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Abstract 

Uraemic cardiomyopathy, or CKD-associated cardiomyopathy, describes the 

clinical syndrome of myocardial hypertrophy and fibrosis, systolic and diastolic 

left ventricular failure found in chronic kidney disease, resulting in increased 

cardiovascular mortality attributable to heart failure and sudden cardiac death 

from cardiac arrhythmia. Circulating hormone fibroblast growth factor 23 (FGF23) 

is significantly elevated in chronic kidney disease and has previously been 

associated with cardiac remodelling and mechanoelectrical dysfunction. The 

work described in this thesis examines the hypothesis that FGF23 is a major 

player in the pathogenesis of uraemic cardiomyopathy by activating cardiac 

fibroblasts and disrupting cardiac ionic handling. 

In this study, chronic activation of human cardiac fibroblasts led to an irreversible 

myofibroblast phenotype. FGF23 did not cause activation of human cardiac 

fibroblasts in vitro. Acute FGF23 treatment of ex vivo perfused murine hearts 

demonstrated shortening of left ventricular action potential and calcium transient 

duration by optical mapping, and increased incidence of cardiac arrhythmias. 

Moderate levels of FGF23 elevation in young adult mice caused arrhythmias 

without affecting cardiac ventricular morphology or mechanical function. These 

findings suggest that FGF23 causes increased cardiac arrhythmic phenomena 

through impaired cardiac ionic handling, which precedes clinically detectable 

hypertrophy and fibrosis. 
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1.1. EXTENT OF PERSONAL CONTRIBUTION 

This chapter is based on the following published first author articles1,2: 

Law JP, Pickup L, Pavlovic D, Townend JN, Ferro CJ. Hypertension and 

cardiomyopathy associated with chronic kidney disease: epidemiology, 

pathogenesis and treatment considerations. J Hum Hypertens. 2022 Sep 22. doi: 

10.1038/s41371-022-00751-4. [Epub ahead of print] Review. PubMed PMID: 

36138105. 

Law JP, Price AM, Pickup L, Radhakrishnan A, Weston C, Jones AM, McGettrick 

HM, Chua W, Steeds RP, Fabritz L, Kirchhof P, Pavlovic D, Townend JN, Ferro 

CJ. The Clinical Potential of Targeting Fibroblast Growth Factor-23 and αKlotho 

in the Treatment of Uraemic Cardiomyopathy. J Am Heart Assoc. 2020 Mar 

26;9(7):e016041. doi: 10.1161/JAHA.120.016041. Epub 2020 Mar 26. Review. 

PubMed PMID: 32212912 

The first drafts of these manuscripts were written by me. I was responsible for all 

edits and revisions. All figures are original and created by me. 
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1.2. CHRONIC KIDNEY DISEASE 

1.2.1. Definition and classification of CKD 

Chronic kidney disease (CKD) encompasses a heterogenous group of disorders 

which adversely affect kidney structure or function. Its chronicity is defined by the 

presence of any markers of kidney damage or reduced glomerular filtration rate 

(GFR) for greater than three months (Figure 1-1). Prior to the 2002 Clinical 

Practice Guidelines for CKD published by the National Kidney Foundation Kidney 

Disease Outcomes Quality Initiative (NKF-KDOQI) 3, there was no universally 

accepted definition of CKD. With the NKF-KDOQI 2002 classification system 

(Figure 1-2) came a uniform system in which CKD could be defined and staged 

based on severity. Furthermore, this gave those caring for patients with or at risk 

of kidney disease better tools for early detection and intervention to delay or 

prevent the need for renal replacement therapy (RRT). Under the direction of 

Kidney Disease: Improving Global Outcomes (KDIGO), a meta-analysis  

consisting of 1,555,332 patients confirmed that both reducing glomerular filtration 

rate and increasing albuminuria were robustly associated with important clinical 

outcomes, including all-cause mortality, cardiovascular mortality, kidney failure 

with replacement therapy (KFRT; formerly known as end stage kidney disease), 

acute kidney injury and CKD progression 4. Based on these findings, a revised 

CKD classification system was born and adopted in the most recent 2012 KDIGO 

CKD guidelines, adding albuminuria classification to every CKD stage, 

subdivision of stage 3 CKD into stages 3a and 3b, and a heatmap showing the 

implications to health and CKD (Figure 1-2) 5. 
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Figure 1-1. Definition of CKD 

 

CKD, chronic kidney disease; GFR, glomerular filtration rate 
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Figure 1-2. Evolution of CKD classification  

From the first NKF-KDOQI staging released in 2002, to the current 2012 KDIGO 

staging system, which includes not only albuminuria categories, but also a 

prognosis tool for estimating risk of CKD progression and mortality. Green 

indicates low risk in the absence of other markers of kidney damage; yellow 

implies moderately increased risk; orange is high risk; and red, very high risk. 

Figure has been adapted from National Kidney Foundation (2002) and KDIGO 

CKD Working Group (2013) 3,5. 
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1.2.2. Determination of GFR 

Glomerular filtration rate is the sum of filtration rates in all the nephrons in the 

kidney, and is widely accepted as the best measure of kidney function 6. 

Estimation of GFR can be done through evaluating the serum concentration of 

an endogenous or exogenous marker substance which is renally excreted. 

Commonly, serum creatinine is measured by a standardised assay and used in 

combination with a GFR estimating equation such as the  Modification of Diet in 

Renal Disease (MDRD) equation 7 – released  in 1999 and revised in 2006 8. This 

has largely been replaced by the newer Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation 9. CKD-EPI equation has been shown to give 

a more accurate estimation of GFR (or estimated GFR; eGFR); patients were 

less likely to be over-diagnosed with CKD; more likely to be correctly classified 

into the CKD stages, which led to a better predictor of risk of mortality and KFRT 

10. KDIGO now recommend the CKD-EPI creatinine equation to derive eGFR 

from serum creatinine 5. In conditions where serum creatinine is in a non-steady 

state; factors affecting creatinine generation, secretion and elimination are 

present; or there is interference with the creatinine assay, an alternative such as 

serum cystatin C used in combination with a GFR estimating equation, or a 

clearance measurement may be necessary 5. 

1.3. URAEMIC CARDIOMYOPATHY 

1.3.1. Clinical phenotype of cardiomyopathy in CKD 

The concept of uraemic cardiomyopathy, or CKD-associated cardiomyopathy, 

first appeared in the 1980s following reports of common abnormalities in cardiac 
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structure and function in patients with CKD and KFRT 11,12. The key features 

described were: 

• increased left ventricular (LV) mass and left ventricular hypertrophy (LVH) 

• diastolic and systolic LV dysfunction  

• profound myocardial fibrosis on histology 13-27  

Whilst these features have been predominantly identified in patients with KFRT, 

who are undoubtedly uraemic, those with mild to moderately reduced eGFR 

already exhibit structural and functional changes consistent with CKD-associated 

cardiomyopathy 18. This is consistent with observational studies reporting a 20% 

higher risk of death and cardiovascular events in patients with eGFR between 45 

to 59 ml/min/1.73 m2 compared to those with eGFR greater than 60 ml/min/1.73 

m2 28.   

1.3.1.1. Increased left ventricular mass and hypertrophy 

The connection between CKD and LVH was first described by several 19th 

century physicians. Pioneering British physician Richard Bright (1789-1858) 

depicted with meticulous detail first observations of LVH present on autopsies of 

patients with albuminuria 29. Years later, his successor Sir Samuel Wilks (1824-

1911) described pathological changes in the heart and arteries accompanying 

Bright’s disease 30. Further publications in the 1850s by Ludwig Traube (1818-56) 

and William Kirkes (1822-64) introduced the concept of arteriosclerosis and high 

intra-arterial pressure as a driver of LVH in renal disease, laying the foundation 

for our understanding of CKD-associated cardiomyopathy 31,32. 
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Recent imaging studies confirm that increased LV mass and LVH are common 

manifestations of CKD-associated cardiomyopathy. LVH is found in 48-84% of 

patients with pre-dialysis CKD 33-35, and in up to 90% of patients with KFRT 

receiving haemodialysis 21,36,37. Similarly, LV mass is a continuous variable with 

a graded association with adverse cardiovascular outcomes and mortality 38-43. In 

an analysis of 1,249 patients with predialysis CKD, LVH was associated with a 

mortality risk of 25 deaths per 1000 person-years 39.  In patients who have LVH 

at dialysis initiation, the risk of mortality was 1.75-fold greater than those without 

LVH at 6 years follow-up 37. Conversely, LVH regression may improve outcomes 

in patients with KFRT 36. 

LVH is associated with an increased risk of arrhythmia, which may explain, in 

part, the increased incidence of cardiovascular death in CKD 44. A meta-analysis 

of 10 studies (27,141 patients) found that patients had 3.4-fold and 2.8-fold 

greater odds of developing sustained supraventricular tachycardia and 

ventricular arrhythmias, respectively, in the presence of LVH 45. Other studies 

reported a 20% increase in the risk of atrial fibrillation (AF) for every standard 

deviation increase in LV mass 41. The presence of LVH in hypertensive patients 

was a predictor for progression from paroxysmal to permanent AF 42, whilst blood 

pressure reductions of 7.3/1.8 mmHg resulted in regression of LV mass index 

with a corresponding 7-fold decline in the prevalence of paroxysmal AF after a 

mean follow-up of 24 months 46. 

Increased LV mass and LVH are common manifestations of CKD-associated 

cardiomyopathy. Forty per cent of patients with an eGFR below 30 ml/min per 

1.73 m2 have LVH on echocardiography 34, increasing to around 80% in KFRT 
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21,37. In patients with CKD/KFRT, LVH is strongly associated with death; diastolic 

and systolic heart failure; and cardiac arrhythmias 21,37. However, LV mass is a 

continuous variable, with a graded relationship with adverse cardiovascular 

outcomes 38,40,47-49. It is also important to emphasise that cardiac structural 

changes occur early in the course of CKD, with a linear association between 

worsening renal function and a higher prevalence of LVH 29,30. While elevated 

blood pressure is an important determinant of LV mass 50, evidence from both 

animal and human studies supports the presence of mechanisms that are 

independent of pressure overload and hypertension in driving cardiac 

hypertrophy in CKD/KFRT 51-55. 

1.3.1.2. Diastolic and systolic left ventricular dysfunction 

Diastolic dysfunction characterised by slow LV relaxation and increased LV 

stiffness 56. It is highly prevalent in patients with CKD 57 with studies reporting an 

incidence of 71% in CKD stages 2-4 33 and up to 85-90% in KFRT 58-60. Excess 

myocardial deposition of collagen affects cardiac muscle viscoelasticity, leading 

to increased ventricular stiffness, impaired myocardial relaxation and diastolic 

recoil 61. Diastolic dysfunction is strongly association with increased LV mass and 

LVH 62, as well as myocardial fibrosis 24,63, and is associated with increased 

mortality 59,63. Indeed, the American Society of Echocardiography and the 

European Association of Cardiovascular Imaging considers LVH as an indicator 

of diastolic dysfunction 64. Furthermore, the presence of diastolic dysfunction is 

considered to be a major cause for the frequent presentation of HD patients with 

pulmonary oedema or intradialytic hypotension with only minor changes in fluid 

status 62,63. Overt LV systolic dysfunction, as manifest by a reduced left ventricular 
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ejection fraction 65, is relatively uncommon in pre-dialysis CKD, with a reported 

prevalence of 8% and no association with eGFR 19,33. However, several studies 

have shown changes in LV deformation in early stages of CKD indicating the 

presence of sub-normal LV systolic function 66-68. In KFRT, LV systolic 

dysfunction is very common with a reported prevalence 10-30 times greater than 

in the general population 69-72. 

The presence of LVH has also been associated with the risk of development of 

systolic dysfunction in hypertensive subjects 73-75. The 2013 American College of 

Cardiology Foundation/American Heart Association Guideline for the 

Management of Heart Failure recognised hypertension and LVH as stage A and 

B heart failure. The guideline emphasised the progressive nature of heart failure, 

and the importance of long-term treatment of elevated blood pressure to prevent 

symptomatic heart failure 76. 

1.3.1.3. Myocardial fibrosis 

It has been suggested that myocardial fibrosis may be the unifying 

pathophysiological process underlying CKD-associated cardiomyopathy 77. In the 

1990s, a post-mortem study found that myocardial fibrosis was present in 91% of 

CKD/KFRT patients without significant flow-limiting coronary lesions. The 

severity of fibrosis was related to the length of time on dialysis, but independent 

of hypertension, blood pressure, diabetes or anaemia 13. However, given a 

plethora of drivers of cardiac fibrosis, as demonstrated by numerous preclinical 

and clinical studies, we cannot discount the contributing roles of these diseases 

on the activation of cardiac fibroblasts 78. Over a decade later, Aoki et al. 

performed endocardial biopsies in 40 KFRT patients with reduced LV ejection 
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fraction without coronary artery disease 14. The predominant pathologic findings 

were extensive fibrosis and cardiomyocyte hypertrophy similar to that seen in the 

dilated phase of hypertrophic cardiomyopathy, a condition associated with 

extremely high morbidity and mortality 79,80. 

A post-mortem study of LV tissue from patients with KFRT found reduced 

capillary density, increased cardiomyocyte cross-sectional area and expansion 

of interstitial matrix. The apparent myocyte-capillary mismatch brought about by 

the reduction in capillary supply within a hypertrophied myocardium increases the 

oxygen diffusion distance, thereby exposing the heart to the risk of ischaemic 

injury and subsequent cardiac dysfunction 81. Recent advances in imaging 

technology have enabled the indirect assessment of coronary microvascular 

dysfunction (CMD). Coronary flow reserve (CFR) is the most widely used 

surrogate marker, and has been successfully utilised to indirectly measure CMD 

in conditions such as hypertrophic cardiomyopathy and heart failure with 

preserved ejection fraction, both of which are characterised by LVH and 

myocardial fibrosis, similar to CKD-associated cardiomyopathy 82,83. Although 

data are limited, imaging studies utilising positron emission tomography, 

angiography and echocardiography have reported a prevalence of 24-90% in 

CKD patients with a graded relationship with eGFR 84. In a retrospective study of 

CKD patients, which included those on dialysis, reduced CFR below 1.5 was 

associated with 2.1-fold increased risk of cardiovascular mortality independent of 

risk factors and LV function 85. The mortality risk remained elevated in a later 

analysis of the dialysis-dependent cohort 86. 
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Studying myocardial fibrosis in CKD/KFRT has been challenging given that 

myocardial biopsies are ethically difficult to justify 87,88. Contrast-enhanced 

cardiac magnetic resonance (CMR) imaging has been used for the assessment 

of myocardial fibrosis in conditions such as myocardial infarction 89, dilated 90 and 

hypertrophic cardiomyopathies 91. Patients with KFRT demonstrate midwall 

patterns of late gadolinium enhancement consistent with replacement myocardial 

fibrosis not associated with large vessel coronary artery disease 19. Non-contrast 

myocardial native T1 relaxation time, or T1 mapping, has emerged as a viable 

alternative for the assessment of myocardial fibrosis in CKD/KFRT 23. In cardiac 

tissues, T1 relaxation time outside regions of scarring has been shown to 

correlate with histologically measured interstitial fibrosis severity in a number of 

disease states 92. In patients with KFRT, native T1 times are higher than age- and 

sex-matched controls, and correlate with increased LV mass 16,17. In parallel with 

the changes to LV mass and function, native T1 times have been shown to be 

increased in early CKD15 and increase with worsening CKD stages 93. The 

contribution of myocardial water content to the increased T1 times remains 

contentious and to date, T1 times have not been validated with diffuse interstitial 

fibrosis in CKD-associated cardiomyopathy.   

1.3.2. Drivers of uraemic cardiomyopathy in CKD 

The pathogenesis of uraemic cardiomyopathy is likely to be multifactorial but can 

broadly be divided into three categories: 

• increased afterload 94 

• increased preload 95 
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• intrinsic factors not directly related to afterload or preload 96 

Although these categories are considered separately, it is important to note that 

there is considerable overlap between them 23,24,84,97,98. Factors within these 

categories may indeed interact and exert their effects synergistically. 

1.3.2.1. Increased afterload 

Afterload is defined as the force opposing myocardial fibre shortening during 

systole and is dependent arterial blood pressure and vascular tone 99. Raised 

intra-arterial or aortic pressure induces cardiac hypertrophy through chronic 

haemodynamic stress on the myocardium. In vitro experimental models of 

cardiomyocyte and non-myocyte stretch resulted in cell hypertrophy and 

hyperplasia, induction of protein synthesis and increased expression of 

prohypertrophic proto-oncogenes such as fos, jun, myc, Ha-ras, and genes 

encoding atrial natriuretic factor and β-myosin heavy chain 100-102. This was 

recapitulated in murine and porcine studies of hypertension and volume overload 

where transcription of prohypertrophic genes, and development of LVH were 

observed 103-107. 

Arterial stiffening occurs from the early stages of CKD and increases with the 

progression to KFRT 108-110. The extent of arterial stiffness can be reliably 

estimated by non-invasive measurement of carotid-femoral pulse wave velocity 

(PWV), which can confer prognostic value in CKD patients independent of 

traditional risk factors 111,112. 

Arterial stiffness is both a cause and result of systolic hypertension, although 

extricating the bidirectional relationship can be challenging 113,114. Studies have 
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demonstrated increased arterial stiffness as a consequence of increased 

distending vascular wall stress and remodelling from hypertension itself, so called 

pressure-dependent increases in PWV 115-117. Other studies show that increased 

arterial stiffness, more specifically higher PWV, predicts future development of 

hypertension 118-121, possibly as a result of inherent pressure-independent 

vasculopathy. In patients with KFRT, PWV is independently associated with 

nonfatal stroke and myocardial infarction 110 and with cardiovascular and all-

cause mortality 110,122,123. Of those patients who died, it was found that the 

persistence of increased PWV despite a reduction in blood pressure by 

haemodialytic and pharmacological strategies (angiotensin converting enzyme 

inhibitor; ACEi) was a significant independent risk factor. This is in contrast to the 

surviving patients where a similar fall in blood pressure was mirrored by a 

reduction in PWV 123. 

In addition to elevated blood pressure, there are several other postulated 

pathophysiological drivers of increased arterial stiffness in CKD such as 

activation of the renin-angiotensin-aldosterone system (RAAS), build-up of 

uraemic toxins, disordered bone and mineral metabolism (CKD-MBD), 

accumulation of advanced glycation end-products, chronic inflammation and 

oxidative stress which adversely affect endothelial function and calcific 

remodelling of the vessel wall 113,124. The reduced vessel compliance is 

manifested by hypertension and wide pulse pressure, and disruptions to end-

organ perfusion, resulting in myocardial fibrosis, increased LV mass/LVH and 

diastolic dysfunction bearing the hallmarks of CKD-associated cardiomyopathy 

125. 
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1.3.2.2. Increased preload 

Cardiac preload is the degree of ventricular myocyte stretch at the end of diastole 

99. Intravascular volume expansion/hypervolaemia, secondary to salt and water 

loading, is a frequent occurrence in CKD/KRFT and a determinant of LV mass 

and mortality 126,127. Indeed, volume expansion is a major contributor to the 

hypertension observed in patients with CKD/KRFT 127,128. Reduced GFR, 

activation of the RAAS as well as superimposed cardiovascular disease all 

contribute to sodium and water retention in these patients 129-131. 

As haemoglobin concentrations fall, complex haemodynamic compensatory 

mechanisms are activated to increase cardiac output and blood flow to 

compensate for tissue hypoxia132. These include a reduction in afterload 

secondary to reduced systemic vascular resistance, an increase in preload 

secondary to increased venous return, and increased LV function as a 

consequence of increased sympathetic tone 133,134. Treatment of anaemia in CKD 

with erythropoietin stimulating agents (ESAs) reduces stroke volume and cardiac 

output as a consequence of both reduced venous return and increased peripheral 

resistance 135-138. These functional changes are paralleled by structural changes 

in the LV, with partial reduction of LVH 136,137. It should also be noted that 

treatment with ESAs increases blood pressure by direct vasomotor effects 139-141. 

The use of arteriovenous fistulas for haemodialysis is preferrable to vascular 

catheters due to improved dialysis quality and reduced infection rates 142-144. 

However, the creation of a shunt between a high pressure arterial vasculature 

and a low resistance venous system increases cardiac output through the 

shunting itself, activation of the sympathetic nervous system, neurohormonal 
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changes, and increased venous return 143. Chronically increased preload and 

cardiac output lead to LVH and right ventricular remodelling, which in turn is 

associated with an 3.9-fold increased risk of death 145. Several studies of fistulas 

being tied off after successful kidney transplantation show some evidence of LVH 

regression 146,147. However, although creation of an arteriovenous fistula 

decreases systemic blood pressure, ligation increases systolic blood pressure by 

an average of 5 mmHg 148. The decision to proceed with fistula ligation should 

therefore balance, on an individualised basis, the benefits of cardiac remodelling 

regression against the potential adverse effect on blood pressure control. 

1.3.2.3. Intrinsic factors 

In addition to the haemodynamic factors already discussed, several other factors 

that become dysregulated in patients with CKD are involved in the pathogenesis 

of CKD-associated cardiomyopathy. These include activation of RAAS, 

sympathetic nervous system overactivity, increased transforming growth factor-

beta (TGFß) signalling, insulin resistance, uraemic toxins (e.g. indoxyl sulfate, p-

cresyl sulfate), increase in cardiotonic steroids, oxidative stress and factors 

associated with CKD-MBD namely hyperparathyroidism, vitamin D deficiency, 

increased circulating fibroblast growth factor-23 (FGF23), decreased αKlotho 

expression and hyperphosphataemia 2,24,149,150.  
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1.4. FIBROBLAST GROWTH FACTOR-23 AND 
ΑKLOTHO 

1.4.1. Biology of FGF23 and αKlotho 

The hormone fibroblast growth factor-23 (FGF23), first discovered in 2000, is a 

circulating growth factor secreted by osteocytes whose main physiological role is 

to increase urinary phosphate excretion 151,152. The four mammalian FGF 

receptors (FGFR1-4) are membrane-bound receptor tyrosine kinases 153,154. 

