

Since the findings of 48h stimulus suggest induction of hypertrophic growth of NRVMs, 

we used RT-PCR analysis to compare the expression levels of pro-hypertrophic gene 

markers of pathological cardiac hypertrophy. To investigate upstream hypertrophic 

signaling pathways, we quantified the classical target genes for cardiac hypertrophy and 

fibrotic remodeling, ACTA-1, natriuretic peptides NPPA and NPPB and TGF-β, at an early 

time point following the hypertrophic triggers. We also measured the calcineurin reporter 

gene, RCAN-1, which is involved in Ca2+-dependent cardiac hypertrophic 

signaling(Kreusser et al. 2014). To match acute experimental conditions, we chose an 

5.2. Hypertrophy induced in NRVMs by Angiotensin and FGF23 
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early time point (1-3h) as well as 24h to investigate changes in mRNA expression of 

marker genes.  

Cellular hypertrophy was reflected by augmented expression of the hypertrophic genes 

with ATII treatment of 1h. ATII significantly increased ACTA-1 (1.98 ± 0.12fold) and 

RCAN-1 (1.91±0.09fold) gene expression (Figure 5.12A, B).  

Whereas acute treatment of FGF23 induced a significant increase in expression of 

(Figure 5.12A, C) ACTA-1 (5.2±1.99fold; p≤0.05) while the trend of increase in RCAN-1 

(2.42±0.62 fold; p=0.07) at the 6h time point. Thus similar to ATII, cellular hypertrophy 

was reflected by increased expression of hypertrophic genes induced by FGF23 (Figure 

5.12A). 

Furthermore, we also analyzed gene expression levels of natriuretic peptides ANP and 

BNP along with ACTA1, RCAN1, and TGF-β at 5-time points from 1-24h with FGF23, 

ATII, and phenylephrine (PE) treatment. FGF23, ATII, and PE-induced upregulation of 

gene expression with respect to selected marker genes, albeit at different time points 

(Figure 5.12A). These results suggest, like ATII, FGF23 might activate similar 

transcription factors to upregulate similar hypertrophic gene programs. 
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Figure 5.11 Effect of treatment of ATII (1μM) and FGF23 (25ng/ml) on NRVMs cell size recorded at 
48h time point 

A Representative images of isolated NRVMs after 48h treatment ATII  and FGF23, as revealed by immuno-

cytochemical analysis using antibodies to cardiomyocyte-specific Desmin (green) and DAPI (blue) used to 

identify nuclei (scale bar: 50μm). B The bar graph shows relative percentage change which was analyzed 

compared with that of vehicle-treated control cells (black) for 48 hours of treatment of NRVMs with ATII 

(grey) and FGF23 (pattern) (mean±SEM; n=5 independent isolations; n>1000 cells per group; **P<0.01, 

compared with control cells; Kruskal-Wallis followed by Dunn’s test).C Box and whisker plot of cell size 

(a.u.); the black line across each box represents the median and box limits indicate 25th and 75th percentile 

D The frequency map of cell size (a.u) of NRVMs in all treatment groups.  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Figure 5.12 Effect of treatment of ATII (1μM) and FGF23 (25ng/ml) on hypertrophic gene 
expression in NRVMs at different time points 

A The heat map exhibits the fold change in gene expression of genes ACTA-1, RCAN-1, NPPA, NPPB, 

TGF-β at timepoints 1h, 3h, 6h, 9h, 24h in ATII and FGF23-treated NRVMs as compared to corresponding 

vehicle-treated controls. B Compared to control cells (black), expression of genes ACTA-1 and RCAN-1 at 

1h of ATII treatment (grey). C Compared to control cells (black), expression of genes ACTA-1 and RCAN-

1 at 6h of FGF23 treatment (pattern) (mean±SEM; N=5 independent isolations quantified by RT-PCR 

normalized to GAPDH gene expression; *P<0.05, compared with corresponding control; unpaired t-test or 

Mann-Whitney U test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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5.2.3. Activation of the hypertrophic CAMKII-HDAC4 pathway in NRVM by FGF23 

stimulation 

 

 

Hence, next, we investigated the phosphorylation state at site Serine 632(S632) of 

HDAC4, which is known to be activated by ATII. In CMs, upon stimulation by a 

hypertrophic trigger like ATII, nuclear Ca2+-CaMKII has been shown to tightly regulate 

epigenetic processes controlled by class II histone deacetylases (e.g. HDAC4) leading to 

transcriptional activation of gene programs that drive pathological remodeling. 

Using immunoblotting, we observed significant increase by 1.4±0.1 fold in S632 

phosphorylation of HDAC4 in FGF23 treated cells for 24h as compared to that of vehicle-

treated control cells from 6 independent NRVM isolations (Figure 5.13). 

Figure 5.13 Effect of FGF23 treatment on HDAC4 
phosphorylation at Serine 632 site in NRVMs 

The immunoblot (above) of HDAC4 (140kDa) and 

corresponding pHDAC S632 in cell lysate samples form vehicle 

treated control and FGF23 treated group. The bar graph 

(below) depict degree of phosphorylation of HDAC4 at Serine 

632 site normalized to HDAC-4 protein expression in both the 

treatment groups. The bar graph is from N=6 independent 

isolations (mean±SEM; **P<0.01, compared with control cells; 

paired t-test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., 

Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 2018. Crosstalk 

between FGF23- and angiotensin II-mediated Ca2+ signaling in 

pathological cardiac hypertrophy. Cellular and Molecular Life 

Sciences, (0123456789). Copyright 2018 by Springer Nature. 

Reprinted with permission. 
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5.2.4. FGF23 and ATII induces Ca2+ Transient changes in the cytoplasm as well as the 

nucleus  

 

We investigated Ca2+ signals in the cytoplasm and nucleus of NRVMs electrically 

stimulated at 1Hz using protocol described in Figure 5.14. Following acute treatment for 

the duration of 15 to 90min, the cytosolic CaT amplitude tended to increase by 1.7±0.3 

fold with ATII (P=0.05) and increased by 2.0±0.6 fold with FGF23 (P<0.01) (Figure 5.15A), 

whereas there was an augmentation of the nuclear CaT amplitudes by both the 

treatments though less pronounced (Figure 5.15B).  

A substantial increase in AUC was elicited by ATII and FGF23 in both cytosol and nucleus 

(Figure 5.15C, D). Cytoplasmic CaT AUC increased by 2.4±0.4 fold (P<0.01) with ATII 

and by 2.9±0.3 fold (P<0.01) with FGF23 treatment respectively. Nuclear CaT AUC 

increased by 3.8±0.5 fold (P<0.01) with ATII and by 4.3±0.5 fold (P<0.01) with FGF23 

treatment (Figure 5.15D).  

Figure 5.14 Ca2+ imaging protocol for studying effect of ATII (1uM) and FGF23 (25ng/ml) on CaT of 

NRVMs paced at 1Hz.   
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Thus, both the hormones enhanced cytoplasmic as well as nuclear Ca2+ exposure, as 

was reflected best by the CaT AUC. 

 

 

5.2.5. FGF23 induced increase in nuclear Ca2+ sparks in NRVMs 

In addition, we also tested spontaneous spark activity in both the compartment for all the 

treatment groups. Significantly, more cells in FGF23 and ATII treatment groups exhibited 

Figure 5.15 Effect of acute treatment of ATII (1μM) and FGF23 (25ng/ml) on CaT of NRVMs. 

A Ca2+ transient peak amplitude after ATII (triangle) and FGF23 (square) treatment vs. vehicle-treated 

control NRVMs (circle) for 15-90mins in the cytoplasm (left) and in the B nucleus (right). C Ca2+ transient 

AUC in cytoplasm (left) and in D nucleus (right) after both the treatments vs. control NRVMs (circle) (each 

symbol represents 1 cell; mean±SEM; n>15 cells for each group and region; N=3 isolations of NRVMs; 

*P<0.05, **P<0.01, compared with corresponding vehicle-treated control; Kruskal-Wallis followed by 

Dunn’s test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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nuclear sparks as compared to control cells (Figure 5.16A, B). Ca2+ spark frequency was 

significantly increased in the nucleus of FGF23 treated cells vs. that of control cells but 

not in the cytoplasm (Figure 5.16C).  

 

Figure 5.16 FGF23-evoked spontaneous Ca2+ sparks in the nucleus 

A A typical example of original recordings of electrically stimulated Ca2+ transients and visible nuclear 

sparks in cell treated with FGF23. B Bar graph representation of the correlation between occurrence of 

nuclear Ca2+ sparks and treatments (Chi Square test; p = 0.0145). C Quantification of Ca2+ spark frequency 

(n/100µm/sec) in vehicle-treated control cells and FGF23 treated cells in cytoplasm (black) and nucleus 

(grey). All the cells with or without sparks where included for this analysis (n>15 cells for each group and 

region; N=3 isolations of NRVMs; *P<0.05, compared with Two-way ANOVA followed by Tukey’s test).  

The figure is reproduced from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 

A 
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Thus, these results suggest an increase in specifically nuclear Ca2+ release events with 

ATII or FGF23 treatment of NRVMs.  

5.2.6. FGF23-induced nuclear Ca2+ sparks have no detectable effects on the kinetics of 

nuclear CaT. 

 

Figure 5.17 Effect of FGF23 and ATII on CaT kinetic parameters in NRVMs 

A Time to peak (TTP) in ms of Ca2+ transient after ATII (square) (left) and FGF23 (square) (right) treatment 

for 15-90mins in cytoplasm and in the nucleus. B Time from peak [Ca2+] to 50% decline (DT50) in ms of 

Ca2+ transient in both the compartments after both the treatments (each symbol represents 1 cell; 

mean±SEM; n>15 cells  for each group and region;  N=3 isolations of NRVMs; *P<0.05, **P<0.01, 

compared with Two-way ANOVA followed by Tukey’s test).  

 

A 

B 
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Next, we wanted to check if the increased number of nuclear sparks influence overall 

nuclear Ca2+ transient and kinetics in FGF23-treated NRVMs. Time to peak (TTP) was 

used to quantify kinetics of Ca2+ release. We compared TTP of CaT in cytoplasm and 

nucleus in ATII or FGF23 treated vs. vehicle-treated controls cells. TTP was different 

between compartments and significantly prolonged with both the treatments (Figure 

5.17A). However, the treatment effect does not significantly depend on the compartment, 

so the FGF23-induced increased nuclear sparks had no detectable effect on nuclear CaT 

TTP. In addition, the half decay time of CaT (D50) was obtained as a parameter of Ca2+ 

removal. A significant difference with FGF23 vs. control treatment was observed but that 

was again independent of the compartment (Figure 5.17B). 

Thus, FGF23-induced change on the kinetics of CaT in NRVMs was not specifically for 

nuclear compartment. 

It is known that Ca2+ signals generated via mechanisms distinct from excitation-

contraction coupling control hypertrophic gene transcription. The stimulation of IP3-

induced nuclear Ca2+ release (IICR) downstream of plasma membrane receptors (i.e. 

Angiotensin type 1 receptor) acts as a regulator of hypertrophic gene transcription (Higazi 

et al. 2009, Plačkić et al. 2016). Membrane-permeant 2-APB (5-10μM) and Xestospongin. 

C. (10μM), inositol trisphosphate receptor (IP3R) blockers, were used to further 

investigate the role of IP3 in this augmented nuclear Ca2+ release (Figure 5.15) due to 

ATII or FGF23 treatment. 

5.3.1. 2-APB impedes FGF23-evoked active Ca2+ release in the nucleus 

2-APB pretreatment did not have any effect on CaT peak amplitudes of both the 

treatments in the cytoplasm and nucleus (Figure 5.18A, B). However, it does impede ATII 

as well as FGF23 induced increase in nuclear CaT AUC. Although no effect of 2-APB 

was observed on cytoplasmic CaT AUC changes triggered by ATII and FGF23  

5.3. ATII and FGF23 induced nuclear Ca2+ transient changes via IP3-

IP3R in NRVMs. 
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Figure 5.18 Effect of 2-APB on FGF23 and ATII-evoked CaT changes in NRVMs. 

A Effect of 2-APB on Ca2+ transient amplitude in cytoplasm and nucleus in NRVMs treated with ATII 

(square) and B FGF23  (triangle)  C Effect of 2-APB on Ca2+ transient AUC in cytoplasm and nucleus in 

NRVMs treated with ATII (square) and D FGF23  (triangle)  (each symbol represents 1 cell; mean±SEM; 

n>15 cells for each group and region; N=3 isolations of NRVMs; *P<0.05, **P<0.01, compared with 

corresponding compartment of vehicle-treated control; Kruskal-Wallis followed by Dunn’s test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 

 

 

 



99 
 

 

(Figure 5.18C, D). Typical recordings of 1Hz stimulated Ca2+ transients in NRVMs treated 

with FGF23 and pretreated with 2-APB for 30mins before FGF23 stimulation show a  

visible decrease by 2-APB in FGF23 induced increase of nuclear Ca2+ release (Figure 

5.19). 

The nuclear Ca2+ transient (CaT) in ventricular CMs is constituted of two components, 

passive cytoplasmic Ca2+ diffusion through nuclear pore complexes and active IP3- 

mediated nuclear Ca2+release(Ljubojević et al. 2011). In order to detect a selective effect 

of stimuli on active nuclear Ca2+ release independent of cytoplasmic Ca2+ diffusion, as 

specified before we normalized the nuclear CaT parameters to corresponding  

 

cytoplasmic CaT (Plačkić et al. 2016). The ratio of nuclear to cytosolic CaT amplitudes 

was unchanged with both the treatments (Figure 5.20B). However, the ratio of nuclear 

CaT AUC to cytosolic CaT AUC revealed an increase in local nuclear Ca2+ release for 

both FGF23 and ATII (Figure 5.20A). 

Figure 5.19 Examples of CaT exhibiting effect of 2-APB on FGF23-evoked active nuclear Ca2+ 
release in NRVMs 

Typical examples of original recordings of electrically stimulated Ca2+ transients in the vehicle-treated 

control cell (above), cell treated with FGF23 (middle) and the cell pretreated with 2-APB for 30mins before 

FGF23 stimulation (below).  The area covered in under the nuclear CaT (red) is considered as nuclear CaT 

AUC.  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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2-APB reduced the augmented Ca2+ release into the nucleus induced by FGF23. These 

results suggest that similar to ATII (Figure 5.20A), FGF23-triggered enhancement of 

nuclear Ca2+ signaling irrespective of cytosolic Ca2+ changes were mediated by IP3-

dependent Ca2+ release. Thus, FGF23 induced hypertrophic Ca2+ signaling in CMs might 

be IP3-dependent as observed for ATII. 

5.3.2. Xestospongin.C. (Xest.C.) also hinders FGF23-evoked active Ca2+ release in the 

nucleus 

 

 

Figure 5.20 Effect of 2-APB on FGF23 and ATII-evoked nuclear Ca2+ release normalized to 
cytoplasmic CaT. 

A Effect of 2-APB on Ca2+ transient AUC and B on Ca2+ transient amplitude in nucleus normalized to that 

of corresponding cytoplasmic Ca2+ transient (ratio) in NRVMs treated with ATII (triangle) and FGF23 

(square) (each symbol represents 1 cell; mean±SEM; n>10 cells for each group and region; N=4 isolations 

of NRVMs; *P<0.05, **P<0.01, compared with corresponding compartment of vehicle-treated control; 

Kruskal-Wallis followed by Dunn’s test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Figure 5.21 Effect of Xestospongin C (10 µM) on FGF23-evoked changes in Ca2+ transient 

A Ca2+ transient peak amplitude in the vehicle-treated control cell (circle), cell treated with FGF23 (triangle) 

and the cell pretreated with Xestopsongin C (10 µM) for 30mins before FGF23 stimulation (square) in the 

cytoplasm (above) and in the nucleus (below). B Ca2+ transient AUC in the vehicle-treated control cell 

(circle), cell treated with FGF23 (triangle) and the cell pretreated with Xest. C. (10 µM) for 30mins before 

FGF23 stimulation (square) in the cytoplasm (above) and in the nucleus (below) (each symbol represents 

1 cell; mean±SEM; n≥15 cells for each group and region; N=3 isolations of NRVMs; *P<0.05, **P<0.01; 

Kruskal-Wallis followed by Dunn’s test). The figure is reproduced from Mhatre et al. 2018 with permission 

of Springer international publishing. 