FGFR1 is suggested to be the primary FGF23 receptor in target organs – the 

kidneys and parathyroid glands 155-158. Crystallography studies clearly 

demonstrate that the presence of αKlotho is required for the efficient binding of 

FGF23 to FGFR1 159. αKlotho is a cell-surface protein, mainly expressed in the 

kidneys and parathyroid glands 160-162. In addition to the membrane-associated 

full-length protein, the ectodomain of αKlotho can exist in a soluble form 163-166. 

In the presence of membrane-bound αKlotho or soluble αKlotho, FGF23 can 

activate Fibroblast Growth Factor Receptor Substrate-2(FRS2α)/Ras/Mitogen 

Activated Protein Kinase(MAPK) signalling (Figure 1-3) 159,167,168. Soluble 

αKlotho, therefore, may act as a circulating FGF23 co-receptor in cells that do 

not express αKlotho. Such a mechanism has been reported in osteoblasts 169. 

However, its role in the heart is yet to be fully characterised as neither 

cardiomyocytes nor cardiac fibroblasts express αKlotho 152. It is possible that 

FGF23 might act on these cells with circulating αKlotho as a cofactor. Treatment 

of cardiac myofibroblasts with full-length αKlotho resulted in upregulated 

proliferation and ERK phosphorylation, which was suppressed by FGFR1 

antagonism 170. This suggests the presence of FGFR1 in cardiac myofibroblasts 
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for which soluble Klotho acts as a circulating co-receptor, although the authors 

do not comment on endogenous FGFR1/FGF23 expression. 

FGF23 can also exert cellular effects via αKlotho-independent mechanisms 171. 

FGF23 has been shown to stimulate Phospholipase Cγ (PLCγ) / calcineurin / 

Nuclear Factor of Activated T-cells (NFAT) via FGFR4 in cells that lack αKlotho 

(Figure 1-3) 171-174. Such increases in PLCγ / calcineurin / NFAT signalling appear 

to be important in pathological, as opposed to physiological, cardiac hypertrophy 

175,176. Clearly further mechanistic studies are warranted to delineate mechanisms 

that can be targeted therapeutically in patients with elevated FGF23 levels. 

Figure 1-3 . Fibroblast growth factor 23 (FGF23) signal transduction and 
signaling pathways 

Figure adapted from Law et al. (2020) 2 
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1.4.2. FGF23 and αKlotho in CKD 

One of the first clinically detectable signs of CKD is an elevation in serum FGF23, 

probably in response to increased extracellular phosphate although the details of 

the stimulus and its detection are still unclear, with levels rising steeply as kidney 

function worsens 151,177. Indeed, elevations are observed as early as eGFR 75 

ml/min/1.73 m2, long before increased concentrations in PTH or phosphate are 

observed 177. Circulating FGF23 levels are two to five-fold above the normal 

range in early/intermediate CKD, but can reach levels of 1000-fold above normal 

in KFRT 177-179. Increased FGF23 levels are also found in heart failure 180-185 and 

AF 186-190, and are associated with all-cause and cardiovascular mortality in 

patients with and without CKD 184,185,191-196. Ongoing research therefore explores 

FGF23 as both a potential biomarker 197 and a causative factor for cardiac 

mechanoelectrical dysfunction. However, effective quantification of circulating 

FGF23 is not currently standardised. Several FGF23 assay kits utilise differing 

detection techniques, epitope binding regions, analytical ranges and 

measurement units, making direct comparisons challenging 198.  

The kidney is the principle source of circulating soluble αKlotho 166,199. Its levels 

are downregulated in the presence of vitamin D deficiency 200,201, albuminuria 202, 

inflammation 203, RAAS overactivity 204,205, FGF23 excess 206, and with the 

progression of CKD 207. αKlotho levels start to decline in CKD stage 2 and 

precede the elevation of FGF23, PTH and serum phosphate 208. 

In its secreted, circulating form, soluble αKlotho exerts a broad array of biological 

functions as evidenced in studies of αKlotho-deficient mice which manifested an 

ageing phenotype of phosphate imbalance, osteoporosis/osteopenia 209, vascular 
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calcification, growth retardation, emphysema 210 and premature death 160, cardiac 

hypertrophy and fibrosis 211-213. In addition, αKlotho has a role in blood pressure 

homeostasis. In a study of 2,774 subjects, higher αKlotho was associated with a 

lower risk of incident hypertension 214. Low levels of circulating αKlotho are 

associated with increased cardiovascular events and mortality in patients with 

CKD/KFRT 215-218. Preclinical studies have shed light on the potential underlying 

mechanisms, including αKlotho inhibition of inflammation-associated renal 

sodium retention 219,220 and endothelial dysfunction through reduced oxidative 

stress and increased nitric oxide availability221-223 in murine and in vitro studies. 

It is, therefore, conceivable that some of the adverse physiological effects that 

have been attributed to increased FGF23 may be either due to, or compounded 

by, lower αKlotho. These mechanistic complexities require further investigation 

and need to be considered when developing FGF23/αKlotho-directed therapies. 

1.4.3. Cardiovascular effects of FGF23 and αKlotho 

1.4.3.1. Left ventricular mass and hypertrophy 

The heart has been shown to respond to FGF23, increasing LV mass 

independently of blood pressure, promoting cardiac fibrosis and reducing LV 

systolic function in animal models 171,172,174,224,225. Elevations of cardiac FGFR4 

and enhanced PLCγ/calcineurin/NFAT signalling have been observed in both 

animal models of CKD and in patients with CKD/KFRT 172,226-228. Several studies 

have shown that repetitive administration of FGF23 in wild-type mice, either 

intravenous or intraperitoneal, induced cardiac hypertrophy within 5 days 

171,224,225. The signalling actions of FGF23 on the heart are still not fully 
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characterised. However, several independent experimental approaches 

demonstrate the involvement of the αKlotho-independent FGFR4-

PLCγ/calcineurin/NFAT signalling pathway in cardiomyocytes 171,172,174. Although 

often considered in isolation, there are significant overlaps and crosstalk between 

RAAS and FGF23 pathways. For example, FGF23 activates RAAS through 

suppression of ACE2 229, which downregulates vasodilatory angiotensin-(1-7), 

and upregulates plasma/cardiac Angiotensin II and aldosterone 230-232. In turn, 

aldosterone stimulates FGF23 transcription in osteoblasts in vitro, an effect 

reversed by mineralocorticoid receptor blockade 233. More recently, Böckmann et 

al. showed that FGF23 stimulated expression of RAAS genes and hypertrophic 

growth in cultured neonatal rat ventricular myocytes 234. Independent studies 

demonstrate that αKlotho may be cardioprotective and that subnormal levels as 

found in CKD may be required for FGF23 to induce LVH 211,235-237.  

Whilst many of the studies indicate that elevation of FGF23 and reduction in 

αKlotho are involved in the development of LVH, recent studies by Leifheit-

Nestler and Slavic have not recapitulated these findings 238,239. Chronic FGF23 

overexpression (via myocardial gene transfer), or genetic ablation of FGF23 or 

Klotho on the background of transverse aortic constriction did not affect cardiac 

function or morphology 238,239. 

1.4.3.2. Myocardial fibrosis 

Fibroblasts produce the extracellular matrix in the heart and act as regulators of 

the cardiac interstitium 240,241. In the injured myocardium, inflammation and 

mechanical stress promote activation of fibroblasts to myofibroblasts, leading to 
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maladaptive deposition of extensively cross-linked extracellular matrix, which 

drives increased stiffness and impaired mechanoelectrical coupling of 

cardiomyocytes. This loss of cardiomyocyte coupling not only leads to attenuated 

cardiac function, but also provides a substrate for arrhythmias 242-245. Whilst 

recent studies have shown that FGF23 can activate cardiac fibroblasts, neither 

the underlying mechanism 246,247 nor its role in the development of cardiac fibrosis 

are fully defined 246,248. As cardiac fibroblasts do not express αKlotho 171,199,227,228, 

the alternative pathway of αKlotho-independent FGF23 signalling through 

FGFR4-PLCγ/calcineurin/NFAT is likely to play a role. Further evidence of this 

was presented in a small study which found increased FGF23 and FGFR4 

expression in atrial tissues of patients with AF compared to those in sinus rhythm. 

In addition, they exhibited greater collagen fraction, collagen 1 and α-Smooth 

Muslce Actin (αSMA) expression by immunohistochemistry 189. 

1.4.3.3. Cardiac arrhythmias 

Patients with CKD/KFRT are at increased risk of a wide spectrum of cardiac 

arrhythmias, including supraventricular tachycardias, particularly AF, and 

potentially lethal ventricular arrhythmias 249-251. All three components of CKD-

associated cardiomyopathy (increased LV mass/LVH; diastolic and systolic 

dysfunction; and especially myocardial fibrosis) are associated with 

arrhythmogenesis 250,252. While emerging evidence from implantable loop 

recorder studies is beginning to implicate bradyarrhythmias as the major cause 

of SCD in KFRT, rather than the previously assumed tachyarrhythmias, the 

precise causes of SCD in KFRT are the subject of investigation 251. αKlotho has 

been found in sinoatrial node pacemaker cells in mice 253 and αKlotho-deficient 
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animals exhibit sinoatrial node dysfunction, and higher rates of bradyarrhythmias 

and SCD 253. 

FGF23 distrupts intracellular calcium cycling within the cardiomyocyte, which is 

an important risk factor for arrhythmogenesis 254-256. Administration of FGF23 to 

rat ventricular cardiomyocytes caused calmodulin-dependent protein kinase II-

dependent abberant intracellular calcium resulting in in vitro and in vivo 

arrhythmogenicity 257. Administration of recombinant αKlotho or a pan-FGFR 

blocker prevented contractile dysfunction and reduced pro-arrhythmogenic 

activity 257. 

Large observational studies in patients with CKD or AF, and in the general 

population have found an association between elevated FGF23 and increased 

risk of developing AF 186,190,194,258-262. High FGF23 and low αKlotho levels are 

associated with periods of AF in patients with paroxysmal or persistent AF 188. 

Increased expression of FGF23, FGFR4 mRNA and FGFR4 protein in the right 

atrial appendages of patients with AF has been reported and positively correlate 

with atrial collagen fraction. Collectively these data/studies suggest that 

FGF23/FGFR4 may play a role in promoting AF through atrial fibrosis 263. 

1.5. TREATMENT OF URAEMIC 
CARDIOMYOPATHY 

1.5.1. Hypertension 

Hypertension is a significant global problem and remains one of the most 

important preventable causes of mortality worldwide 264,265, with the prevalence 

expected to rise to 1.56 billion by 2025 264. Affecting 67-92% of patients with CKD, 
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hypertension is also the most common comorbidity with increasing prevalence 

and severity as kidney function progresses 266. Its pathogenesis and that of CKD 

are tightly intertwined, with hypertension being both a complication of and driver 

of kidney disease progression 267-269. 

1.5.1.1. Intensive blood pressure lowering 

Prior to publication of the SPRINT trial results 270, most societies and guidelines 

recommend lowering blood pressure to below 140/90 mmHg 271-275 with some 

suggesting higher thresholds for the elderly 271,272,275 and lower thresholds for 

those at higher high risk including patients with diabetic mellitus and patients with 

CKD 271,272,275. The SPRINT investigators reported a 25% lower risk of major 

cardiovascular events such as myocardial infarction, heart failure and stroke and 

27% lower risk of all-cause mortality when treating to a target systolic blood 

pressure of less than 120 mmHg compared to the standard target of 140 mmHg. 

Intensive treatment of hypertension in those with CKD, which formed 28% of the 

SPRINT cohort, was associated with improved cardiovascular outcomes and all-

cause mortality, with no adverse effects on kidney function or increased risk of 

dialysis 270. The recently published Kidney Disease Improving Global Outcomes 

(KDIGO) 2021 guideline on the management of blood pressure in CKD also 

recommends an intensive systolic blood pressure target of 120 mmHg or less in 

patients with CKD (excluding those with a functioning kidney transplant) 276. 

1.5.1.2. Antihypertensives, cardiac structure and function 

In the general population, regression of LVH is associated with a significant 

improvement in cardiovascular events 277. Several landmark trials have confirmed 
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that LV regression in response to treatment with antihypertensive medication is 

associated with significant reduction in cardiovascular events 278-281. All classes 

of anti-hypertensive medications have been shown to regress LVH 282-285. Meta-

analyses have shown that ACE-inhibitors, angiotensin receptor blockers (ARBs) 

and calcium channel blockers are more effective than beta-blockers at regressing 

LVH 286,287. 

Factors associated with persistent LVH and lack of regression of LVH with 

antihypertensive treatment include older age, higher body mass index, sub-

optimal blood pressure control, duration of hypertension and crucially, the 

presence of CKD 282,288,289. This, together with the fewer and much smaller 

studies available make the literature in patients with CKD/KRFT less clear. Most, 

but not all 290,291 studies of ACEi/ARB compared with placebo or standard 

treatment in both patients with CKD 292 or on dialysis 53,293-295 have shown no 

significant reduction in LVM. The same is true for studies comparing ACEi/ARB 

with a CCB 296-298 or beta-blocker299,300 which have shown no difference between 

agents. Several novel therapies with potential benefit to patients with CKD-

associated cardiomyopathy have recently been trialled. 

A meta-analysis of sacubitril/valsartan, the first in a new class of angiotensin 

receptor neprilysin inhibitors (ARNI), in patients with CKD and heart failure with 

reduced ejection fraction (HFrEF) versus a RAAS-blocker found that ARNIs 

significantly reduced blood pressure and N-terminal pro-brain natriuretic peptide 

(NT-proBNP), and was mildly renoprotective 301. As previously discussed, 

patients with CKD can present with diastolic dysfunction only, or heart failure with 

preserved ejection fraction (HFpEF). The efficacy of ARNIs in HFpEF is less 
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convincing. PARAGON-HF reported no significant change in heart failure 

hospitalisations and cardiovascular death when compared to valsartan alone 302. 

In the PARALLAX trial, ARNI did not increase functional- or symptom-based 

scores despite a 16% reduction in NT-proBNP versus RAAS inhibition/placebo 

303. 

Sodium-glucose co-transporter-2 (SGLT2) inhibitors are a recent class of oral 

antidiabetic agents. They decrease sodium-reabsorption, exhibiting a mild 

natriuretic and diuretic effect 304,305. A recent meta-analysis of large RCTs clearly 

demonstrated a 23% reduction in CV morbidity and mortality, especially heart 

failure hospitalizations in patients with diabetes mellitus 306. Similar results are 

emerging in patients with CKD and with heart failure without diabetes 307,308. It 

should be noted that SGLT2-inhibitors also significantly lower systolic and 

diastolic blood pressure by 3-5/1-2 mmHg 305, through their diuretic and natriuretic 

actions, as well as reported reductions in sympathetic activity, arterial stiffness 

and vascular resistance 304,305. A significant correlation between blood pressure 

reduction and regression of LVH with SGLT2-inhibitor use has been reported 309. 

SGLT2-inhibitors might therefore be useful agents to improve CKD-associated 

cardiomyopathy acting via both blood pressure reduction and blood pressure 

independent mechanisms. 

Mineralocorticoid receptor antagonists (MRA) have consistently shown beneficial 

effects on left ventricular dilation, cardiac function, fibrosis or collagen content in 

preclinical studies 310-312 and also regress LVH in clinical trials 284. MRA have 

consistently been shown to improve outcomes in patients with HFrEF and 

potentially in patients with HFpEF 313. Whether the lowering of LV mass in CKD 
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patients is independent on the blood pressure lowering effect of MRAs is unclear 

314,315. Recently two large placebo-controlled studies with the non-steroidal MRA 

finerenone have shown significant reductions in cardiovascular events and 

mortality in patients with diabetic nephropathy with little effect on blood pressure 

316-318. Consistent with the effect of blood pressure on stroke risk 319,320 the 

incidence of stroke did not vary between groups 313. The lower incidence of 

hyperkalaemia versus steroidal MRAs (spironolactone and eplerenone) makes 

finerenone an attractive option for the treatment of CKD-associated 

cardiomyopathy 313. 

1.5.2. Renal replacement therapy 

1.5.2.1. Intensive dialysis 

Studies have shown that longer, frequent ‘intensive’ dialysis regimens are 

associated with reductions in LV mass, lower prevalence of LVH and reduced 

hospitalisations 321-324. However, it is not clear if the reductions in LV mass are a 

direct consequence of the dialysis treatment - clearance of uraemic toxins, better 

phosphate and haemoglobin control; or improved blood pressure control 325-327. 

An intriguing, but small, study of 54 incident haemodialysis patients found that 

lowering dialysate temperature by an average of 1 °C significantly reduced LV 

mass (treatment difference between groups 15.6, 95%CI 1.9-29.4 g) measured 

by CMR over a 12 month period with no differences in blood pressure between 

groups 328. However, 10 of the 54 patients had their 12-month CMR results 

imputed. This study finding requires confirmation in larger trials. 

The previously discussed effects of intensive dialysis on reduction of 

hypertension and improvement in LV mass are encouraging, however it is still 



 

28 
 

unclear as to whether this leads to better patient survival. A recent meta-analysis 

encompassing 70,506 patients found that intensive dialysis was associated with 

reduced mortality when compared to conventional dialysis, but the overall quality 

of the evidence was low 329. Whilst intensive dialysis has clear health and quality 

of life benefits, it needs to be considered in conjunction with the potential risks of 

increased patient and caregiver burden, infection, loss of residual kidney function 

and vascular access complications 330. 

1.5.2.2. Renal transplantation 

The gold-standard for the treatment of KFRT is kidney transplantation 331. The 

associated improvement in GFR reduces cardiovascular  risk below that of those 

on waiting lists 332. However, cardiovascular risk still remains higher than healthy 

individuals of the same age and sex with transplant recipients displaying a three-

fold increased risk 333. The restoration of kidney function associated with kidney 

transplantation improves many factors thought to cause CKD-associated 

cardiomyopathy. As a result it is generally assumed that kidney transplantation 

reduces LV mass, and improves diastolic and systolic function, and potentially 

reverses myocardial fibrosis 334,335. Indeed, review articles continue to state that 

CKD-associated cardiomyopathy is reversed by kidney transplantation. However, 

these articles frequently either do not cite any references 24, cite small, 

uncontrolled studies using either echocardiography 336 or radionucleotide 

ventriculography-gated blood pool scans 334,337, or refer to other review articles 

338. 

A recent systematic review and meta-analysis has indeed confirmed that many 

echocardiographic studies reported significant reductions in LV mass after kidney 
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transplantation 339. However, this study highlighted key problems in the available 

literature. Few studies were blinded or had a control group thus were prone to 

bias; meta-analysis of the four studies containing a control group did not find any 

association between transplantation and LV mass. Echocardiography is 

unreliable for LV mass determination in dialysis patients 340; few studies used 

CMR which is more reproducible in KFRT patients 23. Indeed, none of the three 

CMR studies included in the review found a significant change in LV mass. 

Intriguingly, a small study in 44 kidney transplant recipients found a significant 

reduction in native T1 time at 6 months after transplantation with no reduction in 

LV mass 341. A smaller study found no difference in global T1 times 6 weeks after 

transplantation suggesting changes may continue to progress over time 342. 

Larger, controlled studies utilising CMR are required to further investigate this 

fundamental question. 

1.5.3. Management of CKD-MBD  

CKD–mineral and bone disorder (CKD–MBD) encompasses the progressive 

deterioration in the homeostasis of calcium, phosphate due to disruption in 

circulating hormones FGF23 and its co-receptor αKlotho, PTH and vitamin D. 

Treatment specifically targeting these factors are discussed below and 

summarised in Figure 1-4 at the end of this section. 

1.5.3.1. Reducing serum phosphate 

Studies in healthy subjects have shown that circulating FGF23 levels are 

associated with dietary phosphate intake levels 343,344, and can be further 

increased by acute phosphate loading 345. This can be reduced, in the short-term, 
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by aggressive reduction of dietary phosphate absorption 344,346-349 and restriction 

350. Overall, in relatively short-term studies, non-calcium based phosphate 

binders lower FGF23 in patients with CKD/KFRT whereas calcium-based binders 

do not 351-355. Calcium is thought to be a secondary stimulus for FGF23 synthesis 

356,357. However, lowering intestinal phosphate absorption with dietary change, 

phosphate binders, nicotinamide 358, tenapanor 359-361 or combination therapy362 

produces only modest falls in FGF23 that do not appear to be sustained in the 

long term 353,362. Whether this is due to increased total intestinal phosphate 

absorption by active phosphate transport 363-365, high pill burden or intolerability 

of the medications is unknown. 

1.5.3.2. Vitamin D replacement 

There is strong experimental data supporting vitamin D as a potential treatment 

for FGF23-mediated CKD-associated cardiomyopathy. Calcitriol, the synthetic 

analogue of vitamin D3, blocks FGF23-induced activation of FGFR4 and 

cardiomyocyte growth 228. Increases in FGF23 expression, FGFR4-induced 

calcineurin/NFAT signalling and LVH in 5/6 nephrectomised rats are reduced by 

calcitriol 228. Vitamin D also increases αKlotho expression 366,367. Observational 

studies demonstrate a survival advantage of vitamin D therapy in patients with 

CKD/KFRT despite raising calcium and phosphate levels 368,369. However, in a 

randomised, placebo-controlled study in patients with CKD stages 4-5, 

paricalcitol (activated vitamin D2 analogue) treatment did not reduce LV mass 370. 

Taken together, these data suggest combining vitamin D receptor activation with 

FGF23/FGFR4 signalling blockade could have beneficial synergistic actions on 

CKD-associated cardiomyopathy. 
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1.5.3.3. Targeting parathyroid hormone 

In patients on dialysis, the clinically available allosteric modulators 

(calcimimetics) of the calcium-sensing receptor, cinacalcet and etelcalcetide, are 

used to treat hyperparathyroidism and consistently lower circulating FGF23 371-

375. In secondary analyses of the large and well-designed Evaluation of 

Cinacalcet HCl Therapy to Lower Cardiovascular Events (EVOLVE) trial, a 

greater than 30% reduction in FGF23 in patients randomised to cinacalcet was 

associated with a reduction in cardiovascular mortality, SCD and admissions for 

heart failure. The findings were amplified in those with a greater than 50% 

reduction in FGF23 184. However, it should be noted that calcimimetics appear to 

have a consistent blood pressure lowering effect in experimental models of 

uraemia and patients with CKD and KFRT 371,374,376-378. 