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Pretreatment of Xest.C. (10 µM) for 30mins before FGF23 stimulation offsets both, 

FGF23- induced increase in cytoplasmic as well as a nuclear Ca2+ release with respect 

to CaT amplitude and CaT AUC (Figure 5.21). Thus, both the compounds, 2-ABP and 

Xest. C. yielded similar results. Overall, these results suggest that irrespective of cytosolic 

Ca2+ changes, FGF23-triggered enhancement of nuclear Ca2+ signaling is mediated by 

IICR. 

As illustrated above, FGF23 had similar effects as ATII on NRVMs with respect to cellular 

hypertrophy and Ca2+ homeostasis changes. This implies the possibility of involvement 

of ATII signaling in FGF23-induced hypertrophy. To investigate whether there is an 

overlap between FGF23 and ATII/AT1R signaling, we used losartan, an AT1R antagonist.  

5.4.1. Losartan blocks FGF23-induced CaT changes 

NRVMs were pretreated with losartan for 30mins and then exposed to FGF23.  Losartan 

(1μM) pretreatment effect was studied on the CaT changes induced by FGF23. 

Surprisingly, Losartan attenuated the FGF23-mediated increase in CaT amplitude as well 

as in total Ca2+ (CaT AUC) released into the cytosol and nucleus (Figure 5.22). Whereas, 

losartan alone did not have a significant effect on CaT amplitude in NRVMs vs. vehicle-

treated control cells in the cytoplasm (0.73±0.13 and 0.76±0.07 in losartan-treated and 

control n8cells) and nucleus (0.38±0.07 and 0.30±0.03 in losartan-treated and control). 

CaT AUC in NRVMs was also not affected by losartan in the cytoplasm (253.4±45.6 and 

252±17.3 in losartan-treated and control; n8cells) and nucleus (153.2±24.9 and 

118.3±11.5 in losartan-treated and control). 

5.4. ATII-AT1R plays a role in FGF23-induced maladaptive Ca2+ 

signaling   
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5.4.2. Losartan inhibits FGF23-induced cellular hypertrophy 

We went ahead and checked if losartan has an effect on FGF23 triggered cellular 

hypertrophy. Likewise, pretreatment with losartan significantly attenuated the FGF23-

induced increase in CM size (Figure 5.23).  

 

 

 

 

Figure 5.22 Effect of Losartan (1µM) on FGF23-evoked changes in Ca2+ transient 

A Effect of 30 mins pre-treatment of losartan (square) on Ca2+ transient peak amplitude (left) and AUC 

(right) in cytoplasm B in nucleus of FGF23 (triangle) treated NRVMs (mean±SEM; n>15 cells for each 

group and region; N=3 isolations of NRVMs; *P<0.05, **P<0.01, compared with corresponding vehicle-

treated control).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Thus, inhibition of ATII/AT1R signaling leads to blocking of FGF23-induced Ca2+ changes 

in ventricular CMs. Consequently, our cell size data shows the possible involvement of 

ATII-AT1R activation in FGF23-induced maladaptive signaling in CMs. 

Furthermore, pretreatment with losartan significantly attenuated the FGF23-induced 

upregulation of hypertrophy gene, ACTA-1 (Figure 5.24).  

Thus, inhibition of ATII/AT1R signaling leads to blocking of FGF23-induced cellular 

hypertrophy in ventricular CMs. 

5.4.3. Losartan does not have any inhibitory effect on FGF23 specific receptor FGFR4 

There was a possibility that Losartan inhibitory effect on FGF23-triggered hypertrophy 

was due to interference with FGF23 specific receptor FGFR4. FGFR4, FGFR isoform, is 

a receptor tyrosine kinase. Following the FGF23-induced auto-phosphorylation of FGFR, 

PLCγ can be recruited to bind directly to one specific phosphorylated tyrosine residue 

(Tyr783) in the FGFR cytoplasmic tail (Grabner et al. 2015). Subsequent phosphorylation 

of PLCγ induces the generation of diacylglycerol and IP3, which further activates Ca2+ 

mediated hypertrophy signaling. 
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Figure 5.23 Effect of Losartan (1µM) on FGF23-evoked changes NRVM cell size. 

A Representative images of isolated NRVMs for each condition after immunocytochemical analysis using 

antibodies to cardiomyocyte-specific Desmin (green), DAPI (blue) was used to identify nuclei (scale bar: 

50μm). B The bar graph represents relative percentage change compared to vehicle-treated control cells 

(black) in NRVMs treated with FGF23 (pattern) for  48 hours or after 30 min pre-treatment of losartan (grey)  

(mean±SEM; n>1000 cells per group; N=3 isolations of NRVMs; *P<0.05, **P<0.01; one-way ANOVA with 

Bonferroni post-test or Kruskal–Wallis followed by Dunn’s test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Figure 5.24 Effect of Losartan (1µM) on FGF23-triggered upregulation in hypertrophic gene 
expression. 

Compared to control cells (black), expression of genes ACTA-1 (right) and RCAN-1 (left) at 6h of FGF23 

treatment (pattern) or after 30 min pre-treatment of losartan (grey) (mean±SEM; N=4 independent 

isolations quantified by RT-PCR normalized to GAPDH gene expression; **P<0.01; unpaired t-test or 

Mann-Whitney U test). 

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 

In order, to check the effect of pretreatment of losartan on FGFR4 in NRVMs, we checked 

the phosphorylation status at Tyr783 of FGFR4 by western blot technique.  

Epidermal growth factor (EGF) is known to act via PLCγ phosphorylation of its receptor 

EGFR to induce downstream signaling. We used EGF as our positive control. The PLCγ 

phosphorylation quantified was normalized to that of vehicle-treated control NRVMs. EGF 

induced an almost 2-fold increase in PLCγ phosphorylation levels at 10min stimulation 

time point while FGF-23 and losartan pretreated FGF23 stimulated NRVMs did not show 

much difference with control cells (Figure 5.25). Thus, Losartan is not likely to interfere 

with the FGFR4 activity. 
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Earlier studies have shown that ATII can be produced intracellularly in CMs in response 

to different stimuli (Singh et al. 2007). Based on our Losartan study, we hypothesized 

ATII might be an upstream activator of FGF23-hypertrophic signaling in CMs. Hence, we 

examined whether FGF23 induces a rise in formation of ATII and its precursors in CMs. 

Intracellular ATII formation-dependent immunofluorescence was quantified in NRVMs 

treated with FGF23 for 90min and 24h by thresholding method (Figure 4.1, Material and 

methods 4.5.2).  

High extracellular glucose has also been shown to trigger ATII production (Singh et al. 

2007) and served as a positive control. The glucose content in NRVM culture medium is 

10mM (DMEM-F12 and M199 GlutaMAX Supplement, Thermo Scientific, Rockford, IL, 

USA), for our experiments, we used 25mM as our high glucose concentration. We choose 

24h time point as well as 90min in order to incorporate the early changes observed in 

Ca2+ homeostasis triggered by FGF23 (Figure 5.22). 

5.5. FGF23 stimulates formation of intracellular ATII in NRVMs 

Figure 5.25 Effect of Losartan (1µM) on PLCγ 
phosphorylation levels related to FGF23-specific 
receptor FGFR4 

The degree of phosphorylation of PLCγ at Tyr783 site was 

examined by immunoblot in NRVMs treated with EGF, FGF23 

and FGF23 pre-treated with Losartan normalized to vehicle-

treated control at 10mins timepoint. The bar graph (below) is 

from N3 independent isolations (mean±SEM).  
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Remarkably, FGF23 significantly increased the fraction of cell area expressing ATII in 

NRVMs already early at the time point of Ca2+ changes (5.9±0.3% of cell area vs. 