In CKD patients not requiring dialysis, randomised-controlled trials of cinacalcet 

have reported significant reductions in FGF23, but also poor suppression of PTH 

as well as high rates of hypocalcaemia and hyperphosphataemia 379,380. These 

actions are thought to negate many of the clinical benefits of calcimimetics and 

these agents are not licensed for use in patients with non-end stage CKD. 

Nevertheless, cinacalcet remains a promising therapeutic option for the treatment 

of CKD-associated cardiomyopathy in KFRT. 

1.5.3.4. Directly targeting FGF23 

The mechanism(s) regulating FGF23 synthesis are poorly understood and no 

“phosphate-sensor” has yet been found in mammals 381,382. Animal data has 

recently suggested that sodium-phosphate co-transporter PiT2 found in bone 

might regulate phosphate-dependent regulation of FGF23 synthesis and that 
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targeting PiT2 could potentially reduce FGF23 synthesis 382. The development of 

novel small molecules against PiT2 or the yet to be characterised PiT2-FGF23 

pathway would give a proof of principle approach in animals for blocking FGF23 

synthesis. 

Indiscriminate FGF23 neutralisation with monoclonal antibodies has been shown 

to worsen hyperphosphataemia, and increase vascular calcification and mortality 

in rat models of CKD 383,384. Use of anti-FGF23 monoclonal antibodies such as 

burosumab, currently approved for the treatment of x-linked hypophosphataemia, 

causes severe side effects in patients with CKD by decreasing phosphaturia 385. 

Analogous to the use of calcimimetics, total blockade of FGF23 may theoretically 

be of benefit in KFRT. From a clinical therapeutic and drug development 

perspective, the ideal target would be the FGFR responsible for the adverse 

cardiac effects of FGF23 and not FGFR1, which is critical for maintaining normal 

phosphate levels. Indiscriminate blockade of FGFRs, whilst shown to be effective 

at preventing the development of 386, and reversing LVH in rodents 171, results in 

cardiac toxicity, hyperphosphataemia and ectopic calcium deposition 387. 

Targeting cardiac FGFR4, especially its αKlotho-independent activation of 

downstream signalling pathways, represents an exciting possibility. Indeed, 

FGFR4-blocking antibodies have been shown to inhibit FGF23-induced 

hypertrophy of isolated rat cardiomyocytes in vitro, and attenuated LVH in a 5/6 

nephrectomy rat model of CKD 172. Currently, very little is known about the specific 

FGFRs mediating the actions of FGF23 in non-myocyte cardiac cells including 

fibroblasts, or whether blocking FGFR4 prevents or reverses cardiac fibrosis 247. 

Several anti-FGF small-molecule tyrosine kinase inhibitors and related 
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compounds, monoclonal antibodies and FGFR-analogues currently in 

development are mainly for use in oncology 388. Development of these agents 

specifically for the treatment of CKD-associated cardiomyopathy is, therefore, a 

real possibility. 

1.5.3.5. Targeting αKlotho 

In murine studies, administration of αKlotho protein has been shown to be 

effective in protecting against progression of CKD 389-392. Intravenous 

administration of a transgene-encoding soluble αKlotho reduces LVH in αKlotho-

deficient mice 213. αKlotho supplementation in uraemic and diabetic mice also 

attenuates cardiac remodelling, fibrosis and LVH, through protection from 

inflammation393 and oxidative stress393, angiotensin II-dependent myocardial 

TGF-beta1 expression 394, hyperphosphataemia 391, acute kidney injury 391, 

uraemic toxin 237, and through induction of myocardia FGF21395. In another study, 

αKlotho improved cardiac function and reduced hypertrophy and fibrosis in a 

mouse model of hypertension, whilst decreasing FGF23 expression 394. 

However, it remains unclear whether αKlotho, either as an endogenous circulating 

factor or through exogenous supplementation, is cardioprotective in the absence 

of increased FGF23. Its efficacy in larger mammals is also untested. Elevated 

FGF23 and decreased circulating αKlotho, are observed in both ageing and in 

CKD 211,213,392 leading to speculation that both CKD and the age-related decline 

in this and other physiological functions are caused in part by increased FGF23 

and decreased αKlotho 152. If true, this would assume soluble αKlotho acts as an 

inhibitor of αKlotho-independent actions of FGF23. Potential mechanisms include 
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inhibiting FGF23/FGFR4 signalling by either binding first to FGFR4 or via an initial 

interaction with FGF23 (decoy receptor). An alternative mechanism involves 

FGF23 and FGFR4 forming a complex in the presence of soluble αKlotho but 

activating FRS2αRas/MAPK rather than PLCγ/calcineurin/NFAT signalling 152. 

The recently discovered co-crystal structure of αKlotho:FGF23:FGFR1 in a 1:1:1 

relationship has provided new insight into this dynamic interplay of factors and 

may reveal new therapeutic options 159. Therefore, development of αKlotho-

mimetics, through the development of protein-protein inhibitors provides another 

potential therapeutic option.  

To date, small molecule αKlotho modulators have been identified from a high-

throughput screen of 150,000 compounds with those showing most promise 

being αKlotho transcription activators. Furthermore, extracellular signal-

regulated kinase phosphorylation in FGFR-transfected cells increased, 

demonstrating an effect on FGF23 signalling 396. Although clearly at an early 

stage of exploration, the identification of new small molecules demonstrates the 

potential of drugs acting via αKlotho. Trials of such agents to prevent progression 

of CKD and CKD-associated cardiomyopathy are expected to start in the next 

couple of years and remain promising therapeutic options.  
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Figure 1-4. Summary figure of potential therapeutic options targeting fibroblast growth factor 23 (FGF23) and the 
kidney-parathyroid-heart axis in patients with chronic kidney disease. 

Figure adapted from Law et al. (2020) 2 
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1.6. THESIS HYPOTHESES AND AIMS 

- Cardiac fibrosis is driven by activation of cardiac fibroblasts into 

myofibroblasts, which are characterised by αSMA expression and 

increased collagen excretion. I hypothesise that this process is reversible 

through inhibition of known pro-fibrotic pathways such as TGF-β, and 

through modulation of extra-cellular matrix stiffness. My aim is to 

determine the potential for reversal of chronically activated human cardiac 

myofibroblasts back to a quiescent fibroblast phenotype in vitro, through 

the use of TGF-β inhibitors and soft tissue culture substrates. 

- It is unclear whether the fibrosis observed in CKD-associated 

cardiomyopathy is directly attributable to elevated circulating FGF23 

levels. I hypothesise that elevated circulating FGF23 levels can cause 

cardiac fibrosis through activation of cardiac fibroblasts. My aims are to 

determine whether human cardiac fibroblasts express receptors to FGF23, 

and to investigate if human cardiac fibroblasts are susceptible to activation 

by FGF23. 

- CKD is associated with increased atrial and ventricular arrhythmias. I 

hypothesise that elevated FGF23 levels can directly affect cardiac 

electrical physiology resulting in pro-arrhythmic phenomena. Using murine 

models of acute and chronic FGF23 excess, I aim to determine the effect 

of acute FGF23 elevations on murine left ventricular electrophysiology; 

and characterise the effect of chronic FGF23 elevation on murine cardiac 

left ventricular structure, function and electrophysiology. 
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2.1. EXTENT OF PERSONAL CONTRIBUTION 

The following chapter details the experimental methods used within this thesis. 

All methodology and analysis were performed by the author of this thesis unless 

specifically indicated below. The work and contributions of other researchers at 

the University of Birmingham are attributed as follows: 

Max Cumberland supplied the differentiated human induced pluripotent stem cell-

derived cardiac fibroblasts (Chapter 2.2.2). Caitlin Hall performed the CyQUANT 

NF Proliferation Assay (Chapter 2.5) and immunofluorescence work (Chapter 

2.6). Animal technicians at Biomedical Sciences Unit administered the 

intraperitoneal FGF23 injections and performed the saphenous vein 

venepuncture (Chapter 2.7.2.2). Sophie Broadway-Stringer conducted the in vivo 

murine echocardiography (Chapter 2.7.8).  
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2.2. HUMAN CARDIAC FIBROBLAST CELL 
CULTURE 

Two human cardiac fibroblasts cell lines were utilised - primary human cardiac 

fibroblasts (HCF) and human induced pluripotent stem cell-derived cardiac 

fibroblasts (hiPSC-cFb). Cell cultures were kept in a humidified 5% CO2 incubator 

set at 37 °C. All cell culture work was performed within a Class II HEPA filtered 

laminar flow tissue culture hood sterilised with 70% alcohol. All culture materials, 

bottles and gloved hands were sprayed with 70% ethanol before use within the 

culture hood. Sterile serological pipettes, pipette tips and reagents were used 

throughout. Routine cell observation and microscopy was performed using an 

EVOS® XL digital microscope (Thermo Fisher Scientific, AME3300). 

2.2.1. Primary human cardiac fibroblast culture 

Primary ventricular HCFs isolated from explanted hearts were obtained from 

PromoCell GmbH (C-12375). The two donors, aged 60 and 63,  were both 

diabetic with cardiomyopathy. HCFs were received cryopreserved at passage 2. 

Following thawing, HCF were cultured in a 25 cm2 cell culture flask (Corning®, 

CLS430639) using Fibroblast Growth Medium 3 (FGM3; PromoCell, C-23025) 

with 1% penicillin-streptomycin (Gibco™, 15140122). Upon reaching 90% 

confluence, the culture was passaged into 75 cm2 cell culture flasks (Corning®, 

CLS430641). Subsequent passages and expansion of culture was performed 

upon reaching 80-90% confluence and discarded after 9 passages. To allow for 

the larger subcultures, 150 cm2 cell culture flasks (Corning®, CLS430825) were 

also used. Culture media was changed every 48 hours unless otherwise 

specified. 
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The procedure for HCF cell passaging was as follows: Cells in culture flasks were 

examined under microscope to confirm 90% confluence. Medium was removed 

from the cell culture flask by aspiration before washing with 10 mL Dulbecco’s 

Phosphate Buffered Saline (DPBS; Sigma-Aldrich, D8662) to remove dead cell 

debris and residual media. 6 mL TrypLE™ Express 1X (Gibco™, 12605010) was 

then added to the cells after which the flask was returned to the CO2 incubator 

for 3 to 5 minutes until cells appeared visually rounded under microscope. The 

flask may be tapped several times on its side to aid detachment of cells. 10 mL 

pre-warmed FGM3 was added to dilute the dissociation solution. The cells were 

gently resuspended, transferred into a 15 mL conical tube (Corning®, 

CLS430791) and centrifuged for 4 minutes at 1000 x g to pellet the cells. The 

supernatant was removed without disturbing the cell pellet, followed by 

resuspension of the pellet in 10 mL FGM3. The cell number was quantified using 

a Countess™ II cell counter (Invitrogen™, AMQAX1000) and inoculated at the 

desired seeding density – typically 3,500 to 12,000 cells per cm2 – into a new 

culture flask. 

2.2.2. hiPSC-cFb culture 

hiPSC-cFbs were derived using the hiPSC Kolfc2 line from a healthy Caucasian 

male using an established protocol397 (Figure 2-1) as follows: Day 0 hiPSC were 

cultured in RPMI +B27 -Insulin with 6 µM CHIR99021 (Tocris Bioscience, 4424) 

for two days. Day 2 hiPSCs were seeded at 30,000 cells/cm2 in Essential 8 

medium (Lifetech, A1517001) on Matrigel® (Corning®, 356231). 5 µM IWR1 

(Sigma, I0161) was added at day 3. At day 6, hiPSC were replated at 20,000 

cells/cm2 in Advanced DMEM with 5 µM CHIR99021 and 2 µM retinoic acid. On 
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day 8, culture media was changed to Advanced DMEM. At day 12, a further media 

change was performed using FGM3 in the presence of 10 µM SB431542 (Selleck 

Chemicals, S1067) and 10 ng/ml fibroblast growth factor 2 (FGF2) (Peprotech, 

100-18B).

Figure 2-1. Derivation of hiPSC-cFbs. 

Protocol uses CHIR99021, IWR-1, retinoic acid, and fibroblast growth factor 2.  

 

At day 18, a vimentin and α-SMA immunofluorescence stain was conducted 

(Figure 2-2). A positive vimentin and negative α-SMA stain confirmed successful 

generation of quiescent iPSC-cFbs (Figure 2-2 B, C). iPSC-cFbs were 

maintained in FGM3 supplemented with SB431542 and FGF2 and cultured on 

Matrigel® for up to 10 passages (split ratio 1:10). 
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Figure 2-2. Phase contrast microscopy and immunofluorescence staining 

of day 18 hiPSC-cFbs. 

A – Brightfield microscopy; scale bar = 1 μm. B  – vimentin (green), DAPI (red)  

immunofluorescence stain; scale bar = 200 μm. C – α-SMA (green), DAPI (red)  

immunofluorescence stain; scale bar = 400 μm. Images provided by Max 

Cumberland (Institute of Cardiovascular Sciences, University of Birmingham). 
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2.2.3. Human cardiac fibroblast culture on standard 
polystyrene and low stiffness surfaces 

Human cardiac fibroblasts at passage number 5 to 9 were seeded at 7,500 cells 

per cm2 onto the 6-well flat-bottom tissue culture plates of varying elastic modulus 

(Ε) – Costar® E ≈ 3 GPa tissue culture-treated (Corning®, CLS3516), Softwell® 

Ε = 25 kPa (Matrigen, SW6-EC-25), Softwell® Ε = 2 kPa (Matrigen, SW6-EC-2). 

Matrigen Softwell® culture plates achieve a lower elastic modulus compared to 

standard polypropylene plates using bisacrylamide-crosslinked polyacrylamide 

hydrogels. The available cell surface area of 9.5 cm2 is maintained across the 

Costar® and Softwell® products. Each well was coated with 1 mL (10 μg/mL) 

fibronectin from bovine plasma (Sigma-Aldrich, F1141) for at least 45 minutes at 

room temperature to aid adhesion of cardiac fibroblasts. Fibronectin is produced 

by cardiac fibroblasts and is a principle component of the cardiac ECM 398,399. 

Residual fibronectin solution was aspirated before the addition of cardiac 

fibroblasts and media. 

Human cardiac fibroblasts were typically seeded at a density of 7,500 cells per 

cm2 and cell pellets collected after 1 day or 4 days. To collect the cell pellets for 

subsequent protein and mRNA analyses, the following protocol was used: Old 

media was aspirated from each well and discarded, followed by the addition of 

750 μL TrypLE™ Express 1X (Gibco™, 12605010). After 5 minutes incubation, 

or when cells appear visually detached, 750 uL FGM3 was used to dilute the 

dissociation solution. The resulting cell suspension was transferred into a 1.5 mL 

microcentrifuge tube (Eppendorf®, T9661) and centrifuged for 5 minutes at 

15,000 x g. The supernatant was discarded. The cell pellet was resuspended in 
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200 μL DPBS (Sigma-Aldrich, D8662) and centrifuged for a further 5 minutes at 

15,000 x g. The supernatant was discarded leaving a dry cell pellet. The cell pellet 

was stored at -80 °C if not immediately utilised for RNA or protein extraction. 

2.2.4. Treatment of human cardiac fibroblasts with 
fibroblast growth factor-23 or transforming growth 
factor-β 

Human cardiac fibroblasts were cultured in the presence of recombinant human 

fibroblast growth factor-23 (rhFGF23; Sigma-Aldrich, SRP3039) at 50 ng/mL, and 

transforming growth factor-β (TGF-β; R&D Systems, 240-B) at 10 ng/mL. 

Untreated HCFs were used as control. Human cardiac fibroblasts were treated 

for one and four days before cell pellets were collected for mRNA and protein 

analysis as described above. 

2.3. mRNA EXPRESSION BY REAL-TIME 
POLYMERASE CHAIN REACTION 

2.3.1. RNA extraction and cDNA conversion 

RNA extraction was performed using the RNeasy Mini Kit (Qiagen, 74106). 

Cardiac fibroblasts were lysed in Buffer RLT containing guanidine-thiocyanate-

containing buffer and homogenised by vortexing. Ethanol was then added to the 

cell homogenate to promote selective binding of RNA to the RNeasy Mini spin 

column membrane. The membrane-bound RNA was washed once in Buffer RW1, 

and twice in Buffer RPE, before being eluted in 30 μL RNase-free water. The 

quantity and purity of RNA eluted was determined with a NanoDrop™ 

Spectrophotometer (Thermo Scientific; ND-2000). Single-stranded cDNA was 

synthesised from RNA using the High-Capacity cDNA Reverse Transcription Kit 
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(Applied Biosystems™, 4368814) according to manufacturer protocols. In brief, 

a 2X reverse transcription master mix containing buffer, dNTP mix, random 

primers, reverse transcriptase, and nuclease-free water was added to the RNA 

samples. Up to 2 μg of RNA was entered into each cDNA conversion reaction. 

Reverse transcription was performed in a Labcycler thermal cycler (SensoQuest, 

011-103) using the following profile: 25 °C for 10 minutes, 37 °C for 120 minutes, 

85 °C for 5 minutes, and kept at 4 °C until sample was ready for collection. 

2.3.2. Real-time PCR, mRNA expression by comparative 2-

ΔΔCT method 

Real-time PCR was performed using TaqMan™ gene expression chemistry and 

Applied Biosystems 7500 Fast 96-well (HCF) or QuantStudio 5 384-well (iPSC-

cFb) real-time polymerase chain reaction (PCR) systems. In summary, cDNA 

combined with TaqMan™ Fast Advanced Master Mix (Applied Biosystems™, 

4444557) and Taqman™ Gene Expression Assay (Applied Biosystems, 

4331182; see Table 2-1 for details of specific Taqman™ Gene Expression 

Assays used) was loaded in technical triplicate onto a 96-well or 384-well PCR 

plate and run in Fast mode. Gene expression by comparative 2-ΔΔCT was 

calculated from CT values exported from the PCR machine into Excel 365 

(Microsoft, version 2207) and Prism 9 (GraphPad, version 9.4.1). Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) was used as an endogenous 

housekeeping gene and inter-plate calibrator. Samples with GAPDH CT values 

greater than two standard deviations from the mean CT of the dataset were 

removed from analysis. mRNA transcripts were deemed not expressed where CT 

values exceeded 40 cycles in >50% of technical replicates. 
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Table 2-1. TaqMan™ Gene Expression Assays 

Gene Protein Assay ID 

ACTA2 α-Smooth muscle actin Hs00426835_g1 

COL1A1 Type 1 collagen Hs00164004_m1 

COL3A1 Type 3 collagen Hs00943809_m1 

FGFR1 Fibroblast growth factor receptor 1 Hs00241111_m1 

FGFR2 Fibroblast growth factor receptor 2 Hs01552926_m1 

FGFR3 Fibroblast growth factor receptor 3 Hs00179829_m1 

FGFR4 Fibroblast growth factor receptor 4 Hs01106908_m1 

GAPDH 
Glyceraldehyde 3-phosphate 

dehydrogenase 
Hs02786624_g1 

 

2.4. PROTEIN EXPRESSION BY WESTERN BLOT 

2.4.1. Protein extraction 

2.4.1.1. Cardiac fibroblast sample preparation 

Frozen cardiac fibroblasts pellets were thawed at room temperature, then re-

suspended in 50 µL RIPA buffer (Sigma-Aldrich, R0278) with 1% Halt™ Protease 

and Phosphatase Inhibitor Cocktail 100X (Thermo Scientific™, 78441). The cell 

suspension was vortexed for 15 seconds before incubation over ice for 30 

minutes, followed by centrifugation at 14,000 x g for 10 minutes at 22 °C to 

remove any sediment. The supernatant was transferred into a new 1.5 mL 

microcentrifuge tube (Eppendorf®, T9661). Protein quantification was performed 

using the DC™ modified Lowry protein assay (Bio-Rad, 5000116); the 

absorbance at 750 nm was read using a Gemini™ microplate reader (Molecular 

Devices). Using the results of the protein assay, samples were diluted in 2X 
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sample loading buffer (containing 100 mM Tris pH 6.8, 4% SDS, 0.2% 

bromophenol blue, 20% glycerol, and 5% β-mercaptoethanol) to achieve a final 

protein concentration of 2 μg/μL, then stored at -20 °C until required. 

2.4.1.2. Mouse cardiac chamber preparation 

Weights of the heart chambers were recorded. Atria were placed into 0.5 mL soft 

tissue homogenising CK14 tubes (Bertin Technology, P000933-LYSK0-A) and 

ventricles into 2 mL CK14 tubes (Bertin Technology, P000912-LYSK0-A). RIPA 

homogenisation buffer (Sigma-Aldrich, R0278) containing 1% Halt™ Protease 

and Phosphatase Inhibitor Cocktail 100X (Thermo Scientific™, 78441) was 

added to the tubes at a ratio of 10 μL homogenisation buffer  per milligram of 

tissue. Cardiac tissue was mechanically homogenised using a Precellys 24 

homogeniser (Bertin Technology, P002391-P24T0-A.0) set at 5000 rpm speed, 

2 x 15 second cycles. Homogenates were transferred into a new 2 mL 

microcentrifuge tube (Eppendorf, T3045). Protein quantification and dilution in 2X 

sample loading buffer to 2 μg/μL was performed as above and stored at -80 °C 

until required. 

2.4.2. SDS-PAGE protein gel electrophoresis 

Mini-PROTEAN® TGX™ 4-15% gels (Bio-Rad, 4561086) were immersed in 

running buffer (containing 25 mM Tris, 192 mM glycine, 0.1% SDS; Bio-Rad, 

1610734 / 1610416) within a Mini-PROTEAN® Tetra Vertical Electrophoresis 

Cells (Bio-Rad, 1658004). Each sample was heated at 95 °C for 5 minutes, then 

vortexed for uniformity before 30 (for HCF studies) – 50 μg (for LV lysates) of 

protein was loaded onto the gel. 8 μL Precision Plus Protein™ Dual-Colour 
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Standard (Bio-Rad, 1610374) was run alongside the samples to aid identification 

of target protein by molecular weight. Using a PowerPac™ Basic Power Supply 

(Bio-Rad, 1645050), 50V was applied across the gels for 5 minutes to allow the 

sample to stack in the individual wells, followed by an increase to 100-150 V until 

the sample buffer line approached the bottom of the gel. 