2.7±0.2% in control at 90min, Figure 5.26). A time-dependent increase was observed in 

FGF23-treated CMs with ATII formation (13.6±1.6%) compared with untreated control 

cells (3.24±0.5%) at 24h (Figure 5.27). As expected, high glucose had a significant effect 

on intracellular ATII levels at 90min and 24h (18.8±1.5 and 8.3±1.3% cell area, 

respectively) as compared to untreated control cells.  

Figure 5.26 Formation of intra-cardiac ATII induced by FGF23 treatment for 90mins 

A Representative confocal images of NRVM immunofluorescence in negative control (a,b,c) , vehicle-

treated control (d,e,f) , FGF23 (g,h,i)  and high glucose (25mM) (j,k,l) conditions after 90mins of treatment 

(scale bar: 10μm). B Quantitative analysis by thresholding (see 4.5.2.) of ATII-specific cellular 

immunofluorescence for all the treatments at 90mins (each symbol represents 1 cell; mean±SD; ncells≥40  

for each group;  N≥3 isolations of NRVMs; **P<0.01, compared with corresponding vehicle-treated control 

cells; Kruskal-Wallis followed by Dunn’s test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Overall, in presence of FGF23, there was a persistent increase in ATII synthesis in CMs 

already at 90min. In our case, FGF23 might be increasing the ATII formation and 

secretion, which might be involved in FGF23-mediated hypertrophy. This explains the 

effect of Angiotensin II type 1 receptor (AT1R) antagonist effect on hypertrophy induced 

by FGF23. 

 

Figure 5.27 Formation of intra-cardiac ATII induced by FGF23 treatment for 24h 

A Representative confocal images of NRVM immunofluorescence in negative control (a,b,c) , vehicle-

treated control (d,e,f) , FGF23 (g,h,i)  and high glucose (25mM) (j,k,l) conditions after 24h of treatment 

(scale bar: 10μm). B Quantitative analysis by thresholding (see 4.5.2.) of ATII-specific cellular 

immunofluorescence for all the treatments at 24h (each symbol represents 1 cell; mean±SD; ncells≥40 for 

each group; N≥3 isolations of NRVMs; **P<0.01, compared with corresponding vehicle-treated control 

cells; Kruskal-Wallis followed by Dunn’s test).  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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In order to detect the secretion of FGF23-mediated ATII, we performed mass 

spectrometry analysis of the conditioned medium from the 24h FGF23-treated NRVMs 

and vehicle-treated control NRVMs. The conditioned medium samples collected were 

processed to be ready for mass spectrometry analysis (Figure 4.2).  

 

5.6. FGF23 stimulates secretion of ATII in NRVMs 

Figure 5.28 Detection of secreted ANG II from NRVM exposed to FGF23 by mass spectrometry 

A Representative mass spectra (m/z 800–3000) of conditioned media samples from vehicle-treated 

control NRVMs (above) and B FGF23 treated NRVMs (below) for 24h. C Superimposed representative 

mass spectra (m/z 1044–1054) were extracted and amplified from full mass chromatogram of 24h FGF23 

treated-conditioned medium (red) and conditioned medium from control cells (black). ATII (m/z 1046.562) 

peak is highlighted by red arrow.  

The figure is adapted from “Mhatre, K.N., Wakula, P., Klein, O., Bisping, E., Völkl, J., Pieske, B., and Heinzel, F.R., 

2018. Crosstalk between FGF23- and angiotensin II-mediated Ca2+ signaling in pathological cardiac hypertrophy. 

Cellular and Molecular Life Sciences, (0123456789). Copyright 2018 by Springer Nature. Reprinted with permission. 
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Qualitative results were gathered from MALDI-IMS as represented in the mass spectra 

(Figure 5.28A, B). The initial inspection of the mass spectra revealed a number of 

prominent peaks found between m/z 800–3000 with the intensity and profile clearly 

altered between the two groups. In Figure 5.28C, superimposed representative mass 

spectra (m/z range: 1044–1054) evidently showed the presence of a peak of ATII peptide 

(m/z 1046.562) in the supernatant collected from FGF23 treated NRVMs. Whereas, the 

ATII peak was absent in the supernatant collected from untreated NRVMs.  

These results suggest that in FGF23 treated NRVMs; ATII peptide was synthesized in the 

secretory pathway. Overall, our results indicate an activation of production, secretion, and 

signaling of ATII in FGF23-mediated hypertrophy in ventricular CMs(Mhatre et al. 2018). 
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6. Discussion  

In this study, we were the first to explore the effects of FGF23 on intracellular Ca2+ 

homeostasis related to cellular hypertrophy. We provide primary evidence suggesting 

that, in CMs, FGF23 and ATII share a common Ca2+-mediated signaling pathway. Similar 

to ATII-dependent signaling, we show that hypertrophy induced by FGF23 was 

associated with the IP3-dependent nuclear Ca2+ release. We also demonstrated that the 

ATII/AT1R-antagonist ‘losartan’ attenuated FGF23-induced effects on CM hypertrophy 

and Ca2+ signaling. Lastly, we demonstrated that FGF23 enhances ATII formation and 

secretion in CMs. Based on these results; we suggest a cross-talk between FGF23- and 

ATII-mediated signaling in CMs(Mhatre et al. 2018). 

Prospective studies have shown that increased FGF23 concentrations are associated 

with increased risk of cardiovascular disease events independently of established risk 

factors and co-morbidities like CKD (Kestenbaum et al. 2014). Moreover, this association 

has been strongly observed for heart failure, which is one of the most common 

presentations of heart disease in individuals with CKD(Di Giuseppe et al. 2014). The 

reason why elevated FGF23 appears to demonstrate this strong association between 

heart failure-related CVD phenotypes was still unclear. In this project, we try to find the 

answer to this question in our in vitro cellular model of hypertrophy. 

We instigated this study in adult rat ventricular cardiomyocytes (ARVMs). An established 

hypertrophic trigger like ATII did not have a significant effect on cell size or hypertrophic 

marker gene expression as compared to the vehicle-treated control cells (Figure 5.1, 

Figure 5.2, Figure 5.3). The possible reason might be a constant reduction in the viability 

of ARVMs in culture conditions as seen in (Figure 5.1). The dead cells might be masking 

the possible hypertrophic effect of ATII in the case of cell size and gene expression. In 

addition, there is the possibility of excretion from the dead, apoptotic cells that interfere 

with the physiology of healthy living cells. In addition, no or minimal effect of ATII 
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stimulation was observed on Ca2+ homeostasis of ARVMs (Figure 5.5, Figure 5.7, and 

Figure 5.8), which was in line with the lack of hypertrophic effects.  

There is strong evidence that ATII infusion induces hypertrophy in the heart in 

vivo(McCarthy et al. 2017). However, very few papers document the effect of ATII on 

ARVMs in long-term culture conditions. Serum from different sources was added in the 

culture medium to keep the ARVMs stable for long-term culture(Pellieux et al. 2009).  

However, serum itself can induce a hypertrophic response in ARVMs irrespective of ATII 

stimulus(Dambrot et al. 2014). Thus, additional triggers may be necessary to facilitate 

hypertrophy in these fully differentiated adult CMs. Nonetheless, these triggers 

themselves can act as hypertrophic, which might overshadow the effects of the stimulus 

in question (ATII). Therefore, we repeated this study in Neonatal rat ventricular 

cardiomyocytes (NRVMs). 