2.4.3. Transfer and immunoblotting 

In preparation for immunoblotting, protein was transferred from the gel to PVDF 

membrane using methanol-activated Trans-Blot® Turbo™ Mini PVDF Transfer 

Packs (Bio-Rad, 1704156) and Trans-Blot® Turbo™ Transfer System (Bio-Rad, 

1704150) set at 2.5 A, 25 V over 10 minutes. The membrane was stained with 

0.1% Ponceau S solution (Sigma-Aldrich, P7170-1L) to ensure satisfactory 

transfer before de-staining in Tris-buffered saline with 0.1% Tween 20 (TBS-T; 

containing 25mM Tris, 192 mM glycine, 0.1% w/v Tween 20; Bio-Rad, 

1610734/1710781). 

The membranes were submerged in TBS-T with 5% skimmed powdered milk 

(Marvel) and left at room temperature for 1 – 2 hours to block unoccupied binding 

sites and reduce nonspecific antibody binding. The membranes were probed 

overnight at 4 °C with primary monoclonal IgG antibodies (Table 2-2) diluted in 

TBS-T with 1% skimmed milk, followed by washing at room temperature for an 

hour in TBS-T (washing solution was changed every 10 minutes) to remove 

unbound antibody. 
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Table 2-2. Primary antibodies used for immunoblotting 

Target Protein Company, Catalogue # Species Dilution 

Fibroblast growth factor receptor 1 CST, D8E4 Rabbit 1:1,000 

Fibroblast growth factor receptor 2 CST, D4L2V Rabbit 1:1,000 

Fibroblast growth factor receptor 3 Santa Cruz, sc-390423 Mouse 1:100 

Fibroblast growth factor receptor 4 Santa Cruz, sc-136988 Mouse 1:100 

Glyceraldehyde 3-phosphate 

dehydrogenase 
CST, D16H11 Rabbit 1:10,000 

α-smooth muscle actin CST, D4K9N Rabbit 1:1,000 

Collagen 1 Abcam, ab34710 Rabbit 1:1,000 

Collagen 3 Abcam, ab7778 Rabbit 1:5000 

Troponin T Sigma, SAB4200717 Mouse 1:1000 

Heat shock protein 27 CST, 2442 Rabbit 1:500 

    

The membranes were further incubated for two hours at room temperature in Li-

Cor IRDye® secondary dye-conjugated IgG antibodies (Table 2-3) diluted in 

TBS-T with 1% skimmed milk. Membranes were washed with TBS-T at room 

temperature for 15 minutes (washing solution changed every 5 minutes) to 

remove unbound antibody. 

Table 2-3. Secondary antibodies used for western blot 

Target Species Company, Catalogue # Host Species Dilution 

Rabbit Li-Cor, 800CW 926-32211 Goat 1:10,000 

Mouse Li-Cor, 680RD 926-68070 Goat 1:10,000 
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Membranes which required re-probing were stripped using Restore™ PLUS 

Western Blot Stripping Buffer (Thermo Scientific; #46430) before undergoing the 

immunoblotting procedure again. Membranes were re-probed a maximum of two 

times and were incubated with one antibody at a time. No dual staining was 

performed. 

2.4.4. Image analysis 

Visualisation of the membranes was performed using the Odyssey® Fc imaging 

system (Li-Cor). Band detection was in the 700nm channel for the ladder and 

680RD IRDye®, and 800nm for the 800CW IRDye® secondary antibody. 

Quantification of band fluorescence intensity was performed using Li-Cor Image 

Studio™ Lite Version 5.2 with no post-capture image data manipulation. GAPDH 

was used as the loading control; the band intensity of the protein of interest (POI) 

was normalised to the GAPDH loading control and presented as a ratio – 

POI/GAPDH – to account for protein loading errors and protein concentration 

variations. 

2.5. CYQUANT® NF CELL PROLIFERATION 
ASSAY 

The CyQUANT® NF proliferation assay (Invitrogen™, C35006) was performed 

by Caitlin Hall as per manufacturer’s protocol. The 96-well assay measures 

cellular DNA content bound to a proprietary fluorescent CyQUANT® dye. Cardiac 

fibroblasts were seeded into 96-well plates at 7,500 cells per cm2 (HCF) or 15,000 

cells per cm2 (hiPSC-cFb) in the presence or absence of 10 ng/mL TGF-β, 30 nM 

SD208 or 10 µM SB431542. Cells were then left for 3 – 4 hours to adhere at 37 
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°C and 5% CO2. Growth medium was removed by gentle aspiration, followed by 

the addition of 1X CyQUANT® dye binding solution. After a 60-minute incubation 

at 37 °C, a stable fluorescence endpoint was reached. The fluorescence was 

measured using a Molecular Devices FlexStation® 3 microplate reader 

(excitation: 485 nm; emission 530 nm). Proliferation was assessed at baseline 

and 48-hour timepoints. A percentage change was from baseline was calculated. 

2.6. IMMUNOFLUORESCENCE MICROSCOPY 

Immunofluorescence staining and microscopy was performed by Caitlin Hall. 

Adherent cardiac fibroblasts were fixed with 4% paraformaldehyde at room 

temperature for 10 minutes. Cells were then permeabilised with 0.1% Triton™X-

100 for 5 minutes at room temperature and then blocked with 5% bovine serum 

albumin (BSA) for 1 hr at room temperature. Cells were then incubated with 

primary antibodies overnight at 4 °C (abcam®, ab45939 anti-vimentin 0.25 μg/mL 

and Sigma-Aldrich, A2547 anti-α-SMA 1:750 [HCF] or 1:500 [hiPSC-cFb]). The 

cells were blocked for a second time with 5% BSA for 30 minutes at room 

temperature followed by secondary antibody incubation (abcam®, Alexa Fluor® 

488, ab150077 1:1000 or Thermofisher Scientific, Alexa Fluor® 647, A21235 

1:1000) for 90 minutes at room temperature. Cells were then incubated with 

1:1000 DAPI for 30 minutes before mounting with Hydromount™. Cells were 

visualised using the Zeiss LSM780 confocal laser scanning microscope equipped 

with a C-Apochromat 40x/1.20 W objective. Images were acquired using the Zen 

Black software (version 3.0). 
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2.7. ANIMAL EXPERIMENTAL PROTOCOLS 

2.7.1. Ethical statement and study approval 

All animal procedures/procedures were performed according to the UK Animals 

(Scientific Procedures) Act 1986. The programme of scientific procedures was 

approved by the Home Office Project (Project License PFDAAF77F and 

PP1649524) and underwent Animal Welfare Ethical Review Board review at the 

University of Birmingham. 

2.7.2. Animal models of acute and chronic cardiac FGF23 
exposure 

Experiments were conducted in female adult mice (9 to 15 weeks old) bred on 

the CD1 background. Mice were housed with sex-matched littermates (2 – 4 mice 

per cage) in individually ventilated cages under standard conditions: 12-hour 

light/dark cycle, 22 °C and 55% relative humidity. Food and water were available 

ad libitum. Health status of the mice (body weight, grooming, bearing) were 

monitored daily by animal technicians at the University of Birmingham. 

Recombinant mouse FGF23 (rmFGF23; R&D Systems, 2629-FG/CF) was 

administered according to pre-specified protocols – summarised below – to 

investigate the effects of acute and chronic FGF23 exposure on the murine 

ventricle. 

2.7.2.1. Acute model: ex vivo FGF23 administration 

Following cardiac extraction under terminal anaesthesia (Chapter 2.7.4) and 

Langendorff perfusion (Chapter 2.7.5) of the isolated mouse heart with Krebs-

Henseleit buffer (KHB), the perfusate was switched to a KHB containing 10 ng/mL 
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mrFGF23, or vehicle control. The concentration chosen is equivalent to that found 

in the circulation of mice with chronic kidney disease states 400-404. The heart was 

perfused for up to 30 minutes in the treated KHB, during which optical mapping 

of the left ventricles would take place at timepoints zero, 10 minutes, and 30 

minutes. Untreated KHB was then perfused for a 20-minute washout period after 

which final optical mapping recordings were taken. Data from these experiments 

are presented in Chapter 5 (single, voltage loaded) and Chapter 6 (dual calcium-

voltage loaded). 

2.7.2.2. Chronic model: in vivo FGF23 administration 

Female CD1 mice received seven daily intraperitoneal (IP) injections of 3.12 μg 

rmFGF23 in 200 μL PBS, or vehicle (PBS) alone. This dose would ensure that a 

40 g mouse would receive no less than the 80 μg/kg/day dose used in prior 

literature171,225,405. Saphenous vein venepuncture for plasma c-terminal FGF23 

quantification (Chapter 2.7.9.1) were performed on day 4. In vivo 

echocardiography (Chapter 2.7.8), followed by cardiac isolation under terminal 

anaesthesia (Chapter 2.7.4) and ventricular optical mapping (Chapter 2.7.5.2) 

were performed on day 8. Cardiac tissue was kept for heart weight 

measurements (2.7.10) and protein expression studies (Chapter 2.4.1.2). Data 

from these experiments are presented in Chapter 7 

2.7.3. Ex vivo optical mapping buffer solutions and 
reagents 

2.7.3.1. Modified Krebs-Henseleit Buffer 

A modified KHB was used for all mouse ventricular optical mapping experiments 

containing the following in millimolar dissolved in ultrapure water: NaCl 114; KCl 
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4; CaCl2 1.8; NaHCO3 24; MgSO4•7H2O 1; NaH2PO4 1.5; Glucose 11; C3H3NaO3 

1. The solution was filtered using 0.22 μM and stored at 4 °C in a sterile container 

until needed. Prior to use, KHB was equilibrated with 95% O2/5% CO2 medical 

gas resulting in a pH of 7.4 and delivered to the mouse heart at 37 °C. 

2.7.3.2. Blebbistatin 

(±)-Blebbistatin (Cayman Chemical, 13186) inhibits electrical and mechanical 

coupling through myosin inhibition. It was added to KHB to achieve complete 

cessation of cardiac muscle contraction. This effectively minimises motion 

artefacts during optical mapping. It was received as a dry powder and 

reconstituted with sterile dimethyl sulfoxide to a concentration of 50 mg/mL before 

storage at 4 °C. For every 100 mL of KHB, 7 μL of blebbistatin stock was added 

to achieve a final concentration of 12 μM. 

2.7.3.3. Recombinant mouse FGF23 

As described previously, rmFGF23 (R&D Systems, 2629-FG/CF) was used to 

produce an acute and chronic model of cardiac FGF23 excess. It was supplied 

as a dry powder. For the acute experiments, it was reconstituted with sterile PBS 

with 0.1% BSA with a stock concentration of 0.1 mg/mL. For every 100 mL of 

KHB required, 10 μL of rmFGF23 stock was added. For the chronic experiments, 

rmFGF23 was reconstituted with sterile PBS to produce 200 μL aliquots 

containing 3.12 μg ready to be injected intraperitoneally. Sterile PBS was used 

as the vehicle control. Aliquots were stored at -20 or -80 °C if not immediately 

utilised. 
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2.7.3.4. Di-4-ANEPPS 

The voltage-sensitive dye Di-4-ANEPPS (Biotum, 61010) was used for the 

experimental data presented in Chapter 5. It was supplied as a dry powder, 

reconstituted with DMSO to make 5 mg/ml aliquots, and stored at -20 °C. 125 μg 

Di-4-ANEPPS dissolved in 1 mL of 37 °C KHB was perfused over 5 minutes into 

the Langendorff-perfused heart at the beginning of each optical mapping 

experiment. 

2.7.3.5. Rhod-2-AM 

Rhod-2-AM is an intracellular Ca2+ dye (Stratech, 21060-AAT) used in 

combination with Rh-237 for the experimental data presented in Chapter 6 to 

simultaneously acquire calcium and voltage data. The dry powder was combined 

with DMSO to make a 1 mg/mL solution. 100 μL aliquots were stored at -20 °C. 

Thirty minutes before loading into the heart, an aliquot was mixed with an equal 

volume of 20% Pluronic® F-127 in DMSO (Sigma-Aldrich, P2443) to ease 

solubilisation. The dye was then mixed with 1 mL 37 °C KHB and slowly infused 

over 1-2 minutes through the perfusion line of the Langendorff system. 

2.7.3.6. Rh-237 

As previously described, the voltage-sensitive dye Rh-237 (Invitrogen, S1109) 

was used in conjunction with Rhod-2-AM. Supplied in dry powder form, it was 

reconstituted with DMSO at a concentration of 1.25 mg/mL. It was stored at 4 °C 

in 70 μL aliquots. The aliquot was dissolved in 1 mL of 37 °C KHB and infused 

into the heart over 1-2 minutes through the perfusion line of the Langendorff 

system. 
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2.7.4. Mouse cardiac extraction 

2.7.4.1. Anaesthesia 

Mouse hearts were extracted under deep terminal anaesthesia (Figure 2-3). After 

weighing, each mouse was placed into an anaesthetic induction chamber flooded 

with 4% isoflurane in pure oxygen at 2 L/min. The mouse was removed from the 

anaesthetic chamber and transferred onto a polystyrene operating block once 

breathing rate was significantly slowed, but regular, reduction in muscle tone, and 

loss of the righting reflex. Anaesthesia was maintained via a nose cone. An active 

gas scavenging system (Fluovac and Fluosorber, Harvard Apparatus) was used 

to reduce operator exposure to anaesthetic vapours. The mouse was secured in 

the supine position with the limbs taped down. Adequate anaesthetic depth was 

confirmed by absence of withdrawal reflexes to painful stimulation via a firm toe 

and tail pinch. Heparin (100 IU in 0.1 mL) was injected intraperitoneally using a 

28g needle to reduce thrombus formation. 

 

Figure 2-3. Anaesthetic and cardiac isolation setup 
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2.7.4.2. Cardiac isolation and cannulation 

The chest was disinfected with 70% ethanol spray and opened in a clamshell 

fashion to expose the thoracic cavity. The base of the cervical spine was severed 

ensuring death by cervical dislocation and exsanguination, followed by a further 

incision through the dorsal rib cage and thoracic spine at the level of the 

diaphragm to release the thoracic chest with the heart in situ. Any excess or 

adherent tissue, for example skin, muscle, or fat, was simultaneously removed. 

The isolated heart/thoracic cavity was submerged in ice-cold heparinised KHB 

(100 IU heparin in 30 mL buffer) for 10 seconds to encourage cardioplegia, before 

transferring to siliconised petri dish. The lungs were excised, and the descending 

aorta cannulated and secured with a suture (Figure 2-4). A 2.5 mL syringe 

containing ice-cold heparinised KHB was used to flush the heart via retrograde 

perfusion. Clearing of blood from the coronary circulation was confirmed by 

blanching of the cardiac tissue. 
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Figure 2-4. Isolated mouse heart within the thoracic cavity. 

The lungs have been removed. Tip of the cannula is placed within the descending 

aorta and secured with a suture. 
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2.7.5. Langendorff perfusion and optical mapping 

2.7.5.1. Langendorff perfusion 

The cannulated heart was transferred to a Langendorff system (Figure 2-5) and 

perfused with 37 °C KHB continuously bubbled with 95% O2/5% CO2. The KHB 

contained 12 μM blebbistatin to stop cardiac muscle contraction by inhibiting the 

electrical and mechanical coupling of cardiomyocytes. A bubble trap was used in 

the perfusion circuit and the flow rate was controlled by peristaltic pumps adjusted 

to maintain a perfusion pressure of 80-90 mmHg. The perfusate could be 

switched between treatment (FGF23) and control KHB with minimal interruption 

in heart perfusion. Used perfusates were removed by peristaltic pumps and 

discarded such that no KHB was recirculated.

Figure 2-5. Langendorff system and optical mapping setup 

 

pressure 
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2.7.5.2. Ex vivo optical mapping 

Bipolar electrocardiography (ECG) leads were inserted into the silicone base as 

shown in Figure 2-6 to provide real-time monitoring of cardiac electrical activity 

using ADInstruments LabChart version 8. The heart was then loaded with sodium 

and/or calcium-sensitive fluorescent dyes as described in Chapter 2.7.3.4-6. 

Pacing electrodes placed at the base of the left ventricle were set to deliver a 2 

ms long impulse at a holding cardiac cycle length of 120 ms, or 500 bpm. Cycle 

length (CL) is the time between impulses. Specific regarding cardiac pacing setup 

and protocols are discussed in a later section (Chapter 2.7.5.3).

Figure 2-6. Langendorff perfused heart placed within a water jacketed bowl. 

Krebs-Henseleit buffer at 37 °C continuously perfuses the heart via the aortic 

cannula. Electrocardiography leads provide real-time monitoring of cardiac 

electrical activity. Pacing electrodes are placed at the base of the heart allowing 

control of the heart rate. 
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After a 10-minute equilibration period, three LEDS emitting 530 ± 20 nm light were 

directed towards the left ventricle and used for illumination. The following filter set 

combinations were used to collect the fluorescent emissions depending on the 

fluorescent dyes used: Voltage-only mapping – 630 nm longpass for Di-4-

ANEPPS; Simultaneous voltage and calcium (dual) mapping – 610 nm dichroic 

in combination with a 700 nm longpass for Rh-237, and 585/40 nm bandpass for 

Rhod-2 AM (Figure 2-7). 
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Figure 2-7. Schematic of optical mapping method 

 

AP, action potential; BP, bandpass; Ca, calcium; CaT, calcium transient; 

EMCCD, electron multiplying charge-coupled device; LED, light emitting diode; 

LP, longpass; Vm, voltage. 



 

63 
 

The filtered fluorescent emission was captured by Photometrics Evolve 512Delta 

electron multiplying charge-coupled device cameras with a single pixel area of 16 

μm2 at 613.5 frames/s (≈1.6 ms exposure time) with 5 x 5 pixel binning to optimise 

signal-to-noise ratio and allow higher frame rates. Camera & LED control, image 

acquisition and export were all performed using MetaMorph (Molecular Devices). 

This allowed optical AP and CaT to be monitored during experiments (Figure 

2-7) for motion artifacts, poor dye loading, or missed stimulus captures. Up to 

36,000 images per recording were collected as a time series and exported in 

uncompressed Tagged Image File Format (TIFF) image stack with a resolution 

of 51 by 51 pixels. The maximum continuous recording time per time point was 

less than 60 seconds to minimise phototoxicity and photobleaching effects. 

2.7.5.3. Ex vivo left ventricular pacing 

Pacing electrodes were placed at the base of the left ventricles as previously 

described (Chapter 2.7.5.2). Pacing stimuli were generated using a Digitimer 

DS2A-Mk.II constant voltage isolated stimulator. The pacing threshold voltage 

was determined as the diastolic threshold of the preparation (typical 50 – 150 

mV) and the left ventricle was paced at twice the threshold voltage. Pacing was 

controlled by Spike2 software (Cambridge Electronic Design Ltd.). As described 

previously, the baseline pacing CL was set at 120 ms, or 500 bpm. Pulse width 

was set at 2 ms. 

Two custom pacing programmes were created using Spike 2 software for use 

during optical mapping recordings. A dynamic protocol was used to examine the 

restitution characteristics of the left ventricle in the presence or absence of 

FGF23. The protocol began with a 100-beat train at 150 ms CL. The CL  was 
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then reduced by 10 ms every 20 beats, until a CL of 50 ms. There was a 2 s 

pause between each CL. A second ‘S1-S2’ protocol was used to investigate the 

effective refractory period. This consisted of a 20 beat S1 pacing train at 100 ms 

CLs, followed by an S2 extra-stimulus at 100 ms interval. The S1-S2 interval was 

progressively shortened by 5 ms decrements until a 40 ms interval was reached, 

after which the S1-S2 interval was shortened in 2 ms decrements until a 28 ms 

interval was reached. The protocol was halted when an arrythmia was induced, 

or at the point at which the first S2 extra-stimulus loses capture (i.e. the effective 

refractory period [ERP]), whichever occurs first. ERP determination was 

performed in LabChart (ADInstruments). 

2.7.6. Optical mapping data analysis using ElectroMap 

Optical mapping data was collected as a time series of images in the TIFF stack 

image format. Before analysis, these underwent lossless conversion to a 

MATLAB data file (.MAT) using a custom MATLAB script provided by Chris 

O’Shea to enable more efficient processing of the large data files. All optical 

mapping data were analysed using ElectroMap, an open-source software 

provided and developed by Chris O’Shea 406,407. A custom region of interest was 

used to identify the left ventricular area for analysis. Images were processed 

using a Gaussian spatial filter – 3 x 3 pixel, standard deviation=1.5 – to reduce 

the noise floor and improve signal-to-noise ratio (SNR). A top-hat filter (100 ms 

length) was applied to normalise non-physiological baseline variability. Optical 

APs were inverted for analysis purposes. To account for adaption in cardiac 

electrical handling to changes in pacing CLs, the final 15  beats were ensemble 

averaged to improve signal-to-noise ratio. 
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The following analysis parameters were used 406: 1. Action potential duration 

(APD)/calcium transient duration (CaTD) were defined as the time from maximum 

upstroke velocity (dF/dtmax) to 30, 50 and 80% repolarisation (APD30, APD50 and 

APD80) and decay (CaTD30, CaTD50 and CaTD80), respectively; 2. Heterogeneity 

in ventricular repolarisation and calcium transient decay at 30, 50 and 80% was 

calculated as 
𝑋𝑋95−𝑋𝑋5

𝑋𝑋50
, where 𝑋𝑋95 and 𝑋𝑋5 represent the 95th and 5th percentiles 

of the intraventricular APD and CaTD distribution within the region of interest, the 

median being 𝑋𝑋50; 3. APD triangulation was represented as APD80/30; 4. 

Conduction velocity (CV) was analysed using the multi-vector method, taking the 

mean of all local conduction vectors calculated across the region of interest; 5. 

APD and CaTD amplitude was measured from baseline to peak deflection; 6. 

Diastolic interval (DI) was calculated from APD90 to the following activation time; 

7. Time to peak was defined as time from 10% to 90% rise; 8. Calcium 

exponential decay constant 𝜏𝜏 was calculated by exponential curve fitting between 

30% and 90% from the peak. 