NRVMs are commonly used model systems for cardiac hypertrophy and can be 

maintained in a stable state in cell culture as compared to adult CMs(Luo et al. 2008; 

Arantes et al. 2012). We chose this model of healthy CMs because our aim was to study 

early adaptation to hypertrophic triggers. NRVM are less differentiated but fully functional, 

contracting CMs. NRVM are much more susceptible to hypertrophic triggers and growth 

than adult terminally differentiated CMs in vitro. We chose NRVM as a model to allow 

quantitative recordings of subcellular Ca2+ transients in controlled extracellular conditions. 

While this approach ignores additional mechanical, neurohumoral and paracrine triggers, 

it allows us to dissect single receptor-mediated signaling pathways. However, our in vitro 

observations should be extrapolated cautiously to the in vivo setting where CMs are 

coupled with other cardiac cell types. While NRVMs are in a premature state with respect 

to Ca2+-handling, this bears resemblance to long-term cultured as well as diseased adult 

CMs where there is a loss of t-tubule organization and web like the arrangement of 

contractile proteins (Louch et al. 2015). Nonetheless, functional signaling pathways for 

ATII and FGF23 have been demonstrated previously in NRVM (Faul et al. 2011). 
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One possibility of FGF23 association with HF may be that FGF23 either directly or 

indirectly promotes adverse left ventricular remodeling. In previous studies with NXT rats 

and further with CKD patients, elevated serum FGF23 concentrations were independently 

associated with LVH (Leifheit-Nestler et al. 2016). However, we did not observe the 

elevation of FGF23 serum levels in NXT vs SOP rats at 8 weeks and 24 weeks timepoint 

(Figure 5.9A, B). The increase serum levels of FGF23 observed by other groups in the 

CKD animal models was measured at the early timepoint of 2 weeks unlike our samples 

and might be the reason of lack of difference(Di Marco et al. 2014; Silswal et al. 2014). 

Regarding the absence of an increase in activation of FGFR1 in LV of NXT rats (Figure 

5.10), there might be different FGFR type involved in FGF23-mediated maladaptive 

hypertrophic signaling.  Animal studies have shown that FGF23 trigger FGF receptor 4 

(FGFR4)-dependent but Klotho-independent signaling leading to pathological LVH 

(Grabner et al. 2015). Further, by blocking FGF23 binding to FGFR4 in CKD rat model, 

the development of LVH was halted despite the development of severe hypertension (Di 

Marco et al. 2014). In other studies, FGF23 have shown to altering Ca2+- homeostasis in 

CMs, resulting in increased contractility, arrhythmogenesis etc.(Touchberry et al. 2013;  

Kao et al. 2014). Taken together, these data support that excess of serum FGF23 as a 

causal mechanism for pathological cardiac remodeling and heart failure. Even though 

FGF23 is known to induce hypertrophy, mechanistic details of this signaling pathway 

involved are not well understood. In the present study, we confirmed the direct 

hypertrophic effects of FGF23 in CMs and found them comparable to ATII.  

ATII, an important mediator of the RAAS cascade, is a major trigger of cardiac 

hypertrophy. In CMs, ATII acts via the angiotensin II receptor type 1 (AT1R), a classical 

G-protein-coupled receptor (GPCR). Downstream of GPCR, IICR plays a pivotal role in 

regulating cardiac hypertrophy(Nakayama et al. 2010). IP3-mediated enhanced 

intracellular nuclear Ca2+ and activation of Ca2+-sensors such as Ca2+ /calmodulin-

dependent protein kinase II (CaMKII) triggers the development of ATII-induced cardiac 

hypertrophy(Zhang et al. 2010). CaMKII specifically regulates the phosphorylation (Ser-

632) of anti-hypertrophic transcription repressor histone deacetylase 4 (HDAC4) (Kee et 
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al. 2006; Backs et al. 2009). As a result, HDAC4 is exported from the nucleus to 

cytoplasm, where it no longer serve anti-hypertrophic functions against transcription 

factors MEF2 and SRF resulting in activation of hypertrophic gene programs that are 

controlled by these transcription factors (Backs et al. 2006; Kreusser et al. 2014). 

Angiotensin receptor blockers (ARBs) are drugs which selectively block AT1R by directly 

preventing the binding of ATII and hence impedes downstream maladaptive 

signaling(Tamura et al. 2000). Numerous clinical trials with ARBs have suggested that 

this class of drugs are most effective in LVH regression(Cuspidi et al. 2008; Heinzel et al. 

2015).  

Based on this rationale, we used ATII as a reference Ca2+-regulated hypertrophy trigger 

for comparison with FGF23(Mhatre et al. 2018). 

It is shown that FGF23 exclusively activates FGFR4 on CMs to stimulate 

PLCγ/calcineurin/NFAT cell signaling(Grabner et al. 2015). FGFR4 is a receptor tyrosine 

kinase (RTK), phosphorylates PLCγ and leads to the generation of IP3. Production of IP3 

stimulates Ca2+ from intracellular stores, especially nucleus. Furthermore, activation of 

FGFR4 is required for the FGF23-induced hypertrophy as FGFR4-specific blocking 

antibody prevents FGF23-induced cellular hypertrophy in NRVMs. These results are 

consistent with the in vivo studies demonstrating an absence of hypertrophy induced by 

FGF23 in FGFR4-/- mice(Grabner et al. 2015).  

FGF23 acts on intracellular Ca2+ handling in a similar manner as ATII in CMs(Touchberry 

et al. 2013). Our results indicate the positive effect of FGF23 on both cytoplasmic as well 

as nuclear calcium cycling (Figure 5.15). Both ATII and FGF23 induced cell hypertrophy 

with respect to cell size along with similarities in Ca2+ changes (Figure 5.11). Interestingly, 

FGF23 triggered hypertrophic gene response along with an elevation in Ca2+ signal 

similar to ATII (Figure 5.12B, C). Additionally, FGF23 treatment showed a trend towards 

an increase in TGF-β gene expression in NRVMs, which is an important mediator of the 

fibrotic and hypertrophic response of the heart to ATII (Figure 5.12A). As stated earlier, 
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ATII activates CAMKII-HDAC-4 hypertrophic signaling via IICR mediated nuclear Ca2+ 

elevation. With immunoblotting experiments, we found that FGF23 too increased CAMKII-

mediated HDAC-4 phosphorylation (Figure 5.13), suggesting nuclear Ca2+ involvement 

in FGF23-induced cellular hypertrophy. Thus, we observed similar effects of FGF23 on 

NRVMs compared to ATII, even though these two stimuli act via a different type of 

receptor(Mhatre et al. 2018). 

We and others have previously shown that the nucleus surrounded by the nuclear 

envelope (NE) forms a compartment with differentially regulated Ca2+ signaling( 

Ljubojević et al. 2014). While the nucleus participates in global cytosolic Ca2+ changes 

during excitation-contraction coupling (ECC), amplitude and kinetics of nuclear Ca2+ 

transients may differ from the cytosols. This in part can be explained by the additional 

release of Ca2+ into the nucleus from the NE via IP3-receptors (IICR)(Wu et al. 2006; 

Ljubojević and Bers 2015). This excess nuclear Ca2+ has been shown to be important for 

hypertrophic signaling (Ljubojević et al. 2014; Hohendanner et al. 2015). While our results 

indicate an increase in nuclear [Ca2+] and activation of Ca2+-dependent nuclear signaling 

(HDAC4), where nuclear [Ca2+] is sensitive to both the IP3 blockers (see below), the Ca2+-

dependent fluorescence signal is also influenced by the dye properties in the respective 

compartments(Ljubojević et al. 2011). Furthermore, to quantify the accurate difference 

between the groups and subcellular compartments, it would have been beneficial to do 

calibration and quantification using ratiometric Ca2+ dyes in order to negate the effects of 

the different subcellular environments on the characteristics of the Ca2+ dye and its 

loading(Ljubojević et al. 2011). However, our aim of this project was to compare the 

relation between cytosolic and nuclear Ca2+ signaling in response to different triggers in 

the same cells. The ratio of Ca2+ concentrations in the nucleus and cytosol in the present 

study is, therefore, a surrogate marker for differential changes in these compartments but 

not necessarily a ratio in absolute terms. 