2.7.7. Quantification of ex vivo arrhythmia burden 

Bipolar ECGs collected during optical mapping experiments were analysed using 

ADInstruments LabChart. Incidence and type of ventricular arrhythmia were 

quantified. An arbitrary arrhythmia score based on the relative severity of 

ventricular arrhythmia was calculated for each mouse heart – for example, in 

increasing severity: sinus arrhythmia, premature ventricular beats, second 

degree heart block, non-sustained VT, third degree heart block and sustained VT. 
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2.7.8. In vivo echocardiography  

In vivo murine echocardiography was performed by Sophie Broadway-Stringer 

on mice at day 8 of the chronic FGF23 protocol as described in Chapter 2.7.2.2. 

Transthoracic echocardiography was performed on a FUJIFILM Visualsonics 

Vevo® 2100 Imaging System with a MS 550D (40 MHz) transducer. Mice were 

placed in a supine position on a heated platform and sedated with 1-2% 

isoflurane. The chest was prepared with depilatory cream (Nair), shaved, and 

rinsed with water prior to imaging. Heart rate, core temperature and breathing 

rate were continuously monitored. Paws were secured to electrode pads to 

measure ECG. Eye lubrication was applied to prevent drying. Left ventricular  

geometry and systolic function were obtained from 2D parasternal long axis and 

short axis views in combination with M-mode echocardiography. Diastolic 

function was approximated from colour and pulsed doppler measurements of 

mitral flow velocities in an apical four-chamber view (Figure 2-8). Measurements 

from five cardiac cycles were averaged. 

 

 

 

 

 

 



 

67 
 

Figure 2-8. Summary of echocardiographic parameters used to assess left 

ventricular 

A - systolic function, B - diastolic function, and C – corrected left ventricular mass 

(LVM). D - M-mode echocardiography of the left ventricle with interventricular 

septum thickness (IVS), left ventricle internal diameter (LVID) and left ventricular 

posterior wall (LVPW) measurements in both systole (s) and diastole (d). E – 

Doppler of blood flow velocity across mitral valve. Early (MV E) and late 

ventricular velocity (MV A); isovolumetric contraction (IVCT) and relaxation times 

(IVRT); and aortic ejection time (AET) are labelled.  

Sophie Broadway-Stringer graciously supplied the example echocardiogram 

images. 
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A Ejection fraction (EF, %)    𝐸𝐸𝐸𝐸 =  100 ×  �𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑠𝑠
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑

� 

Fractional shortening (FS, %)  𝐹𝐹𝐹𝐹 = 100 × �𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑−𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑠𝑠
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑

� 

Stroke volume (SV, μL)   𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿; 𝑠𝑠 

where 𝐿𝐿𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑)  =  � 7.0
2.4+𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑

� × 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑3 

   𝐿𝐿𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿; 𝑠𝑠)  =  � 7.0
2.4+𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑠𝑠

� × 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿; 𝑠𝑠3 

 Cardiac output (CO, μL/min)  𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆 × ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

B Myocardial performance index (MPI) 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 +𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐴𝐴𝐴𝐴𝐴𝐴

 

 Mitra E/A ratio    𝐸𝐸 / 𝐴𝐴 =  𝑀𝑀𝑀𝑀 𝐸𝐸
𝑀𝑀𝑀𝑀 𝐴𝐴

    

 

C LV mass 0.8 × {1.053 × [(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑 + 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑 + 𝐼𝐼𝐼𝐼𝐼𝐼;𝑑𝑑)3 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿;𝑑𝑑3]} 

D  

E  
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2.7.9. Plasma separation and FGF23 quantification 

2.7.9.1. Plasma separation 

Animal technicians at the Biomedical Sciences Unit performed saphenous vein 

venepuncture on day 4 of the chronic FGF23 protocol as described in Chapter 

2.7.2.2. Venepuncture occurred when at least 4 hours had elapsed following the 

intraperitoneal FGF23 injections. Venous blood was collected in EDTA-treated 

tubes and transferred to the laboratory within 60 minutes where it underwent 

centrifugation for 10 minutes at 2,000 x g in a refrigerated (4 °C) centrifuge. The 

separated plasma was placed into clean 200 μL Eppendorf tubes in 30 μL 

aliquots and stored at -80 °C until required.  

2.7.9.2. Plasma FGF23 quantification 

Plasma c-terminal FGF23 quantification was performed using the Immutopics 

mouse FGF-23 (C-Term) sandwich enzyme-linked immunosorbent assay kit 

(Quidel, 60-6300) according to manufacturer protocols. 

Murine plasma samples collected as previously described (Chapter 2.7.7.1) were 

thawed on ice. Each sample was diluted between 1:2 and 1:10 to reduce the 

probability of a “hook effect” and assayed in duplicate. 25 μL of sample, control 

and FGF23 standards were pipetted into a streptavidin-coated 96-well plate 

provided in the kit, followed by 50 μL purified goat polyclonal antibody solution 

containing equal parts biotinylated anti-FGF23 antibody and horse radish 

peroxidase (HRP)-conjugated anti-FGF23 antibody. The plate was covered in foil 

and incubated at room temperature for 3 hours on a horizontal rotator set at 180-

200 rpm. This allowed the FGF23 contained in the sample to be bound by the 
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capture antibodies, and for the biotinylated antibody to bind to the streptavidin-

coated well forming a ‘sandwich’ complex.  Wells were then thoroughly washed 

to remove unbound antibody before the addition of 100 μL tetramethylbenzidine-

hydrogen peroxide chromogenic substrate and protected from light. Following an 

incubation period of 30 minutes at room temperature on a horizontal rotator, the 

absorbance at 620 nm was read in a Gemini™ spectrophotometric microplate 

reader (Molecular Devices). 50 μL stop solution containing 1 M sulfuric acid was 

added to each well before a second read at 450 nm. Absorbances were read and 

corrected against a reagent blank, and the mean corrected absorbance was 

calculated for each pair of duplicate assays. The mouse plasma FGF23 

concentration was determined from the standard curve generated by plotting the 

absorbances against their respective FGF23 standards provided in the kit. 

2.7.10. Cardiac weights and tibial length 
measurements 

Mice undergoing the chronic FGF23 protocol (Chapter 2.7.2.2) had cardiac 

weight and tibial length measurements taken following the optical mapping 

experiment. The heart was excised from the thoracic cavity, stripped of any fat, 

and blotted dry. After weighing, the heart was divided into the following 

constituent parts - left atrium, right atrium, left ventricle, right ventricle, septum – 

blotted dry and re-weighed. Tissue was then immediately stored at -80 °C for later 

use in protein expression studies detailed in Chapter 2.4. 

Both legs were severed above the knee joint. Skin, bone, and muscle were 

stripped mechanically to reveal expose the tibia. The tibia length was determined 
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using a micrometre calliper from the most proximal to the most distal end of the 

tibia. An average of both tibias was taken. 

The cardiac weight was divided by total body weight and tibia length to produce 

heart weight to body weight (HW/BW) and heart weight to tibial length (HW/TL) 

ratios, respectively. Cardiac chamber weights were also normalised to body 

weight and tibial length. 

2.8. STATISTICAL ANALYSIS 

Optical mapping and echocardiograph analyses were done in a blinded fashion. 

All data are presented as mean ± standard error of the mean (SEM) for parametric 

variables, or median (interquartile range [IQR]) for non-parametric variables. 

Normality was assessed by Kolmogorov-Smirnov test and quantile-quantile polts. 

Biomarkers such as FGF23 tend to be non-parametrically distributed. Further 

statistical analyses using log-normal FGF23 were conducted. Statistical analysis 

was performed using unpaired Student’s t test when comparing two groups. One-

way Analysis of Variance (ANOVA) with Tukey post-hoc analysis when 

comparing two or more groups to the control mean, and two-way ANOVA with 

Sidak post-hoc analysis when two variables were being tested.  

Nested analyses were performed where multiple observations, that is, technical 

replicates, were taken per biological replicate. For example, nested one-way 

ANOVA were performed for  IF experiments detailed in Chapter 2.6, where the 

average fluorescence across three fields of views (images), or six wells (technical 

replicates) were taken per condition. GraphPad Prism 9.4.1 was used for 

statistical testing where significance as taken as p<0.05. 
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3.1. EXTENT OF PERSONAL CONTRIBUTION 

A manuscript containing data within this chapter is current being prepared for 

submission. I conducted the western blot and real-time polymerase chain reaction 

experiments. Caitlin Hall performed the CyQUANT NF Proliferation Assay and 

immunofluorescence work. We share first authorship of the submitted 

manuscript. Max Cumberland provided the differentiated human induced 

pluripotent stem cell-derived cardiac fibroblasts. Davor Pavlovic and Chris 

Denning share senior authorship. 
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3.2. INTRODUCTION 

Cardiac fibrosis, both diffuse and focal, underlies multiple forms of cardiovascular 

disease (CVD) and is strongly associated with an increased risk of death 408-410. 

A study by Gulati et al. found that patients with midwall fibrosis, linked to dilated 

cardiomyopathy, had increased risk of cardiovascular death and transplantation, 

sudden cardiac death and heart failure death 409. Diabetes has also been linked 

to increased cardiac fibrosis and has been found to have increased incidence of 

hospitalisation for heart failure in these patients 411. Furthermore, fibrosis has 

been linked to an increased susceptibility to arrhythmia and ventricular 

tachycardia 412. There is, understandably, great interest in the development of 

effective therapeutic strategies which target reversal of cardiac fibrosis and have 

the potential to reduce morbidity and mortality 413-415.  

Cardiac fibroblasts comprise roughly 30-60% of the total myocardial cell 

population providing both an essential structural support and a communication 

network coupled by gap junctions 416,417. Fibroblasts support normal cardiac 

structure and electromechanical function through homeostasis of the extracellular 

matrix (ECM) and cross-talk with other cardiac cell types 418. Mechanical stress, 

inflammation, hormonal stimulus, or ischaemia lead to activation of cardiac 

fibroblasts and excessive deposition of ECM, with an increase in collagen cross 

linking. This cardiac fibrosis leads to remodelling of the myocardium adversely 

affecting function, initially in diastole, and conduction 419,420.  

Pathological cardiac remodelling is associated with activation and differentiation 

of fibroblasts into myofibroblasts 421. Myofibroblasts are characterised as having 

a spindle shape, expression of contractile protein α-smooth muscle actin (α-
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SMA), secretion of ECM components such as collagens and a change in 

proliferation rates 422,423. Transition of fibroblasts into myofibroblasts occurs 

following immediate or sustained injury, which is mediated through several 

processes, including increased mechanical stress and secretion of cytokines, 

such as transforming growth factor-beta (TGF-β). Several studies have 

demonstrated that TGF-β activates cardiac fibroblasts 424-426, and contributes to 

in vitro and in vivo murine cardiac fibrosis and hypertrophy 427,428. Further studies 

utilising models of TGF-β inhibition or knockdown have shown an attenuated 

fibrotic response. However, perhaps unsurprisingly, due to the complexity and 

widespread involvement of the TGF-β signalling pathway, increased mortality in 

murine models has also been observed suggesting this might not be a successful 

target for therapeutic use 429,430. 

Healthy human myocardium is described as having a Young’s modulus of ~10-

30 kPa. Diseased or damaged myocardium is much stiffer, at more than 100 kPa, 

often due to the presence of fibrosis 78,431-433. Recent studies have shown that 

use of stiff substrates (>50 kPa), which mimic the elastic modulus of a fibrotic 

myocardium, leads to activation of cardiac fibroblasts and transition into 

myofibroblasts 434,435. Studies utilising murine cardiac fibroblasts demonstrate 

that this transition begins within days of isolation and culture, even in the absence 

of TGF-β 436,437. It has therefore been suggested that the use of softer substrates, 

which more closely resemble the elastic modulus of healthy myocardium may 

prevent and possibly reverse activation of cardiac fibroblasts when maintained in 

2D culture 431,436. Whether chronically activated human myofibroblasts can be 

transformed back to the quiescent cardiac fibroblast phenotype is unclear.  
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Given the central role of the myofibroblast in fibrosis, this study investigates the 

potential for reversal of activated human cardiac myofibroblasts back to quiescent 

fibroblasts, as a means to reduce the fibrotic burden of the heart. 

3.3. METHODS 

The experimental methods used in this study are summarised below and in Table 

3-1. Experimental conditions and outcomes for HCFs and hiPSC-cFbs. Protocols 

of each experimental technique have been detailed in Chapter 2, Experimental 

Methods.  

Human cardiac fibroblasts (HCF) obtained from the ventricles of explanted hearts 

taken at the time of cardiac transplantation were purchased from PromoCell 

GmbH (C-12375). These cells were used to model chronically activated 

myofibroblasts as found in chronic heart failure and kidney failure with 

replacement therapy. After receipt from the supplier, HCFs were cultured using 

Fibroblast Growth Medium 3 (PromoCell®, C-23025) for up to 10 passages (split 

ratio 1:10) in T75 tissue culture flasks in a humidified incubator at 37 °C and 5% 

CO2. HCFs were then cultured on Corning stiff polystyrene culture plates 

(Young’s modulus [E] = 3 GPa) before subculture on soft (E = 2 kPa and 25 kPa) 

hydrogel culture plates (Matrigen Softwell, SW6-EC-2/SW6-EC-25). To promote 

efficient adhesion of HCFs, all cultureware were coated with 10 μg/mL fibronectin 

(Sigma-Aldrich, F1141). 

In separate experiments, human induced pluripotent stem cell derived cardiac 

fibroblasts (hiPSC-cFbs) were cultured on Matrigel ® coated Corning polystyrene 

culture plates using Fibroblast Growth Medium 3 (FGM3) in the presence of 10 
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µM SB431542 (Selleck Chemicals, S1067) and 10 ng/ml Fibroblast Growth 

Factor 2 (FGF2) (Peprotech, 100-18B). iPSC-cFbs were maintained for up to 10 

passages (split ratio 1:10). 

The following drugs were added to the respective culture media as summarised 

in Table 1: 10 ng/mL recombinant human TGF-β1 protein expressed from a CHO 

cell line (R&D Systems, 240-B) 438, 30 nM TGF-β receptor 1 inhibitor SD208 

(Tocris, 3269) 439, 10 μM TGF-β receptor inhibitor SB431542 397. 

 

Table 3-1. Experimental conditions and outcomes for HCFs and hiPSC-cFbs 

Cell Substrate Treatment Treatment 
Duration Outcome 

HCF 
3 GPa 
25 kPa 
2 kPa 

Vehicle control 
10 ng/ml TGF-β 
30 nM SD208 

2-4 days 

Proliferation by CyQUANT 
 

Activation by RT-PCR (ACTA2, 
COL1A1); IF (α-SMA); and 

Western Blot (α-SMA, Collagen 
1) 

hiPSC-
cFb 3 GPa 

Vehicle control 
10 ng/ml TGF-β 
30 nM SD208 

10 µM SB431542 

2-4 days 
Proliferation by CyQUANT 

Activation by RT-PCR (ACTA2, 
COL1A1, COL3A1); IF (α-SMA); 

α-SMA, alpha-smooth muscle actin; E, elastic modulus; HCF, human cardiac 

fibroblast; IF, immunofluorescence; hiPSC-cFb, human induced pluripotent stem 

cell-derived cardiac fibroblast; TGF-β, transforming growth factor-beta; RT-PCR, 

real-time reverse transcriptase polymerase chain reaction. 

Data are presented as mean ± standard error of the mean. Differences between 

group means were examined using nested one-way analysis of variance 
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(ANOVA) or Student’s t test and were considered statistically significant when P 

< 0.05. Subgroups for the nested analysis were replicates done on different days 

with different passage numbers. Statistical analysis was conducted using 

GraphPad Prism 9. 

3.4. RESULTS 

3.4.1. Long-term culture of human cardiac fibroblasts on 
stiff substrates leads to non-reversible myofibroblast 
transition 

Myocardium stiffness has been associated with activation of cardiac fibroblasts 

to myofibroblasts 78. Culture of primary healthy murine cardiac fibroblasts on stiff 

plastic plates is thought to induce myofibroblast activation 440. HCFs were 

obtained from the explanted hearts of patients undergoing cardiac transplantation 

and cultured in a 2D monolayer on “stiff” polystyrene plates (E = 3 GPa) for up to 

10 passages to chronically activate HCFs. HCFs were then subcultured onto 

softer substrates (E = 25 or 2 kPa) - for 2 days for immunofluorescence and 

proliferation experiments and 4 days for qPCR and western blotting - to examine 

whether this might reverse or reduce the activation state of HCFs. α-SMA and 

collagen 1 were utilised as markers of fibroblast activation and transition into 

myofibroblasts. Vimentin was used as a marker for cardiac fibroblasts. 

As expected, α-SMA was detected by immunofluorescence (IF) staining in HCF 

cultured on 3 GPa polystyrene plates (mean intensity 159±3.7 arbitrary units 

[a.u.]) (Figure 3-1 A). Subsequent culture on 25 kPa or 2 kPa soft substrates did 

not result in any significant reduction in α-SMA expression by IF (Figure 3-1 A, 

mean intensity 138±3.7 a.u, 161±4 a.u respectively, p >0.1). These findings were 
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supported by RT-PCR analysis of ACTA2 and COL1A1 mRNA transcripts, which 

showed comparable levels of expression between HCFs cultured on the stiff and 

soft substrates (Figure 3-1 B). When proliferation was assessed over a 48-hour 

period, no significant difference was seen between HCFs grown on 3 GPa 

(Figure 3-1 C, mean % change 193.7±4.8) and 25 kPa (Figure 3-1 C, mean % 

change 193.2±7.4, p = >0.9). A non-significant reduction in proliferation of cells 

grown on 2 kPa (mean % change 97.9±5.5) when compared with 3 GPa (mean 

% change 193.7±4.8) was observed (Figure 3-1 C, p = >0.1). 

These data suggest that chronically activated HCFs cannot be de-activated when 

subsequently cultured on softer substrates (25 kPa or 2 kPa) that more closely 

reflect the stiffness of a healthy human myocardium. 
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Figure 3-1. Activation status and proliferation of human cardiac fibroblasts 

on 3 GPa, 25 and 2 kPa culture plates. 

A – Vimentin and α-SMA expression by immunofluorescence after two days in 

culture. Nuclei (DAPI in blue), vimentin (green), α-SMA (red) Scale bar = 100 µm. 

B – α-SMA (ACTA2) and Collagen 1 (COL1A1) expression by RT-PCR following 

4 days in culture. C – Proliferation was assessed over 48 hours and evaluated as 

a percentage change in fluorescence from baseline (day 0). Data presented as 

mean ± S.E.M. N = 3 experiments, 3 images per condition (A), 4-6 (B); 4 plates, 

47 wells/biological replicates per plate (C). Nested one-way ANOVA compared 

with control (3GPa cells). Subgroups for nested analyses were replicates from 

different days and passages. Statistical significance was defined as p < 0.05. 
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TGF-β is a well-established inducer of the myofibroblast phenotype. Studies have 

shown that use of a TGF-β receptor inhibitor, such as SD208, can prevent 

activation 429. Having established that the HCFs were activated at baseline 

(Figure 3-1), the possibility of further activation using TGF-β and reversal of this 

activation using TGF-β receptor inhibition was investigated.  

HCFs treated with TGF-β for 4 days demonstrated no significant increase in α-

SMA and Collagen 1 expression at mRNA (Figure 3-2 A, ACTA2TGF-β mean fold 

change 1.3±0.2 , p = >0.5; COL1A1TGF-β mean fold change1.5±0.3, p = >0.1) or 

protein levels (Figure 3-2 B, α-SMA/GAPDHcontrol 106.2±15.2, α-

SMA/GAPDHTGF-β 128.1±12.8, p = >0.3; Collagen 1/GAPDHcontrol 99.9±7.5, 

Collagen 1/GAPDHTGF-β 96.7±6.3, p = > 0.7) compared to vehicle control, when 

cultured on 3 GPa plastic. Neither the use of TGF-β (mean % change 179±7.6) 

nor its receptor inhibitor SD208 (mean % change 181±6.5) had any detectable 

effect on proliferation (Figure 3-2 C, p = >0.5). HCFs displayed ~70% positive 

staining for α-SMA when assessed by immunofluorescence staining (Figure 3-3). 

There was also no significant effect on α-SMA expression by IF following 

treatment with TGF-β (mean intensity 159.2 ±4) or SD208 (mean intensity 

149.9±4.4) (Figure 3-2 D & E, p = >0.9).  Surprisingly, α-SMA staining showed a 

diffuse staining pattern rather than the expected fibre-like pattern (Figure 3-1 A, 

Figure 3-2 E, Figure 3-5 E and Figure 3-6 E). Secondary antibody-only controls 

show that this was not due to non-specific binding or background fluorescence 

staining (Figure 3-4). 
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These results indicate that long-term culture of diseased HCFs on stiff substrates 

leads to persistent myofibroblast transition and renders them unresponsive to 

TGF-β stimulation or indeed TGF-β inhibition, using SD208. Our results therefore 

imply that once chronically activated, human cardiac myofibroblasts cannot 

transition back to quiescent fibroblasts.  

 

 

 



 

83 
 

Figure 3-2. Activation status and proliferation of human cardiac fibroblasts 

on 3 GPa culture plates. 

Cells were grown in the presence and absence of 10 ng/ml TGF-β and/or 30 nM 

SD208 for four days. A – Activation of HCF as measured by RT-PCR for ACTA2 

and COL1A1. B – Activation status of HCF measured by western blotting for α-

SMA and collagen 1 protein. C – Proliferation over 48 hours was evaluated as a 

percentage change from baseline (day 0) in fluorescence by CyQUANT assay. D 

– Quantification of α-SMA protein expression by immunofluorescence. E – 

Representative immunofluorescence images for panel D. Scale bar = 100 µm. 

Data presented as mean ± S.E.M. N = 5 (A), 6-9 (B); 4 plates, 6+ wells per plate 

(C), 3 experiments, 3 images per condition (D). t-test (A, B) and nested one-way 

ANOVA (C, D) compared with undrugged control. Significance was defined by p 

< 0.05. 
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Figure 3-3. Immunofluorescence staining of α-SMA in HCFs. 

Cells were grown in the presence of TGF-B, SD208 for 48 hours. Data presented 

as percentage of cells displaying positive α-SMA expression.  No significant 

difference was seen in α-SMA expression in any of the drugged conditions (p = 

> 0.9). Data presented as mean ± S.E.M. N = 3 plates, 18 wells, nested one-way 

ANOVA compared with control. 
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Figure 3-4. Representative images for secondary antibody only negative 

controls in HCFs. 

Cells were grown on stiff 3 GPa plastic, soft 25 or 2 kPa substrates for 48 hours. 

No non-specific background staining is observed for Alexa fluor® 488 (vimentin) 

or Alexa fluor® 647 (α-SMA). Scale bar is 100 µm. 
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3.4.2. A combination of mechanical and biochemical 
inputs has no effect on myofibroblast activation 

In an independent set of experiments, we investigated whether a combination of 

culture on soft substrates and TGF-β receptor inhibition could reverse fibroblast 

activation.  Myofibroblasts generated from long-term culture (over 2 weeks) on 3 

GPa substrates were subcultured onto the soft 25 and 2 kPa plates in 

combination with TGF-β addition and/or TGF-β receptor inhibition (SD208).  

Culture on 25 kPa, in the presence of TGF-β (mean % change 221±12) or SD208 

(mean % change 191±11) demonstrated no significant effect on proliferation 

(Figure 3-5 C, p = >0.9), nor expression of α-SMA as assessed by 

immunofluorescence (Figure 3-5 D & E; TGF-β treated mean intensity 

146.7±3.5; SD208 treated mean intensity 140.7±3.1, p = >0.5). As demonstrated 

in Figure 4, mRNA and protein expression of α-SMA or Collagen 1 were also 

unaffected by addition of TGF-β (Figure 3-5 A & B, summarised in Table 3-2).  

Culture on 2 kPa in the presence of TGF-β (mean % change 56±13) or SD208 

(mean % change 39±11), similarly yielded no significant differences in 

proliferation (Figure 3-6 C, p = >0.5), nor expression of α-SMA (Figure 3-6 D & 

E TGF-β treated mean intensity 170±5.7; SD208 treated mean intensity 172±3.9, 

p = >0.5). Expression of α-SMA and Collagen 1 were also unaffected at the 

mRNA transcript or protein level (Figure 3-6 A & B, summarised in Table 3-2). 

These data further demonstrate that chronically activated HCFs do not respond 

to TGF-β treatment and cannot transition back to quiescent state when cultured 

on soft substrates in the presence or absence of TGF-β inhibitor.  
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Table 3-2. Myofibroblast Markers on Soft Culture Plates by RT-PCR and 

Western Blot. 

Data presented as mean ± S.E.M. t-test of TGF-β treated cells versus vehicle 

control. Western blot data presented as a ratio of protein of interest (POI) and 

GAPDH as a loading control. 

RT-PCR Gene of Interest 
TGF-β Mean Fold Change 

versus Control 
 

P 

25 kPa 
ACTA2 1.2 ± 0.6  0.9 

COL1A1 1.0 ± 0.1  0.9 

2 kPa 
ACTA2 0.4 ± 0.2  0.6 

COL1A1 0.5 ± 0.1  0.8 

Western Blot Protein of Interest 
Control 

(POI/GAPDH) 
TGF-B 

(POI/GAPDH) 
 

P 

25 kPa 
α-SMA 107.2 ± 6.8 168.7 ± 26.5  0.2 

Collagen 1 101.3 5.5 97.8 7.1  0.7 

2 kPa 
α-SMA 96.6 ± 3.5 130.2 ± 29.4  0.3 

Collagen 1 142.2 ± 52.8 135.9 ± 53.8  0.9 
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Figure 3-5. Activation status and proliferation of human cardiac fibroblasts 

on 25 kPa culture plates. 

Cells were grown in the presence and absence of TGF-β and/or SD208 for 4 

days. A – Activation of HCF as measured by RT-PCR for ACTA2 and COL1A1. 

B – Activation status of HCF as determined by western blotting of α-SMA and 

collagen 1 protein. C – Proliferation over 48 hours was evaluated as a percentage 

change in fluorescence from baseline (day 0) by CyQUANT assay. D – α-SMA 

expression by immunofluorescence. E – Representative immunofluorescence 

images for panel D. Scale bar = 100 µm. Data presented as mean ± S.E.M. N = 

6 (A), 6-12 (B); 4 plates, 6+ wells per plate (C), 3 experiments, 3 images per 

condition (D). t-test (A, B) and nested one-way ANOVA (C, D) compared with 

undrugged control. Significance was defined as p < 0.05. 
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Figure 3-6. Activation status and proliferation of human cardiac fibroblasts 

on 2 kPa culture plates. 

Cells were grown in the presence and absence of TGF-β and/or SD208 for four 

days. A – Activation of HCF as detected by RT-PCR for ACTA2 and COL1A1. B 

– Activation status of HCF as determined by western blotting for α-SMA and 

collagen 1 protein. C – Proliferation over 48 hours was evaluated as a percentage 

change in fluorescence from baseline (day 0) by CyQUANT assay. D – α-SMA 

expression by immunofluorescence. E – Representative immunofluorescence 

images for panel D. Scale bar = 100 µm. Data presented as mean ± S.E.M. N = 

5 (A), 4-5 (B); 4 plates, 6+ wells per plate (C), 3 experiments, 3 images per 

condition (D). t-test (A, B) and nested one-way ANOVA (C, D) compared with 

undrugged control. Significance was defined as p < 0.05. 
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3.4.3. hiPSC derived cardiac fibroblasts are responsive to 
TGF-β stimulation and inhibition 

To further investigate whether chronic activation of HCFs is reversible, separate 

experiments using hiPSC-cFbs were performed (see Figure 3-7 for protocol 

schematic). Human iPSC-cFbs were cultured on 3 GPa substrates in the 

presence of TGF-β receptor inhibitor SB431542 to generate a quiescent cardiac 

fibroblast. hiPSC-cFbs were cultured in the absence of SB431542 to generate an 

activated fibroblast (myofibroblast) phenotype. Quiescent cells showed a 

significant increase in α-SMA expression when exposed to TGF-β (13.26%±2.1 

versus 44.41%±1.5, p = <0.001) (Figure 3-8 A). Of note is that after two days of 

culture on stiff surfaces in the absence of TGF-β a two-fold increase in the 

number of quiescent cells positively expressing α-SMA was observed (Figure 3-8 

A, 13.26%±2.1 vs 25.42%±1.6, p = 0.07), indicating that culture on stiff substrates 

alone induces α-SMA expression. 

As expected, exposure to TGF-β, or subsequently to inhibitors SD208 and 

SB431542, did not significantly modify α-SMA expression in activated hiPSC-

cFbs when compared to the control (Figure 3-8 B, p = >0.5). This mirrors our 

observation with the activated HCFs; culture on stiff substrates (3 GPa) activates 

cardiac fibroblasts and makes them unresponsive to TGF-β stimulation and 

inhibition. Surprisingly, culture of hiPSC-cFbs over 2 weeks in the absence of 

SB431542 supressed the number of α-SMA positive cells that display fibre-like 

staining pattern (Figure 3-8 B).
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Figure 3-7. Schematic of experimental process for human induced 

pluripotent stem cell derived cardiac fibroblasts (hiPSC-cFbs). 

Cells were grown for 2 weeks in the presence or absence of 10 µM SB431542 to 

generate quiescent and activated fibroblasts, respectively. hiPSC-cFbs were 

subjected to further treatments of 10 ng/ml TGF-β, 30 nM SD208 or 10 µM 

SB431542 for 2-4 days. 
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Figure 3-8. Immunofluorescence staining of α-SMA in quiescent and 

activated human induced pluripotent stem cell derived cardiac fibroblasts 

(hiPSC-cFbs). 

A - Quiescent hiPSC-cFbs generated through culture for two weeks in the 

presence of SB435142 were treated with TGF-β. The effect of withdrawal of 

SB435142 (SB) was assessed. B - Activated hiPSC-cFbs generated through 

culture for two weeks in the absence of SB435142 were also treated with TGF-β. 

In addition, the effect of TGF-β receptor inhibition with SD208, and SB435142 

(SB) re-introduction was assessed. Data presented as percentage of cells 

displaying α-SMA expression by immunofluorescence. Scale bar 100 µm. Data 

presented as mean ± S.E.M. N = 3 plates, 18 wells, nested one-way ANOVA, 

Tukey post-hoc versus control. 
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To investigate this phenomenon further, we explored the effect of culture on stiff 

3 GPa substrates and the addition of TGF-β on the activation state of quiescent 

hiPSC-cFbs over time. A qualitative assessment of α-SMA expression was 

conducted over the period of 1 week using immunofluorescence. hiPSC-cFbs 

were cultured in the absence of a TGF-β receptor inhibitor. 

α-SMA fibres began to appear at the 24-hour mark (Figure 3-9 and Figure 3-10) 

both in the absence and presence of TGF-β. In the presence of TGF-β, an 

increased proportion of cells stained with α-SMA up to 96 hours (50-80% of cells, 

Figure 3-9 and Figure 3-10). Culture on 3 GPa alone also resulted in an increase 

in α-SMA fibrous staining, but to a lesser degree than with TGF-β at each of the 

time points investigated (5-20% of cells, Figure 3-9 and Figure 3-10). In both 

conditions, the percentage of cells expressing α-SMA began to decrease 

between 96 hours and 1 week (168 hours). This is in line with our previous 

observations (Figure 3-8 B) where a loss of fibrous staining was seen in activated 

hiPSC-cFbs following long term (over two weeks) culture on stiff substrates in the 

absence of a TGF-β receptor inhibitor.  

This data confirms that hiPSC-cFbs are activated by culture on 3 GPa substrates 

alone, independent of TGF-β, albeit to a lesser extent. This data also shows that 

activation by hard substrates begins within 24 hours, with a peak at around 96 

hours of culture.
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Figure 3-9. Activation status of quiescent human induced pluripotent stem 

cell induced cardiac fibroblasts (hiPSC-cFBs) cultured on stiff substrates 

over 7 days. 

α-SMA staining in quiescent hiPSC-cFbs was assessed over a 7-day period 

following culture on 3 GPa substrates, and in the presence of TGF-β. The 

percentage of cells in a field of view staining positive for α-SMA fibres was 

recorded. Representative images shown in Figure 3-10. Data presented as 

minimum to maximum N = 3 wells, 3 images per well. 
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Figure 3-10. Representative immunofluorescence images for Figure 3-9. 

α-SMA staining in hiPSC-cFbs over a 1-week period in the presence and absence 

of 10 ng/mL TGF-β. On the left are cells grown without TGF-β and on the right 

are cells grown with 10 ng/mL TGF-β. α-SMA in green and vimentin, as a marker 

for cardiac fibroblasts, is in red. Scale bar is 200 µm. 
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Characterisation of mRNA expression changes of hiPSC-cFbs in response to 

TGF-β by RT-PCR demonstrated that quiescent hiPSC-cFbs displayed a robust 

increase in α-SMA (mean fold change = 4.485, p <0.0001), collagen 1 (mean fold 

change = 2.806, p = <0.01) and collagen 3 (mean fold change = 3.477, p <0.0001) 

versus vehicle treated hiPSC-cFbs (Figure 3-11). Activated hiPSC-cFbs also had 

an observable but attenuated response to TGF-β (Figure 3-11 D, p = <0.01), 

leading to a comparatively smaller increase in α-SMA, collagen 1 and collagen 3 

(Figure 3-11 D, E and F). SD208 treatment did not alter the expression of α-

SMA, Collagen 1 or Collagen 3 in either the activated or quiescent hiPSC-cFbs 

(Figure 3-11). 
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Figure 3-11. Activation status of quiescent and activated human induced 

pluripotent stem cell derived cardiac fibroblasts (hiPSC-cFbs) in response 

to TGF-β and SD208. 

Activation of quiescent and activated hiPSC-cFbs as determined by RT-PCR for 

ACTA2, COL1A1 and COL3A1 following four days in culture. Data presented as 

mean ± S.E.M. N = 6. * p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA 

compared with control. 
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Proliferation of hiPSC-cFbs was also assessed. Activated hiPSC-cFbs show a 

significantly reduced proliferation rate when compared to their quiescent 

counterparts (Figure 3-12 A, mean % change 73.3±6.9 vs 192.8±9.3 

respectively, p = <0.05). These data suggest that in hiPSC-cFbs, activation leads 

to a reduction in proliferation, rather than the expected increase in proliferation.  

Quiescent hiPSC-cFbs demonstrated higher proliferation rates compared to the 

activated hiPSC-cFbs (Figure 3-12 A). A decrease in proliferative capacity was 

observed in response to TGF-β in quiescent hiPSC-cFbs (Figure 3-12 B, mean 

% change 192.8±9.3 vs 46.28±4.2, p = 0.01). The proliferative capacity of 

quiescent hiPSC-cFbs showed a small but non-significant decrease when 

SB431542 was removed from the culture media, (Figure 3-12 B, mean % change 

-SB 149.2±11.1 vs +SB 192.8±9.3, p = >0.1). Activated hiPSC-cFbs did not 

respond to either recombinant TGF-β or inhibition of the TGF-B signalling 

pathway by SB431542 or SD208 (Figure 3-12 C, p = >0.9). 
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Figure 3-12. Analysis of proliferation of quiescent and activated human 

induced pluripotent stem cell induced cardiac fibroblasts (hiPSC-cFBs). 

Proliferation was assessed as a percentage change in fluorescence over 48 

hours compared to at baseline. A – Proliferation of untreated quiescent and 

activated hiPSC-cFBs. B – Proliferation of quiescent hiPSC-cFBs in the presence 

of TGF-β (+TGF) and following withdrawal of SB431542 (-SB). C – Proliferation 

of activated hiPSC-cFBs in response to TGF-β (+TGF) and TGF-β receptor 

inhibitors SD208 (+SD208) and SB431542 (+SB). Data presented as mean ± 

S.E.M. N = 3 plates, 24 wells. * p < 0.05, nested one-way ANOVA compared with 

control.  
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3.5. DISCUSSION 

There have been significant efforts to identify effective therapeutic approaches 

against long-established cardiac fibrosis targets. However, clinical trials of drugs 

which target the mineralocorticoid receptor, renin-angiotensin system, natriuretic 

peptide degradation, vascular tone, and others have yielded mixed results in 

reducing fibrosis-related outcomes in patients with heart failure with preserved 

and reduced ejection fraction and ischaemic heart disease despite encouraging 

preclinical data (Reviewed in 441). Given the leading role of the myofibroblast in 

cardiac fibrosis, our study intended to investigate the potential for the reversal of 

activated human cardiac myofibroblasts to a more quiescent phenotype. 

The principal findings of this study (Table 3-3) are that chronically activated 

primary human cardiac ventricular fibroblasts show a diminished response to 

activation by TGF-β and that neither culture on softer substrates, nor TGF-β 

receptor inhibition are able to reverse the observed myofibroblast phenotype. Our 

findings are confirmed in hiPSC-cFbs, indicating that chronic activation of human 

cardiac fibroblasts leads to a terminal differentiation into myofibroblasts. We 

further demonstrate that culture of hiPSC-cFbs on stiff surfaces results in 

activation within 24 hours, and intriguingly longer-term culture (>96 hours) results 

in the loss of fibrous α-SMA expression. 
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Table 3-3. Summary of principle findings 

hiPSC-cFbs, human induced pluripotent stem cell derived cardiac fibroblasts; TGF-β, 

transforming growth factor-beta; TGF-βRi, transforming growth factor-beta receptor inhibitor 

3.5.1. Proliferative capacity of human cardiac fibroblasts 

Conflicting data exists concerning the correlation between cardiac fibroblast 

activation and proliferation. Intriguingly, our data highlights significantly higher 

proliferation rates in quiescent hiPSC-cFbs compared to the activated hiPSC-

cFbs. Accordingly, TGF-β treatment reduced the proliferative capacity in 

quiescent hiPSC-cFbs but did not alter proliferation of activated hiPSC-cFbs or 

fibroblasts isolated from a patient. Similarly, Hecker et al. also showed that 

human lung myofibroblasts, activated using TGF-β, exhibited less proliferation 

than quiescent fibroblasts as well as an attenuated proliferative response to 

serum 426. When using freshly isolated mouse cardiac fibroblasts, Herum et al. 

observed no changes in proliferation rates when cultured on multiple different 

Cell Type Pre-Treatment Conditions Treatment 
Conditions 

Outcomes 

Proliferation Myofibroblast 
Markers 

HCFs from 

patients with 

diabetic 

cardiomyopathy 

Long-term culture on stiff 

substrates 

(3 GPa, ≤ 10 passages) 

Stiff substrate 

(3 GPa) 

 ± TGF-β ±TGF-

βRi 

No change No change 

Soft substrate 

(25 kPa, 2 kPa) 

± TGF-β ±TGF-

βRi 

No change No change 

hiPSC-cFbs 

Quiescent hiPSC-cFbs 

(2-week culture with TGF-βRi) 

TGF-β Reduced Increased 

TGF-βRi No change No change 

Activated hiPSC-cFbs 

(2-week culture without TGF-

βRi) 

TGF-β No change No change 

TGF-βRi No change No change 
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substrates (3, 8, 10, and 50 kPa) as well as no changes when substrates were 

stiffened from 3 or 8 kPa to 30 kPa after 5 days of culture 435. A further study 

using human cardiac fibroblasts found that although there was a higher density 

of vimentin positive cells in failing hearts, there was a significant decrease in the 

proliferative marker Ki-67 in the failing hearts when compared to the non-failing 

hearts. Myofibroblasts (α-SMA positive cells) from both groups showed similarly 

low levels of Ki-67 staining 429. Other studies have implicated the renin-

angiotensin-aldosterone system in the proliferation of cardiac fibroblasts 442,443. 

Using freshly isolated rat cardiac fibroblasts, Olson et al. were able to attenuate 

myofibroblast differentiation and cardiac fibroblast proliferation by inhibiting 

mitogen-activated protein kinase mediated signalling with polyphenolresveratrol 

444. Whether the same affects would be observed in vivo remains to be studied.  

Cardiac fibroblasts derive from mesenchymal cells with a variety of origins. These 

include, but are not limited to, the pro-epicardium, epicardium, and cardiac 

endothelium through epithelial- or endothelial- to mesenchymal transformation 

(EMT and EndMT, respectively). Although cardiac fibroblasts show a decreased 

proliferative capacity once having undergone myofibroblast differentiation, 

cellular cues may instigate enhanced EMT/EndMT to maintain or increase 

cardiac fibroblast numbers within the heart 445,446. The exact processes 

underpinning this require further investigation, where targeted attenuation of 

these mechanisms could present an alternative avenue to decreasing the fibrotic 

burden of the heart. 
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3.5.2. Reversal of myofibroblast phenotype through TGF-β 
inhibition 

Cardiac fibrosis, whilst generally thought of as a maladaptive and 

pathophysiological process, is essential to ensuring tissue integrity following 

acute injury. For example, fibrotic tissue replaces necrotic myocardium following 

myocardial infarction thus maintaining cardiac mechanical function and 

preventing myocardial rupture 424. This replacement fibrosis leads to impaired 

systolic and diastolic function, and to arrhythmias, around its margins. In contrast, 

diffuse interstitial fibrosis appears to be a purely maladaptive response with 

adverse effects on both ventricular function and susceptibility to arrhythmia 447. 

The key role of TGF-β in cardiac fibroblast activation and proliferation is well-

studied. Clinical studies have consistently reported upregulated TGF-β 

expression in the myocardium of patients with heart failure 448-450. The induction 

of fibrosis because of activation of myofibroblasts via small mothers against 

decapentaplegic (SMAD) and non-SMAD-mediated signalling pathways such as 

ERK, JNK and p38 has also been previously described 78,451,452. 

A recent study by Nagaraju et al. similarly investigated the potential for reversal 

of cardiac fibroblast activation using TGF-β receptor inhibition. Using freshly 

isolated human cardiac fibroblasts from explanted hearts of transplant recipients, 

the authors found that incubation with the TGF-β receptor inhibitor SD208 

resulted in loss of α-SMA and reduced expression of profibrotic genes 429. To 

achieve this, a high concentration of SD208 (3 µM) was utilised. In contrast, we 

found no effect on the activation status (proliferation rate and α-SMA expression) 

of isolated human ventricular cardiac fibroblasts when SD208 was used at a 
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concentration of 30 nM (IC50 = 49 nM 453), similar to that used in other cardiac 

fibroblast studies 439. 

Inhibition of TGF-β or its signalling components has been shown to be an 

effective anti-fibrotic treatment in preclinical studies. Transgenic rodent studies 

have demonstrated that disruption of fibroblast-specific TGF-β receptor 1 

produced cardiac-protective effects against fibrosis and diastolic dysfunction 438. 

Further in vivo studies utilising neutralising monoclonal antibodies and small 

molecular inhibitors directed against TGF-β and TGF-β receptor 1, respectively, 

reported significant reductions in cardiac fibrosis in murine tissue 430,454,455. 

However, anti-TGF-β therapies are associated with significant dose-limiting drug 

toxicity given the ubiquitous expression of TGF-β and its receptors in healthy 

tissue throughout the human body, which restricts the effectiveness of such 

treatments. Mitra et al. reported widespread dose-dependent complications 

associated with pan-TGF-β inhibition in both mouse and monkey models. These 

included vascular and cardiac valvular inflammation, systemic bleeding, bone 

dysplasia and increased mortality 456. Studies employing targeted inhibition via 

small molecular inhibitors against TGF-β receptor 1 also reported similar cardiac 

and haemorrhagic complications 457,458. Due to these challenges, there has yet to 

be an anti-TGF-β therapy that has successfully found the balance between 

achieving an adequate anti-fibrotic response whilst avoiding serious 

cardiovascular side effects, despite candidate drugs such as galunisertib showing 

initial promise in cancer trials 459,460. 
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3.5.3. Terminally differentiated cardiac myofibroblasts 
cannot be de-activated 

The discrepancy between our reported findings of irreversibly activated 

myofibroblasts and that of Nagaraju et al. 429 may also be explained by differing 

cell culture approaches, specifically, the duration in culture and passage number 

prior to application of a de-activating agent or treatment. In their experiments, the 

authors utilised the isolated cardiac fibroblasts within four days of isolation without 

passaging, in contrast to our HCF and hiPSC-cFb cell lines, which were 

intentionally cultured long-term for up to 10 passages / 2-4 weeks before usage 

to produce a chronically activated myofibroblast phenotype. Taken together, our 

results suggest the presence of a ‘threshold’ after which fibroblasts become 

unresponsive to a de-activating treatment, which warrants further discussion. 