ATII modulates intracellular [Ca2+] and influences CMs both in vivo and in vitro. Acute 

treatment with ATII on not only increases the three parameters in cytosol resting 
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intracellular Ca2+, Ca2+ sparks, and wave frequency but also has a specific effect on 

nuclear Ca2+ in CMs(Wang et al. 2014). ATII increases nuclear systolic and diastolic Ca2+ 

vs. vehicle-treated CMs and this effect is aggravated in a LVH mice model(Ljubojević et 

al. 2014). As stated earlier, IP3 is known to regulate nuclear CaTs by localized Ca2+ 

release via IP3R located on the inner membrane of the nuclear envelope(Bootman et al. 

2009; Ljubojević et al. 2014). Stimulation of AT1R, via classical cytosolic Gq signaling, 

involves the activation of phospholipase C-β (PLC-β) that leads to release of IP3 in the 

cytosol. The IP3-mediated perinuclear Ca2+ increase is involved in the expression of 

hypertrophic marker genes via translocation of histone deacetylases and activation of 

Ca2+-regulated transcription factors leading to hypertrophy of the heart(Plačkić et al. 

2016; Guatimosim et al. 2008; Ljubojević et al. 2014; Backs et al. 2006; Anderson et al. 

2011). Essentially, ATII stimulation generates an increase in IP3 concentration which 

excites local nuclear Ca2+ release to induce LVH(Bootman et al. 2009; Arantes et al. 2012; 

Sedej et al. 2014) 

The role of IICR in FGF23-mediated hypertrophy has not been tested so far. We planned 

to test this hypothesis in 1Hz paced NRVMs.  Even though IP3 signaling may have a 

more prominent role in neonatal vs. (healthy) adult rat CMs (Louch et al. 2015), IP3-

dependent signaling is similarly relevant for cardiac hypertrophy in adult CMs (Wu et al. 

2006). We chose to study paced CMs, as the duality of large amounts of Ca2+ -induced 

Ca2+release (CICR) during ECC and local Ca2+ signaling (IICR) for Ca2+-dependent 

hypertrophic remodeling, is an important feature of differentiated beating CMs. In the 

present study, we show that similar to ATII, excess nuclear [Ca2+] via IICR is involved in 

FGF23-induced hypertrophy (Figure 5.18, Figure 5.19).  

2-APB is widely used IP3R blocker and majorly used to study IP3-mediated Ca2+release 

in CMs(Kockskämper et al. 2008a; Luo et al. 2008; Hohendanner et al. 2015). Like many 

pharmacological IP3R inhibitors, 2-APB suffer from variable degrees of specificity and 

unwanted side effects(Kockskämper et al. 2008a). In addition to its effects on IP3-induced 

Ca2+ release, it has been shown to have nonspecific effects on Ca2+ signaling 
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mechanisms such as store-operated channels (SOC) (Bootman et al. 2002). However, 

these side effects have been observed on a higher concentration of 2-APB (Bootman et 

al. 2002). In all our experiments, we have used 2-APB in the range of 5-10µM 

concentration. Furthermore, 2-APB had a specific effect on CaT AUC ratio than on CaT 

amplitude ratio (Figure 5.20), thus discrediting its side effect on SOCE (Bilmen et al. 2002; 

Hohendanner et al. 2014). Though limited specificity of all current IP3R blockers warrants 

caution in the interpretation of pharmacological IP3R inhibition, to address this concern, 

we confirmed the experiments using another IP3R blocker, Xestospongin C. (Xest.C., 

10μM). Xestospongins are the commonly used membrane-permeant IP3R antagonists 

(Gafni et al. 1997). Pre-treatment with Xest. C. attenuated both FGF23-induced nuclear 

as well as cytoplasmic changes with respect to CaT peak amplitude and CaT AUC (Figure 

5.21). Thus, both InsP3R blockers corroborate the observation of FGF23-induced IP3-

IP3R specific nuclear Ca2+ release.  

The distinct features of nuclear IP3-IP3R signaling include prolonged and sustained 

nuclear CaT response along with greater basal spark rate and higher sparks due to IP3 

on GPCR stimulation changing the nuclear Ca2+ dynamics(Hohendanner et al. 2014). Our 

Ca2+ imaging experiments demonstrated a similar increase in nuclear along with 

cytoplasmic CaT AUC in ATII-treated CMs (Figure 5.15). However, we found significantly 

more cells with nuclear sparks in the ATII treatment group vs. the vehicle-treated control 

group (Figure 5.16B). In parallel experiments, FGF23-induced comparable augmentation 

in nuclear CaT (Figure 5.19, Figure 5.20) along with a similar increase in cells with nuclear 

sparks in the FGF23 treatment group (Figure 5.16A, B). Furthermore, spark frequency 

within the nucleus; was significantly increased in FGF23-treated cells vs. control cells 

(Figure 5.16C). Thus, like ATII, the rise in nuclear local Ca2+ release and CaT may be 

involved in instigating FGF23-induced hypertrophy in NRVMs(Mhatre et al. 2018). 

Based on the similarity between cellular effects of FGF23 and ATII, we hypothesized that 

there must be an overlap between the FGF23 and ATII mediated Ca2+-hypertrophy 

signaling.  
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To investigate this hypothesis, we used Losartan, which is an AT1R antagonist and a 

competitive inhibitor of ATII signaling. It inhibits the rapid internalization of AT1R upon 

agonist stimulation with ATII, thus inhibiting further downstream pathological signaling. In 

vivo, it inhibits hypertrophy induced by ATII in CMs from spontaneously hypertensive rat 

models as well as in individual CMs under stress conditions like a mechanical 

stretch(Sadoshima et al. 1993; Cerbai et al. 2000). 

In addition to its canonical effect, strikingly, losartan seemed to protect the CMs from the 

hypertrophic effect of FGF23. We discovered that losartan inhibited changes in 

cytoplasmic Ca2+ homeostasis induced by FGF23 and had a similar inhibitory effect on 

nuclear CaT with respect to FGF23 treatment (Figure 5.22). Furthermore, losartan not 

only interfered with the FGF23 induced nuclear Ca2+ changes but also inhibits successive 

cell hypertrophy with respect to cell size (Figure 5.23) and hypertrophic gene upregulation 

(Figure 5.24). Overall, these results indicate the possible involvement of ATII-AT1R 

signaling in FGF23 activity(Mhatre et al. 2018). 

Additionally, other groups and our experiments have revealed that FGFR4 has weak 

kinase activity that results in less pronounced auto-phosphorylation and weaker 

phosphorylation of PLCγ on the binding of FGF23(Grabner et al. 2015) (Figure 5.25). We 

also showed that losartan did not have an effect on FGF23-FGFR4 activity by studying 

its effect on PLCγ phosphorylation (Figure 5.25). This suggests that the IP3 involved in 

FGF23 induced hypertrophy (Figure 5.19) may be due to the coupling of other isoforms 

of PLC with PLCγ activation or simultaneous activation of other signaling pathway having 

overlapping secondary messengers. Thus, in FGF23 hypertrophic signaling, ATII might 

be acting upstream to activate PLCβ-IP3 activation further leading to Ca2+-mediated 

hypertrophy(Mhatre et al. 2018). 

RAAS is activated in various pathological conditions, such as hypertension, diabetes, 

obesity, and other cardiovascular conditions. It plays a significant role in the etiology and 

morbidity associated with these diseases(Paul et al. 2006). ATII is classically synthesized 

in the circulation by the sequential cleavage steps of kidney-derived renin and 
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endothelium-anchored angiotensin-converting enzyme (ACE) on liver-generated 

angiotensinogen (AGT) (Figure 2.9). However, several components of the RAAS are 

found in different tissues. This has led to a concept of a tissue or local RAAS, whose 

regulation is independent of the systemic RAAS(Dostal and Baker 1999). Most cell types 

have ATII type 1 (AT1) receptors on their plasma membranes, via which locally 

synthesized ATII may act in an autocrine/ paracrine manner.  