Studies have supported the concept that the plasticity of myofibroblast phenotype 

is only conserved and demonstrable when using freshly isolated cells 431, or cells 

which have been cultured in ‘activating’ conditions for a short period of time 461. 

Penke & Peters-Golden 462 challenged the idea of the fibroblast and myofibroblast 

being discrete, categorical phenotypes. Instead, they proposed the presence of 

an intermediate ‘protomyofibroblast’ stage, encompassing a continuum of cellular 

processes and fibroblast phenotypes, which bridge the differentiation of 

fibroblasts into myofibroblasts. In parallel, the potential for myofibroblast de-

differentiation would also follow a similar principle and depend on where they lie 

on the continuum of phenotypes. Indeed, data from single cell RNA sequencing 

already provides evidence that there are several distinct subpopulations of 
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cardiac fibroblasts in healthy hearts 416,417, and at different stages of ischaemic 

injury in murine studies 463,464. 

Our immunofluorescence data show that chronically activated HCFs and hiPSC-

cFbs exhibited an unusual α-SMA staining pattern. Though these cells are 

unresponsive to TGF-β, and therefore assumed to be activated, they do not 

exhibit the “classic” actin fibres as found in our quiescent hiPSC-cFbs following 

TGF-β treatment.  Instead, the activated cardiac fibroblasts displayed dispersed 

α-SMA staining within the cytoplasm (Figure 3-1 A, Figure 3-2 E, and Figure 3-8 

B). Use of secondary antibody-only controls shows that this effect is not due to 

non-specific staining (Figure 3-4). The exact explanation for this is unclear, 

however we hypothesise that chronic culture in activating conditions may result 

in disassembly of actin fibres. This hypothesis may be supported by the decrease 

in α-SMA fibrous staining seen in Figures 8 and 9 from 96 hours to 1 week of 

activation by both hard substrates alone and in conjunction with TGF-β. The 

localisation of α-SMA within the cardiac fibroblast requires further investigation 

as a potential marker for late stage and/or irreversible activation status. 

It is therefore conceivable that our cell culture approach, which bears 

resemblance to the persistent, longer duration of cardiac fibroblast activation at 

the latter stages of cardiac disease, resulted in irreversible terminal differentiation 

of myofibroblasts, a phenomenon that has been reported in other organ systems 

such as the lung 461,465. 
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3.5.4. The role of mechanical stiffness and myofibroblast 
activation 

Our data show that human cardiac fibroblasts are activated by culture on stiff ~3 

GPa substrates. Chronically activated cardiac fibroblasts failed to transition back 

to a quiescent phenotype by subsequent culture on softer culture substrates (2 

and 25 kPa), suggesting a loss of feedback from the surrounding mechanical 

environment. Healthy myocardium has a typical elastic modulus of between 10 

to 30 kPa 431,466,467, rising to over 100 kPa in diseased tissues 432,468. Several 

other studies have indicated that prolonged culture on a hard plastic surface is 

sufficient to cause increased α-SMA expression in freshly isolated murine cardiac 

fibroblasts 443,467,469-471. However, the cellular mechanisms that regulate the 

cardiac fibroblast phenotype and function in response to mechanical stimuli are 

complex. Studies have reported some success in de-activating human and 

porcine myofibroblasts through the use of soft hydrogels 431,472 and three-

dimensional microfabricated tissues associated with reduced tissue tension 473. 

Still, the reversal tended to be incomplete, and experiments utilised freshly 

isolated cells cultured for shorter periods 443,471, further supporting the concept of 

there being a range of protomyofibroblast states. 

We also note that recommended culture of hiPSC-cFbs requires use of TGF-β 

receptor antagonist SB431542 at high concentrations (10 µM; IC50 94 nM) to 

maintain quiescence 397,439. It may be that use of soft substrates would allow the 

use of lower concentrations of TGF-β antagonism. In particular, the 

consequences of longer-term cardiac fibroblast culture in the presence of an 



 

113 
 

inhibitor, and whether the effects of mechanical stress of the substrate can be 

fully suppressed over prolonged periods remain unclear. 

3.6. CONCLUSION AND FUTURE DIRECTION 

The lack of efficacious treatments for the reversal of cardiac fibrosis is a product 

of the complex cellular pathways, which are common to extracellular matrix 

generation and turnover in both health and disease. The cardiac fibroblast is the 

principal cell type in the fibrotic process, and we show, using diseased patient-

derived cardiac fibroblasts, that their activation into myofibroblasts under chronic 

disease conditions is a challenging phenotype to reverse in vitro. Our 

experiments using hiPSC-cFbs recapitulated these findings. Whether cardiac 

fibroblasts isolated from healthy human myocardium would yield similar findings 

presents an intriguing and important avenue for future investigation. 
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4.1. EXTENT OF PERSONAL CONTRIBUTION 

Max Cumberland provided the human induced pluripotent stem cell-derived 

cardiac fibroblasts. Caitlin Hall performed the immunofluorescence experiments. 

I performed all other experimental procedures. These experiments were 

conducted in parallel with those in Chapter 3. 
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4.2. INTRODUCTION 

The cardiovascular risk experienced by patients with CKD is more pronounced 

474, with a shift in morbidity and mortality from atherosclerotic complications to 

those due to heart failure, arrhythmias and sudden cardiac death 251,475. In 

particular, atrial fibrillation (AF) is common and seen in 41% of patients requiring 

haemodialysis 251. The pathophysiological basis for these events has been 

attributed to CKD-associated cardiomyopathy, a condition typically characterised 

by left ventricular hypertrophy (LVH), myocardial fibrosis and development of 

cardiac mechanical and electrical dysfunction 13,14,19. Serum levels of FGF23 

increase in response to rising serum phosphate levels as kidney function 

worsens, reaching levels two to five-fold normal ranges in earlier stages of CKD 

and increasing to over 1000-fold above normal in ESKD 177-179. A growing body 

of evidence strongly suggests that the heart is responsive to FGF23-mediated 

effects. In animal studies, FGF23 has been shown to increase LV mass 

independently of blood pressure via αKlotho-independent activation of FGFR4 

171,172. Furthermore, FGF23 disrupted intracellular calcium cycling within the 

cardiomyocyte resulting in in vitro and in vivo arrhythmogenicity257. In humans, 

large observational studies have found an association between elevated FGF23 

and increased risk of developing AF and LVH 186-188. In separate studies, we 

demonstrated the utility of FGF23 as a biomarker to identify patients with 

prevalent AF 190,259. Others have reported increased expression of FGF23, 

FGFR4 mRNA by real-time PCR (qPCR) in the right atrial appendages of AF 

patients, which correlated with atrial collagen fraction by histology 263. 
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4.2.1. Fibroblast growth factor-23 and myocardial fibrosis 
in CKD-associated cardiomyopathy 

Cardiac fibroblasts make up between 30-60% of all cells, by number, in the 

myocardium, and act as regulators of extracellular matrix in the heart 78,240,476. 

Activation of cardiac fibroblasts in the injured myocardium promotes their 

differentiation to myofibroblasts, which in turn are characterised by altered cellular 

motility, acquisition of procontractile proteins such as α-smooth muscle actin 

(αSMA), and increased synthesis of extracellular matrix (ECM) and profibrotic 

proteins. The result is increased ECM stiffness and impaired mechano-electrical 

coupling with cardiomyocytes, providing a substrate for arrhythmias and 

attenuation of cardiac function422. Increased ECM stiffness itself can lead to 

further activation of fibroblasts and transition into myofibroblasts 431,435. The 

stiffness, or Young’s modulus, of healthy human myocardium has been reported 

to vary between 10 to 30 kPa in the literature, increasing by at least ten-fold in 

fibrotic tissue78.  

Histological studies have demonstrated severe interstitial fibrosis and myocardial 

disarray in KFRT patients on haemodialysis in the absence of flow-limiting 

coronary artery disease and independent of blood pressure, diabetes or anaemia 

13,14. Whilst two recent studies have shown that FGF23 can activate murine 

cardiac fibroblasts 246,477, the underlying mechanism has yet to be fully defined. 

There have also been no published studies examining whether human cardiac 

fibroblasts show the same response to FGF23 stimulation. 

The main aims of this study are as follows: 
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1. Elucidate the role of FGF23 in human cardiac fibroblast activation to a 

myofibroblast phenotype, and 

2. Assess whether human cardiac fibroblasts cultured as a 2D monolayer on 

surfaces with varying elastic moduli exhibit differential activation 

responses to FGF23. 

4.3. METHODS 

Detailed methodology has been discussed in Chapter 2. In brief, primary human 

cardiac fibroblasts obtained from PromoCell were cultured on 6-well flat-

bottomed tissue culture plates of varying elastic modulus - standard 3 GPa 

polystyrene (Corning) and Softwell 25 & 2 kPa (Matrigen). Cells were discarded 

after 10 passages. Following growth in fibroblast growth medium 3, FGM3 in the 

presence or absence of 10 ng/mL TGF-β and 50 ng/mL FGF23 for up to 4 days, 

cardiac fibroblasts were detached using a dissociation solution. Cell pellets were 

collected for protein and mRNA analyses at the 1 day and 4 day timepoints to 

investigate FGFR expression and markers of fibroblast activation. Separate cell 

culture experiments were conducted for immunofluorescence staining of α-SMA. 

Fluorescent intensity was normalised to cell surface area. Finally, experiments 

were repeated in a hiPSC-derived cardiac fibroblast line. Cell pellets were 

collected for mRNA analyses of FGFR and markers of fibroblast activation by RT-

PCR. In separate experiments, hiPSC-derived cardiac fibroblasts were cultured 

on standard 3 GPa 6-well polystyrene plates treated with 10 ng/mL TGF-β, 50 

ng/mL FGF23 or control for up to 4 days. Cell pellets were collected for mRNA 

analyses by RT-PCR 
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4.4. RESULTS 

4.4.1. Fibroblast growth factor receptor expression 

All four fibroblast growth factors were present in primary human cardiac 

fibroblasts. FGFR1 being the dominantly expressed receptor (Figure 4-1). 

FGFR3 and FGFR4, which were expressed equally, with FGFR2 being the least 

abundantly expressed of the four receptors (Figure 4-1). Co-receptor Klotho was 

not expressed (dCT >40 in over 50% technical replicates). Receptor expression 

by dCT method should be interpreted with caution; instead, quantitative PCR can 

be used to quantify the abundance of a gene transcript. 

Receptor expression was generally unchanged across the three culture 

substrates after one and four days in culture except for FGFR1 (Figure 4-2). 

Following 1 day in culture, FGFR1 expression was significantly greater on a 25 

kPa substrate compared to cardiac fibroblasts which had been cultured for the 

same duration on 3 GPa (mean 2-ddCT1.974 vs 3 GPa, p = 0.0321) and 2 kPa 

(mean 2-ddCT 1.974 vs 2 kPa, p = 0.0424; Figure 4-2 A). However, these 

differences were not seen following 4 days in culture (p > 0.8; Figure 4-2 B). 

Human cardiac fibroblasts were subjected to high-dose FGF23 and TGF-β to 

investigate the potential for these treatments to regulate FGFR expression. A 

four-day FGF23 and TGF-β treatment period did not alter FGFR gene expression 

in primary human cardiac fibroblasts cultured on standard 3 GPa polystyrene 

plates (p > 0.36; Figure 4-3 A1, B1, C1, D1). FGFR expression was similarly 

unchanged by FGF23 and TGF-β treatment when fibroblasts were cultured on 
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softer 25 kPa (p > 0.29; Figure 4-3 A2, B2, C2, D2) and 2 kPa plates (p > 0.11; 

Figure 4-3 A3, B3, C3, D3). 
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Figure 4-1. Human cardiac fibroblast (HCF) fibroblast growth factor 

receptor (FGFR) gene expression by RT-PCR. 

FGFR1 to 4 gene expression in cultured primary HCFs normalised to 

housekeeping gene GAPDH. Data presented as mean ± S.E.M, N = 12. 
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Figure 4-2. Effect of culture plate stiffness on human cardiac fibroblast (HCF) fibroblast growth factor receptor (FGFR) 

gene expression by RT-PCR. 

FGFR gene expression in cultured primary HCF on stiff (3 GPa) and soft (25 kPa, 2 kPa) culture substrates. A – FGFR 

expression after 1 day in culture (N = 9-12). B – FGFR expression after 4 days in culture (N = 5-6). Data presented as mean ± 

S.E.M., one-way ANOVA with Tukey multiple comparisons test. 
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Figure 4-3. Effect of FGF23 and TGFβ treatment on HCF fibroblast growth 

factor receptor (FGFR) gene expression by RT-PCR. 

HCFs were cultured for 1 and 4 days in the presence of 50 ng/mL FGF23, 10 

ng/mL TGF-β, or vehicle control on stiff (3 GPa) and soft (25 kPa, 2 kPa) culture 

substrates. A – FGFR1 gene expression on 3 GPa (A1); 25 kPa (A2); and 2 kPa 

(A3). B – FGFR2 gene expression on 3 GPa (B1); 25 kPa (B2); and 2 kPa (B3). 

C – FGFR3 gene expression on 3 GPa (C1); 25 kPa (C2); and 2 kPa (C3). D – 

FGFR4 gene expression on 3 GPa (D1); 25 kPa (D2); and 2 kPa (D3). Data 

presented as mean ± S.E.M., one-way ANOVA with Tukey post-hoc. 
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4.4.2. Human cardiac fibroblast activation 

Activation of human cardiac fibroblasts was assessed by mRNA expression of 

myofibroblast marker ACTA2, which encodes the α-smooth muscle actin (α-

SMA), and COL1A1 encoding collagen type 1. There was a non-significant trend 

towards lower ACTA2 expression on 2 kPa substrates versus stiff substrates (p 

= 0.0742 at 1 day; p = 0.0750 at 4 days versus 3 GPa; Figure 4-4). Expression 

of ACTA2 was broadly similar between 25 kPa and 3 GPa (p = 0.7772 at 1 day; 

p = 0.9255 at 4 days; Figure 4-4). No significant differences in COLA1A1 were 

seen at either time point in response to culture on substrates of varying stiffness 

(p > 0.39; Figure 4-4). 

Human cardiac fibroblasts were then treated with high-dose FGF23 and TGF-β 

to investigate whether they became activated and acquired myofibroblast 

phenotype. Data shown in Figure 4-5 indicates that FGF23 and TGF-β treatment 

for up to four days did not significantly alter mRNA expression of ACTA2 and 

COL1A1 at either 1 or 4 day timepoints in fibroblasts cultured on 3 GPa (Figure 

4-5 A). Culture on softer  25 kPa (Figure 4-5 B) and 2 kPa (Figure 4-5 C) culture 

substrates did not alter the susceptibility of cardiac fibroblasts to activation by 

FGF23 or TGF-β. 
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Figure 4-4. Effect of culture plate stiffness on human cardiac fibroblast 

(HCF) markers of activation by RT-PCR. 

α-Smooth muscle actin (ACTA2) and collagen 1 (COL1A1) gene expression in 

cultured HCFs maintained on stiff (3 GPa) and soft (25 kPa, 2 kPa) culture 

substrates. A – Expression after 1 day in culture (N = 10-11). B – Expression 

after 4 days in culture (N = 4-6). Data presented as mean ± S.E.M., one-way 

ANOVA with Tukey multiple comparisons test. 
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Figure 4-5. Effect of FGF23 and TGF-β treatment on HCF activation markers 

by RT-PCR. 

HCFs were cultured for 1 and 4 days on culture plates with Young’s modulus (E) 

of 3 GPa, 25 kPa & 2 kPa in the presence of 10 ng/mL TGFβ, 50 ng/mL FGF23, 

or vehicle control. ACTA2 and COL1A1 mRNA expression by RT-PCR. GAPDH 

was used as housekeeping gene. Relative expression of gene of interest in HCFs 

cultured on: A – 3 GPa (N = 5-11); B – 25 kPa (N = 5-10); and C – 2 kPa 

substrates (N = 5-11).  Data presented as mean ± S.E.M., one-way ANOVA with 

Tukey post-hoc. 
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This data was confirmed by protein expression. Representative immunoblots are 

shown in Figure 4-6 panel A; protein quantification in panel B. Collagen type 1 

and α-SMA protein expression was largely unaltered by FGF23 and TGFβ 

treatment regardless of culture substrate stiffness, with the exception of α-SMA 

expression following a four day treatment with TGF-β when cultured on 3 GPa 

and 24 kPa substrates. Human cardiac fibroblasts showed a trends towards 

increased α-SMA expression on the 3 GPa when treated with TGF-β compared 

to control (121.9%, p = 0.3979; Figure 4-6 B). On the 25 kPa substrate, α-SMA 

expression was significantly increased, and to a similar degree compared with 

control and the FGF23-treated cells (~160%, p = 0.0326; Figure 4-6 C).  

Finally, α-SMA expression was assessed by immunofluorescence (Figure 4-7). 

A trend towards increased α-SMA expression was observed in response to TGF-

β treatment in fibroblasts cultured on 25 kPa, echoing the immunoblotting 

findings. However, this did not reach statistical significance (p = 0.0880, Figure 

4-7 B). No other change in α-SMA or Collagen 1 was seen in response to FGF23 

or TGF-β treatment on the 3 GPa and 25 kPa substrates (p > 0.33, Figure 4-7 A 

& B). Intriguingly, α-SMA expression appeared to be downregulated by TGF-β 

treatment (p < 0.0001 versus FGF23 and control fibroblasts (Figure 4-7 C). 
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Figure 4-6. Effect of FGF23 and TGF-β treatment on HCF activation markers 

by western blotting. 

HCFs were cultured for 1 and 4 days on culture plates with Young’s modulus (E) 

of 3 GPa, 25 kPa & 2 kPa in the presence of 10 ng/mL TGFβ, 50 ng/mL FGF23, 

or vehicle control. A – αSMA and collagen 1 protein expression by near-infrared 

immunoblotting. GAPDH was used as loading control. Quantification of protein of 

interest/GAPDH in HCFs cultured on: B – 3 GPa (N = 6-9); C – 25 kPa (N = 3-9); 

and D – 2 kPa substrates (N = 3-9).  Data presented as mean ± S.E.M., one-way 

ANOVA with Tukey post-hoc.   
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Figure 4-7. α-SMA Expression in Cultured Primary HCF by 

Immunofluorescence. 

α-SMA expression was assessed by confocal microscopy following culture on 

substrates of varying stiffness. HCFs were treated with vehicle control, 50 ng/mL 

FGF23 or 10 ng/mL TGF-β for 1 day. Fluorescent intensity was normalised to cell 

surface area. A – 3GPa substrate. B – 25 kPa substrate. C – 2 kPa substrate. 

Nested one-way ANOVA with Tukey multiple comparison test. (N = 5-11 

technical, 3 biological replicates). 
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4.4.3. hiPSC-derived cardiac fibroblast studies 

Separate experiments were conducted to further investigate the effects of FGF23 

on fibroblast phenotype using a different fibroblast cell line. hiPSC-derived 

cardiac fibroblasts (hiPSC-cFb) were cultured on 6-well, hard 3 GPa tissue 

culture plates for a four-day period in the presence or absence of FGF23 and 

TGF-β. 

Similar to that found in primary isolated human cardiac fibroblasts, FGFR1 was 

the dominantly expressed FGF receptor in hiPSC, whilst no differences in 

FGFR2, FGFR3 and FGFR4 mRNA were observed (Figure 4-8).  FGFR mRNA 

expression did not change in response to 4 days treatment with 50 ng/mL FGF23 

(p > 0.3, Figure 4-9). 

hiPSC-cFb activation was assessed by mRNA expression of ACTA2, COL1A1 

and COL3A1 (Figure 4-10). In these experiments, hiPSC-cFb displayed 

increased markers of activation in response to TGF-β treatment: ACTA2 (mean 

fold change = 3.964, p < 0.0001), COL1A1 (mean fold change = 2.476, p = 

0.0072), and COL3A1 (mean fold change = 3.556, p = 0.0004) versus control 

fibroblasts. Like in the primary human cardiac fibroblasts, treatment with FGF23 

did not result in activation of hiPSC-cFb (p > 0.7). 
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Figure 4-8. Human induced pluripotent stem cell derived cardiac fibroblast 

(iPSC-cFb) fibroblast growth factor receptor (FGFR) gene expression by 

RT-PCR. 

FGFR1 to 4 gene expression in cultured human iPSC-cFb normalised to 

housekeeping gene GAPDH. Data presented as mean ± S.E.M., N = 11. 

 

 

 

 

 

 



 

136 
 

Figure 4-9. Human induced pluripotent stem cell derived cardiac fibroblast 

(hiPSC-cFb) fibroblast growth factor receptor (FGFR) gene expression 

following FGF23 exposure. 

Human iPSC-cFb were treated with 50 ng/mL FGF23 for four days. FGFR gene 

expression was assessed by RT-PCR. Data presented as mean ± S.E.M.; 

unpaired t-test, N = 11. 
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Figure 4-10. Effect of FGF23 and TGF-β on human induced pluripotent stem 

cell derived cardiac fibroblast (hiPSC-cFb) activation. 

Human iPSC-cFbs were cultured for 4 days in the presence of 50 ng/mL FGF23, 

10 ng/mL TGF-β, or vehicle control. Myofibroblast markers ACTA2, COL1A1, 

COL3A1 mRNA expression by RT-PCR. Data presented as mean ± S.E.M., one-

way ANOVA with Tukey post-hoc (N = 5-6). 
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4.5. DISCUSSION 

CKD-associated cardiomyopathy is associated with heart failure and cardiac 

arrhythmias 62,251. Histological studies have demonstrated that myocardial 

fibrosis is present in patients with ESKD 13,14. Fibroblasts make up a large 

proportion of the resident cells of the heart, and act as key regulators of the 

cardiac interstitium 240. Under stress, fibroblasts become activated, proliferate, 

and transition into myofibroblasts. Myofibroblasts express contractile proteins 

such as α-SMA, and deposit extracellular matrix including collagens as part of a 

(mal)adaptive response to injury, resulting in fibrosis and scar tissue formation 

478,479. This study seeks to examine the role of FGF23 in the development of CKD-

associated cardiomyopathy through a profibrotic mechanism, as implicated by 

recently published studies using murine cells 480-482, and utilises human cardiac 

ventricular fibroblasts as the starting point of experimentation. 