Although, the site of ATII synthesis, whether it is intracellular and/or extracellular is 

debatable (Dostal and Baker 1999). We and other groups have shown that ATII can be 

produced intracellularly and possibly secreted by cultured NRVMs as the effect of the 

different stimulus. CMs do express angiotensinogen, Angiotensin-converting enzyme 

(ACE) and renin (chymase)(Malhotra et al. 1999). ATII has been shown to act from an 

intracellular location as an intracrine peptide in neonatal and adult CMs and fibroblasts, 

inducing CM growth and hypertrophy(Baker et al. 2004; Baker and Kumar 2006).  

Furthermore, the levels of intracellular ATII in CMs is altered during cardiomyopathies 

and the increased levels of intracellular ATII have shown to play a role in the induction of 

hypertrophy in CMs(Baker et al. 2004).  

Based on this background, we wanted to investigate the underlying molecular mechanism 

for the potential activation of the ATII-AT1R pathway by FGF23. We investigated this 

possibility by studying the formation of intracellular ATII in FGF23 treated NRVM. We 

provide proof by immunostaining experiments that FGF23 treated CMs had increased 

intracellular formation of ATII in a time-dependent fashion. We observed FGF23-induced 

sustained increase of ATII levels in CMs after, as early as, 90 min (Figure 5.26) and at 

24h (Figure 5.27) as compared to vehicle-treated control cells. However, a systematic 

study is warranted of the ATII synthesis pathway in CM treated with FGF23. 

Angiotensinogen (ATG) gene-specific transcription factor, ATG gene expression, ATII 

synthesis specific enzyme expression and activity should be studied with respect to 

FGF23 stimulus.  Nonetheless, it still needs to be tested with good control where we still 

observe FGF23-induced hypertrophic effect if we eliminate FGF23 ability to activate 
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intracellular ATII by gene deletion. Largely, our results indicate that FGF23-induced 

activation of ATII synthesis in ventricular CMs(Mhatre et al. 2018). 

There are number of hypothesis about how the ATII can act as an intracrine peptide in 

CMs to induce hypertrophy. One of them is the via cognate AT1Rs present on nuclear 

membrane accompanying corresponding AT1Rs located on the plasma membrane in 

CMs. The preferential nuclear signaling observed in ATII treatment might be due to the 

presence of AT1R on the inner nuclear membrane (Tadevosyan et al. 2010). There is a 

possibility that nuclear AT1R might couple with IP3R to induce nuclear signaling pathways 

and regulate transcription involved in hypertrophy. In addition, the nuclear AT1R 

expression levels have shown to increase along with intracellular ATII in cardiac fibroblast 

in the heart failure animal model, but it is still to be explored in CMs(Tadevosyan et al. 

2017). The mechanism of access and binding of the mature ATII peptide to the ligand-

binding site of their cognate receptor located within the perinuclear space is not clear. 

Possibilities include intracellular biosynthesis and maturation of ATII in cytoplasm 

followed by active or passive transport across the nuclear membrane in CMs. Hence, 

there is the possibility of FGF23 stimulation increasing intracellular ATII, which may act 

as an intracrine ligand able to trigger an IP3 mediated release of Ca2+ from perinuclear 

stores and regulating hypertrophic transcription. 

One more mechanism to explain the FGF23-ATII interaction is activation of FGFR4, via 

AT1R. This phenomenon is called transactivation where GPCR on stimulation with its 

ligand can activate neighboring RTKs. It is quite common in different cell type for 

activation of GPCRs to stimulate growth factor RTKs in the absence of added growth 

factor and is an important pathway that contributes to the growth-promoting activity of 

many GPCR ligands(Wisler et al. 2015). Reciprocally, an increasing body of evidence 

has revealed that RTKs utilize GPCR signaling molecules to transduce signals and that 

RTK ligands themselves can transactivate GPCRs. This process which places GPCR 

signaling downstream of RTKs requires the production of a GPCR ligand of the 

transactivated GPCR Activation of GPCR by activated RTK by synthesis and secretion of 
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the ligand (Mira et al. 2001). A likely strategy to check this in case of FGF23-ATII signaling 

would be to compare the FGF23 effect on CMs from wild-type with transgenic animals 

that lack cardiac AT1R or by silencing AT1R.  However, it stands to be tested if FGF23 

leads to secretion of this surplus ATII and this ATII acts in an autocrine manner to induce 

FGF23 -mediated hypertrophic effects. 

There are few studies that have demonstrated that ATII is not only synthesized 

intracellularly by CMs but also secreted (Sadoshima et al. 1993). However, the ATII 

secretion mechanism and its regulation in CMs are still unknown.  CMs have shown to 

secrete different signaling molecules via exosomes under different stressor like stretch, 

hypoxia(Pironti et al. 2015). These signaling molecules may include angiogenic, pro-

survival factors, miRNAs etc. This activity is essential for communication between 

different cell types in heart and induces repair and healing of the infarcted myocardium. 

IP3Rs are prominently expressed in classical secretory cells including exocrine cells of 

the pancreas, salivary glands etc.(Futatsugi et al. 2005). IP3 stimulation during 

hypertrophy is proposed to be involved in secretion from CMs too. Secretory granules act 

as an IP3-sensitive intracellular Ca2+ store. IP3-mediated Ca2+ release from secretory 

granules in CMs contributes to secretion of chromogranins and natriuretic peptides, 

aggravating pathological hypertrophy(Heidrich et al. 2008). Thus, there is a possibility of 

FGF23-induced IP3 to play a role in the secretion of ATII by CMs. In this case, ATII could 

act in an autocrine manner inducing a downstream cascade of FGF23 triggered 

hypertrophic signaling. However, it is not yet clear whether this action of ATII is due to the 

secretory or non-secretory pathway in the case of FGF23 stimulation. 

Therefore, to answer this question, we tried to detect secreted ATII in the conditioned 

medium from CMs treated with FGF23. ATII is a small octapeptide, so it is difficult to 

detect the peptide using standard methods like Western blot. Further, commercial 

available ATII ELISA is low on specificity where it can detect other peptides (Ang1-7, Ang 

III, and Ang IV) formed on further digestion of ATII. In this study, MALDI TOF/TOF tandem 

mass spectrometry method was used. This approach has the advantage of being highly 
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specific and robust due to the assignment of the target compound by mass, thereby 

eliminating cross-reactivity as a source of error (Cui et al. 2007).  Thus, this approach 

was used to specifically detect the presence of angiotensin (ATII) depending on its 

molecular weight as oppose to Ang1-7, AngIII, and AngIV in our samples.  

Remarkably, we could detect secreted ATII in processed conditioned medium from 

NRVMs incubated with FGF23 using MALDI TOF/TOF tandem mass 

spectrometry technique (Figure 5.28B). An ATII peptide-specific peak in mass spectra at 

m/z 1046.562 was observed (Figure 5.28C).  In contrast, no ATII peptide was detected in 

the processed supernatant from untreated NRVMs (Figure 5.28A, C). Thus, indeed 

FGF23 induces ATII secretion in CMs. These results also suggest that in FGF23 treated 

NRVMs, ATII peptide was synthesized in the secretory pathway possibly involving ACE 

(Singh et al. 2007). Overall, our results indicate an activation of production, secretion, and 

signaling of ATII in FGF23-mediated hypertrophy in ventricular CMs(Mhatre et al. 2018). 

These studies confirm an unexpected involvement of ATII secretion in the FGF23-

dependent induction of hypertrophy in NVRMs. Our results suggest that the local cardiac 

renin-angiotensin system is activated in CMs on the FGF23 action. It seems like FGF23 

acts as a bystander while stimulated ATII, in an autocrine manner triggers an IP3 

mediated release of Ca2+ from perinuclear stores and regulate hypertrophic transcription. 

However, the secretory pathway of intracellular ATII and its regulation in FGF23/FGFR4-

induced Ca2+ mediated hypertrophy remains to be elucidated in detail(Mhatre et al. 2018).  

Based on the evidence collected in this study, we propose that, at least in the cultured 

neonatal cardiac myocytes, ATII is the initial mediator of the FGF23 triggered response 

and activates the subsequent autocrine/paracrine production of other factors, which may 

act in concert to produce hypertrophic responses. As summarized in Figure 6.1, FGF23 

activates ATII signaling pathway by an increase of ATII formation and its secretion in 

cardiomyocytes. 
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Figure 6.1 Crosstalk between Ca2+-mediated hypertrophic signaling by ATII and FGF23 in 
cardiomyocytes 

Schematic diagram depicting the proposed activation of ATII signaling pathway by which FGF23/FGFR4 

stimulates cardiac hypertrophy. Current studies support a model whereby FGF23 activates formation 

and secretion of ATII from cardiomyocytes, which in an autocrine manner lead to the subsequent 

stimulation of IP3-nuclear Ca2+-CAMKII-HDAC4 mediated pathways resulting in cellular hypertrophy. 

ATII indicates Angiotensin II; ATIIR, Angiotensin type1 receptor; PLC-β/γ, Phospholipase C- β/γ; IP3, 

inositol 1, 4, 5-triphosphate; CAMKII, Ca2+/calmodulin-dependent protein kinase II; HDAC-4, Histone 

deacetylase-4; MEF-2, Myocyte enhancer factor-2. The novel findings are highlighted with red arrows. 

Simultaneously, there is an IP3-mediated Ca2+ release from nucleoplasm on FGF23 

stimulation, which mediates Ca2+-dependent hypertrophic signaling in cardiomyocytes. 

Cooperatively, both events might play an important role in cellular hypertrophy triggered 

by FGF23. Thus, our results provide direct proof that the local renin-angiotensin system 

plays a pathophysiological role in FGF23 effect on cardiomyocytes. It opens up a different 
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aspect of the FGF23-FGFR4 pathway in eliciting cardiac hypertrophy, which can be 

further investigated in vivo and in patients. 

 

We used NRVMs as the established model to study cellular hypertrophy and Ca2+ 

signaling as ARVMs in culture were much less responsive to our hypertrophic stimuli. Our 

result provide the basis for future studies to investigate the role of ATII blockers in FGF-

mediated hypertrophy but need to be validated in vivo. However, we chose the cell model 

for proof-of-concept because mechanistic interpretation of such in vivo experiments is 

complicated by the systemic effects of FGF23 on RAAS signaling(Kovesdy and Quarles 

2016). 

However, further studies are required in vivo, validating correlation of levels of circulating 

FGF23 and myocardial ATII levels. The process of ATII formation and secretion induced 

by FGF23 should be elucidated in details. The expression and regulation of 

angiotensinogen, renin and chymase should be screened in cardiomyocytes following 

FGF23 stimulation. The crosstalk or transactivation possibilities between FGF23 and ATII 

receptor should be further investigated. If ATII is essential for FGF23-induced hypertrophy 

should be tested in appropriate model. The CAMKII-HDAC4 pathway and gene program 

activation by FGF23 should be further explored.  

 

Cardiac hypertrophy is an adaptive response of the heart most commonly to 

hypertension. It is an independent risk factor for heart failure. The study of underlying 

cellular mechanisms is crucial for developing new treatment strategies and improving the 

prognosis of multi-morbidity disease like heart failure.  

There is a prognostic role of FGF23 in individuals with heart failure. Studies have shown 

that circulating FGF23 concentrations are elevated in heart failure patients, correlate with 

heart failure severity and poor outcomes, even among individuals with preserved kidney 

6.1. Limitations and future directions: 

6.2. Clinical relevance:  
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function. FGF23 has been found to be expressed in heart tissue. FGF23 expression and 

secretion in myocardial tissue markedly increased after induction of experimental 

myocardial infarction in rats(Wohlfahrt et al. 2015). The expression levels of FGFR4, 

calcineurin, and NFAT are elevated in myocardial tissue of patients with CKD and 

positively correlates with the presence of LVH, suggesting that this FGF23 driven pro-

hypertrophic pathway also exists in humans(Leifheit-Nestler et al. 2016). Faul and group 

have indicated possible treatment for FGF23-induced hypertrophy(Faul et al. 2011; 

Grabner et al. 2015) LVH induced by FGF23 is found to be reversible, on the removal of 

the trigger. Anti-FGFR4 treatment of NXT rat completely prevented progression of LVH, 

but no difference in cardiac collagen deposition and cardiac function(Grabner et al. 2017). 

Unfortunately, current therapeutic approaches in CKD and end-stage renal diseases 

inadequately control pathological cardiac remodeling and heart failure. Current 

manuscript and our earlier work support the observation that altered state of 

nucleoplasmic [Ca2+] is an early event during hypertrophy acting via CaMKII-HDAC4 

transcription pathway and may contribute to the development and progression of heart 

failure. Hence, correction of impaired nucleoplasmic [Ca2+] regulation mediated 

transcription pathway in the case of patients with high FGF23 levels may be a possible 

therapeutic approach (Ljubojević et al. 2014).  

Here we found an additional factor, ATII to be involved in development and progression 

of LVH in CKD and suggest a novel pathway, which can be targeted to reduce the burden 

of cardiovascular diseases in this high-risk population. In the heart, blood pressure-

independent cardioprotective effects of angiotensin receptor blockers (ARBs) and 

angiotensin-converting enzyme (ACEi) inhibitors therapy have demonstrated the 

significance of the cardiac RAS (Dostal and Baker 1999).  Based on our data and other 

studies, increased FGF23 may identify a subset of HF patients benefiting from ARB 

therapy(Wohlfahrt et al. 2015). Thus, reemphasizing the prognostic value of FGF23 in the 

treatment of HF. 
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The question of intracellular ATII synthesis is important not only to elucidate the intracrine 

system but, also, from the perspective of therapeutic inhibition of the local RAS by 

commonly used ACE inhibitors and the potential use of renin and chymase inhibitors. The 

involvement of renin and ACE in intracellular synthesis of ATII would require further study 

in view of the secretory and membranous nature of these enzymes.  

There is substantial evidence that there are internal pools of GPCRs like AT1R on 

nucleolemma and they are involved in maladaptive signaling(Tadevosyan et al. 2010). 

Pharmaceutical ligands selectively targeted to nuclear GPCRs would open up a novel 

range of drugs. Delivery of such precision drugs to the right address will insulate the signal 

within the cell, which could greatly increase the efficacy and reduce the side effects.  
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7. Conclusion  

Exciting recent research related to FGF23 has elevated it into one of the most intensively 

studied proteins, implicated in the link between cardiovascular disease and chronic kidney 

disease. However, this is the first study (to our knowledge) to show a mechanistic link 

between FGF23 and local RAAS in cardiomyocytes with respect to cardiac hypertrophy. 

It is well established that FGF23/FGFR4 pathway causes left ventricular hypertrophy.   

The expression levels of FGF23 in serum and specific receptor FGFR4 in myocardial 

tissue are elevated in HF patients and positively correlates with the presence of LVH, 

suggesting FGF23 driven pro-hypertrophic pathway in HF(Leifheit-Nestler et al. 2016). 

The evidence collected in this study does imply that convergence of FGF23 and ATII 

signaling is essential for FGF23-induced cardiomyocyte hypertrophy. In fact, we could not 

only demonstrate that FGF23 induces similar effects like ATII on ventricular 

cardiomyocytes for e.g. cellular hypertrophy, fetal gene response, changes in nuclear 

Ca2+ handling but FGF23 can also induce ATII synthesis and secretion. Our findings thus 

led to the conclusion that, ATII plays an essential role in the development and progression 

of FGF23-induced cellular hypertrophy. Not only that local RAAS in context with FGF23 

needs further experimental attention, but also targeting local RAAS may provide powerful 

means to prevent maladaptive cardiac remodeling and its progression to heart failure in 

CKD patients. To this end, the key findings of this thesis provide new incentives to further 

elucidate the full spectrum of ways that excess FGF23 impacts cardiac function and how 

this may ultimately contribute to the pathophysiology of heart failure in CKD. 
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