There are four known human fibroblast growth factor receptors which are 

differentially expressed in the human body. FGF23 has been shown to signal 

through both FGF receptors 1 and 4 in the heart, with FGF receptor 1 being the 

dominant isoform 248. FGF receptor has been implicated in the development of 

cardiac hypertrophy in both in vitro and in vivo studies 171,172,224,225. In this study, 

FGFR1 was the dominantly expressed receptor. Furthermore, its expression was 

significantly greater in HCFs cultured at 25kPa versus 3GPa and 2kPa for 1 day. 

There were, however, no differences seen between the three culture stiffnesses 

after 4 days in culture, indicating ECM stiffness may not play a role in longer term 

expression of FGFR1. Further, larger experiments are indicated as there are, to 

this date, no published data available for comparison. This study also found that 
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treatment with FGF23 did not alter FGF receptor expression of HCFs at 1 and 4 

days in culture, irrespective of culture plate stiffness. 

Neither FGF23 treatment, nor culture on stiff or soft culture plates altered HCF 

activation status by way of αSMA and Collagen 1 expression at mRNA and 

protein level. However, the data suggests that the primary cardiac fibroblasts 

have the potential to be activated by TGF-β; the activation state is evidenced by 

an increase in α-SMA protein expression without a change in collagen type 1 

expression in primary cardiac fibroblasts, whereas genes encoding collagen type 

1 and type 3 expression are also upregulated by TGF-β treatment in hiPSC-cFbs. 

Several potential explanations for the lack of effect of FGF23 and culture surface 

stiffness on HCF activation status have been postulated. 

4.5.1. Culture Surface Stiffness on Activation Status 

Previous studies demonstrated that fibroblasts grown on softer culture plates 

demonstrated lower collagen, α-SMA and fibronectin expression compared to 

when cultured on conventional polystyrene plates 483,484. They used freshly 

isolated murine cells. In our study, we used human cells purchased from 

PromoCell, and the initial maintenance of HCFs prior to experimentation on softer 

culture plates was performed on Costar polystyrene plates with a typical Young’s 

modulus of 3 GPa 485. It is likely that HCFs were already activated by the stiff 

culture environment prior to this study, supported by data already presented in 

Chapter 3, blunting the effect of any further treatments with FGF23 and TGFβ. 

Routine culture of HCFs on soft culture flasks was not possible during this study 

due to costs. 
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There was a non-statistically significant trend towards lower αSMA mRNA 

expression in HCFs cultured on softer culture plates at both 1- and 4-day 

timepoints, indicating that it may be possible to reverse the activation state of 

HCFs by lowering the stiffness of its surrounding environment. This was also 

observed in α-SMA immunofluorescence data in Chapter 3. 

4.5.2. αKlotho 

αKlotho is an important co-receptor for high affinity binding of FGF23 to FGFR1, 

and determines the tissue specificity of FGF23 155,160. Membrane-bound αKlotho 

is not expressed in the heart, but it has been hypothesised that circulating αKlotho 

produced by the kidneys can act on distant tissues as a co-receptor to facilitate 

FGF23-FGFR1 binding in cell types such as cardiac fibroblasts and myocytes 

which do not natively express αKlotho 159. In the current study protocol, there is 

neither native, nor circulating Klotho, preventing effective FGF23-FGFR1 binding. 

An alternate, αKlotho-independent pathway has been demonstrated by Faul 171, 

Grabner 172,174, Han 482 and colleagues via FGFR4, which was implicated in in 

vitro cardiomyocyte hypertrophy and in vivo murine cardiac hypertrophy. 

Although the HCFs in this study expressed FGFR4, the activation status of HCFs 

in vitro was not altered by FGF23. 

4.5.3. Constituents of Commercial Fibroblast Media, and 
Other Factors 

PromoCell-recommended FGM3 media was utilised for all HCF culture. Whilst 

the exact formulation is proprietary, fibroblast growth factor 2 is a present at 1 

ng/mL as per the product datasheet. In the hiPSC-cFb experiments, the 

concentration of FGF2 was 10 ng/mL.  FGF2 is part of the FGF superfamily, and 
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has potent anti-fibrotic response mediated by antagonism of TGF-β-dependent 

myofibroblast activation 486-490. Its presence within FGM3 and its inclusion in the 

hiPSC-cFb maintenance medium could result in partial or complete blockade of 

TGFβ-mediated signalling. This may be beneficial for maintenance of cardiac 

fibroblasts in a quiescent state but interfere with experiments investigating their 

activation to other biomechanical stimuli. Whilst no published studies have 

studied the effect of FGF23 on human cardiac fibroblasts, a study by Hao et al. 

246 found that adult mouse cardiac fibroblasts that had been cultured for four days 

in FGF23-treated media expressed higher levels of collagen 1 and collagen 3 

protein and promoted fibroblast proliferation. A later study by Leifheit-Nestler et 

al. 477 recapitulated these findings in neonatal rat cardiac fibroblasts, and also 

found that FGF23 stimulated TGF-β receptor and Smad complexes. Crucially, 

both studies utilised FGF23 concentrations five to 10 times higher than in our 

study (Hao et al.: 50 ng/mL, Leifheit-Nestler et al.: 100 ng/mL), that is at the upper 

end of, and beyond, circulating levels found in patients with advanced kidney 

disease 491. Furthermore, their murine cells were cultured in Dulbecco’s modified 

Eagle’s medium-based culture media that did not contain FGF2. 

The FGF23 and TGF-β used, whilst both derived from human protein, were 

diluted in 0.1% bovine serum albumin to increase storage and in vitro stability, 

potentially reducing the biological activity of the proteins. However, this was not 

expected to completely blunt the biological effects of FGF23 and TGF-β. 

Finally, a longer experiment duration, in the presence of other key resident cell 

types in the myocardium as part of a co-culture experiment or in an in vivo model 

of FGF23 excess, is needed to better recapitulate the consequences of 
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chronically elevated FGF23 circulating levels, as observed in CKD, on the human 

heart. 
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5.1. EXTENT OF PERSONAL CONTRIBUTION 

All experiments were conducted by the author of this thesis. 
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5.2. INTRODUCTION 

This chapter investigates the effect of acute, high-dose FGF23 exposure on 

ventricular electrophysiology using an ex vivo murine model. The mammalian 

cardiac conduction system and electrophysiological principles underpinning the 

ventricular action potential and excitation-contraction coupling are first reviewed. 

5.2.1. The cardiac conduction system 

The heart resides within the thoracic cavity of all mammalian creatures. Its key 

purpose is to maintain circulatory blood pressure through coordinated contraction 

of four hollow chambers, receiving deoxygenated, carbon-dioxide enriched blood 

from the systemic venous circulation via the inferior and superior vena cava into 

the right atrium (RA) and the right ventricle (RV). These chambers pump blood 

through the pulmonary artery into the lungs where it is oxygenated. The blood is 

received by the left atrium (LA) and the left ventricle (LV) where it is pumped 

through the aorta and  into the systemic arterial system. The synchronous 

contraction is governed by the cardiac conduction system, which generates 

action potentials from the sinoatrial node located at the junction of the right atrium 

and super vena cava 492. Cells within this region produce an impulse which 

propagates throughout the RA and LA, initiating atrial contraction and filling of the 

RV and LV. The impulse conducts towards the atrioventricular493 (AV) node 

located at the base of the atrial septum within the triangle of Koch, where 

propagation to the ventricles is delayed to allow complete atrial depolarisation 

and contraction, and ventricular filling 493. The AV node continues distally into the 

bundle of His before splitting into the left and right bundle branches, which are 

surrounded by a fibrous sheath providing isolation of the electrical conduction 
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system to adjacent, electrically active ventricular myocardial tissue. The impulse 

is finally delivered to the left and right ventricular myocardium via an extensive 

Purkinje fibre network which forms the terminal conduction system and makes 

contact with the ventricular myocardium 494. 

5.2.2. The ventricular action potential 

There are five phases to a normal ventricular cardiomyocyte action potential (AP) 

(Figure 5-1). Electrical diastole (phase 4) is maintained by high outward K+ 

currents (IK1) keeping the resting membrane potential at – 90 mV 495. When an 

AP is propagated from neighbouring cells and results in depolarisation above a 

threshold voltage of – 70 mV, this triggers a rapid inward current of Na+ ions (INa 

or INa,early) generating a large and fast depolarisation of the membrane potential 

(phase 0) 496. In humans, this is followed by a fast repolarisation phase (phase 1) 

brought about by Ca2+-dependent transient outward K+ currents (Ito,f and Ito,s), and 

an AP plateau (phase 2) due to an inward Ca2+ current (ICaL), prolonging the 

action potential duration (APD). Repolarisation (phase 3) is primarily attributable 

to rapid and slow activating delayed outward rectifier K+ currents (IKr and IKs).  

In contrast, the murine AP has a less well-defined plateau phase due to smaller 

ICaL and a faster repolarisation due to Ito,f, and Ito,s, and the additional 

repolarisation currents –  slowly inactivating K+ current (IK,slow1, IK,slow2) and non-

inactivating outward K+ current (Iss), which are not present in humans 497. IKr and 

IKs are present in murine hearts, but their function remains unclear 498. Altogether, 

these differences produce a shorter, triangle-shaped murine ventricular APD 499. 
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Figure 5-1. Ventricular action potential in human and mouse. 

Representative ventricular action potentials are shown with the five phases 

denoted by red numbers. Ionic currents contributing to human and murine 

ventricle action potential are shown below. Inward, depolarising currents project 

below axis; outward, repolarising currents project above axis. Figure adapted 

from 495,500,501. 
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5.2.3. Effective refractory period 

A period exists during phases 0 to part of phase 3, when further electrical 

stimulus, for example from a propagated AP from a neighbouring cell, will not 

elicit a new AP. This is termed the effective refractory period (ERP) caused by 

inactivation of voltage-gated sodium channels which remain in a non-conducting 

closed state until the cell membrane repolarises. This serves as a protective 

mechanism, coordinating cardiac relaxation and contraction and preventing 

cardiac arrhythmia 502. 

5.2.4. Cardiac excitation-contraction coupling 

The process of excitation-contraction coupling (ECC) links the electrical 

activation of the cardiomyocyte membrane by an action potential to contraction 

and subsequently relaxation (Figure 5-2). Changes in intracellular Ca2+ ([Ca2+]i), 

subsequent binding and unbinding of Ca2+ to cardiac troponin causes a 

conformational change in the actin-myosin filament complex, ultimately resulting 

in shortening and lengthening, respectively, of the sarcomere. 

ECC begins with an AP from a neighbouring cell moving along the myocyte 

sarcolemma and down into the T-tubule. Depolarisation of the membrane by the 

AP opens voltage-sensitive L-type Ca2+ channels (LTCC) on the membrane a T-

tubules, causing an influx of Ca2+ (ICaL) into the cytoplasm corresponding to the 

action potential plateau in phase 2. This triggers further Ca2+ release from the 

sarcoplasmic reticulum (SR) through small clusters of juxtaposed ryanodine 

receptors (RyR2) in a process termed calcium-induced calcium release, resulting 

in a large rise in [Ca2+]i 503. Free calcium binds to troponin complex, which causes 
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tropomyosin to rotate around the actin thin filament, exposing the myosin binding 

site504. Adenosine triphosphate (ATP) hydrolysis occurs, releasing energy to 

allow myosin-actin cycling: myosin binds to actin, change its conformation and 

pull on actin to shorten the sarcomere. At the end of the cycle, a new ATP 

molecule binds to the myosin head, displacing adenosine diphosphate (ADP) and 

phosphate created from the hydrolysis of ATP, causing the release of actin, 

restoration of sarcomere length 505. 

In the absence of sufficient [Ca2+]i, muscle contraction does not occur. This is the 

case during diastole and is essential for ventricular filling. Calcium is sequestered 

from the cytosol by several mechanisms at the end of phase 2. It is pumped back 

into the SR by SR Ca2+-ATPase (SERCA2a); sarcolemmal Na+/Ca2+ exchange 

(NCX) and Ca2+-ATPase transports calcium out of the myocyte; and calcium is 

taken into the mitochondria through Ca2+ uniporters. Simultaneously, calcium 

release from the SR is terminated as RyR2 close and SR calcium is depleted. 

The resultant reduction in [Ca2+]i allows calcium to dissociate from the 

myofilament troponin complex and the actin binding site to become inhibited from 

binding to myosin, resulting in muscle relaxation during diastole 506. 
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Figure 5-2. Schematic of calcium transport and excitation-contraction 

coupling in ventricular myocytes. 

Temporal relationship between action potential, calcium transient and cellular 

contractile force shown in inset derived from rabbit ventricular cardiomyocyte. 

The sarcoplasmic reticulum (labelled SR, top left) and mitochondria (oval shape, 

bottom right) are shown on either side of the myofilaments. Figure from Bers 

(2022) 506 
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5.2.5. Regulation of calcium release and re-entry into the 
sarcoplasmic reticulum by SERCA2a and RyR2 

In humans, SERCA2a activity accounts for the removal of the majority of cytosolic 

calcium and is bound to a reversibly phosphorylated protein phospholamban 

(PLB), which regulates its activity. In its dephosphorylated sate, PLB inhibits 

SERCA2 activity. When PLB is phosphorylated by protein kinase A (PKA) at 

Ser16 through β-adrenergic stimulation or by calcium-calmodulin-dependent 

protein kinase II (CaMKII) at Thr17, PLB dissociates from SERCA2a, activating 

the SERCA2 pump 507,508. Therefore, SERCA2 activity determines the rate of 

cardiac relaxation proportional to the rate of calcium re-uptake into the SR, and 

also the size of diastolic SR calcium store. In turn, this will influence the amount 

of calcium released from the SR during systole and consequently cardiac 

contractility. 

As discussed above, calcium release from the SR is through RyR2. Its open 

probability can be increased through phosphorylation by PKA at Ser2809 509, 

which results in dissociation from channel stabilising molecule calstabin2 

(FKBP12.6); or by phosphorylation of CaMKII at Ser2809 and Ser2815 509-511 by 

augmenting RyR2 sensitivity to calcium-dependent activation 512.  

It is therefore conceivable that disorders in calcium handling such as in heart 

failure – either through RyR2 hyperphosphorylation, dysfunction and diastolic SR 

calcium leak from upregulation of CaMKII and PKA 513; defective removal of 

cytoplasmic calcium either due to increased NCX expression 514 or reduced SR 

calcium uptake 515; a combination of RyR2 calcium leak and SERCA2a inhibition 

caused by reactive oxygen species 516 517; and dyssynchronous ECC from 
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ultrastructural changes in the T tubule system 518 or remodelling of the LTCC-

RyR2 dyad 519 – result in increased risk of arrhythmias 520, reduced SR calcium 

load and contractile dysfunction 521. 

As previously discussed, there have been numerous clinical associations with 

FGF23 and atrial and ventricular arrhythmias 186,187,190,522. Emerging evidence 

utilising whole cell patch clamp technique 254,257,523-525 and intracellular calcium 

imaging of isolated cardiomyocytes 254,257,524,525 or tissue strips 526 have 

implicated impaired cardiomyocyte calcium handling as a potential mechanism 

underpinning FGF23-induced arrhythmogenesis. 

The primary aims of this chapter were to investigate the effect of acute FGF23 

treatment on murine ventricular electrophysiology using a whole tissue, ex vivo 

‘beating heart’ model. Specifically, action potential morphology and conduction 

through the left ventricle were examined using optical mapping. Using fluorescent 

dyes to study the electrical behaviour, optical mapping offers superior spatial-

temporal resolution to traditional electrode/single-cell techniques 527. The 

arrhythmia burden was also quantified by ex vivo bipolar ECG.
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5.3. METHODS 

Full experimental methodology can be found in Chapter 2.  

Hearts were isolated via thoracotomy from wild-type CD1 female mice (9 to 15 

weeks old) under terminal anaesthesia and immediately Langendorf-perfused in 

KHB solution containing Blebbistatin (12 μM). Voltage-sensitive dye Di-4-

ANEPPS (125 μg) was then loaded over 5 minutes. Following a 10-minute 

stabilisation period, optical mapping recordings at baseline, 10 minutes, and 30 

minutes into infusion with 10 ng/mL FGF23 or vehicle control KHB were taken. 

After a 20-minute KHB washout period, a final optical mapping recording was 

taken. During each timepoint, a dynamic pacing protocol was employed, starting 

at 150 ms cycle length, reducing by 10 ms every 20 beats, until a cycle length of 

80 ms was reached. Simultaneous bipolar ECGs were recorded and analysed 

using LabChart version 8 (ADInstruments). Optical mapping recordings were 

saved using MetaMorph (Molecular Devices) and exported to ElectroMap for 

processing and analysis. The first 5 beats of each cycle length train were 

discarded, leaving 15 beats for analysis. 

Two-way ANOVA with Sidak multiple comparisons test was employed to examine 

the effect of treatment on the electrophysiological parameter of interest across 

different cycle lengths.
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5.4. RESULTS 

5.4.1. Action potential duration 

Left ventricular action potential duration was determined from the maximum 

upstroke velocity to at 30% (APD30, Figure 5-3 A), 50% (APD50, Figure 5-3 B) 

and 80% (APD80, Figure 5-3 C) repolarisation. No difference in APD30 (simple 

main effects p = 0.5926), APD50 (simple main effects p = 0.9406) or APD80 

(simple main effects p = 0.7855) between FGF23 (N = 13 hearts) and control (N 

= 13-18 hearts) groups were observed at the baseline. After 10 minutes of 

infusion with 10 ng/mL FGF23, there was non-statistically significant shortening 

of APD50 (mean reduction in APD50 = 3.18 ms [95%CI -0.62 to 7.0], p = 0.0975) 

and APD80 (mean reduction in APD80 = 5.02 ms [95%CI -0.34 to 10.37], p = 

0.0651). At 30 minutes, shortening of left ventricular was seen at APD50 (mean 

reduction in APD50 = 5.43 ms [95%CI 0.56 to 10.30], p = 0.0303) and APD80 

(mean reduction in APD80 = 7.29 ms [95%CI 0.99 to 13.59], p = 0.0250) versus 

vehicle infused hearts. There was a trend towards shortening of APD30 at 30 

minutes, but this did not reach statistical significance (mean reduction in APD30 = 

1.71 ms [95%CI -0.27 to 3.69], p = 0.0883). Following 20-minute washout in KHB, 

there were no statistically significant differences in APD30 (simple main effects p 

= 0.1327), APD50 (simple main effects p = 0.5926) or APD80 (simple main effects 

p = 0.1922) between the FGF23 and  control groups. Cycle length had a 

significant effect on APD at all timepoints and is a well-described phenomenon 

528. Cycle length did not interact with the treatment variable. These data show 

that 10 ng/mL FGF23 infusion shortens ventricular action potential duration. 
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Figure 5-3. Effect of FGF23 on murine left ventricular action potential 

duration by optical mapping. 

Action potential duration (APD) at A – 30% repolarisation; B – 50% repolarisation 

with representative APD maps at 110 ms cycle length; and C – 80% repolarisation 

with representative APD maps at 110 ms cycle length. Optical mapping 

recordings were taken at baseline, 10 & 30 minutes into treatment with 10 ng/mL 

FGF23 (pink) or vehicle control phosphate buffered saline (grey), and following 

a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA 

(treatment x APD); P values shown for main effects analysis of FGF23 on APD, 

and Sidak multiple comparison tests (N = 13 – 15 hearts per group). 

 

 

 

 

 

 

 

 

 

 

 

A 



 

156 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 



 

157 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C 



 

158 
 

5.4.2.  Action potential duration heterogeneity 

Action potential duration heterogeneity was defined as  
𝑋𝑋95−𝑋𝑋5

𝑋𝑋50
 and describes 

the intraventricular distribution, or spatial dispersion, of APD within the area of 

interest, which in the present study was the anterior surface of the left ventricle. 

There is inherent spatial heterogeneity in the heart due to specialised electrical 

properties of various regions characterised by differential expression of ion 

channels and connexin proteins 529,530. In the healthy ventricle, there is both 

transmural heterogeneity 531,532 and also regional differences between apical and 

basal cardiomyocytes 533. Pathological increases in heterogeneity may increase 

the likelihood of re-entrant arrhythmias 534,535. 

In this study, 10 ng/mL FGF23 treatment increased APD80 heterogeneity 

compared to control (Figure 5-4 C). At 10 minutes, there was a mean increase 

in heterogeneity of 0.09 (95%CI -0.04 to 0.22), although this did not reach 

statistical significance (p = 0.0243). At 30 minutes, there was a significant mean 

increase in heterogeneity of 0.15 (95%CI 0.02 to 0.27, p = 0.0243). The increase 

in heterogeneity as a result of FGF23 treatment was not seen after washout 

(simple main effects p = 0.3381). FGF23 treatment did not increase APD 

heterogeneity at 30% (Figure 5-4 A) or 50% (Figure 5-4 B) repolarisation. 
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Figure 5-4. Effect of FGF23 on murine left ventricular action potential 

duration heterogeneity by optical mapping. 

Action potential duration (APD) heterogeneity at A – 30% repolarisation; B – 50% 

repolarisation; and C – 80% repolarisation. Optical mapping recordings were 

taken at baseline, 10 & 30 minutes into treatment with 10 ng/mL FGF23 (pink) or 

vehicle control phosphate buffered saline (grey), and following a 20-minute 

washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment 

x APD heterogeneity); P values shown for main effects analysis of FGF23 on 

APD heterogeneity and Sidak multiple comparison tests (N = 13 – 15 hearts per 

group). 
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5.4.3.  Conduction Velocity 

Conduction velocity represents the velocity at which a depolarising electrical 

impulse is conducted through the myocardium. 10 ng/mL FGF23 infusion 

produced a non-significant reduction in conduction velocity after 30 minutes 

treatment (mean reduction in conduction velocity 5.08 cm/s [95%CI -0.84 to 

11.00], p = 0.0896). No change in conduction velocity between groups was 

observed at washout (simple main effects p = 0.5688; Figure 5-5). 
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Figure 5-5. Effect of FGF23 on murine left ventricular conduction velocity 

by optical mapping. 

Conduction velocity (CV) was measured from optical mapping recordings taken 

at baseline, 10 & 30 minutes into treatment with 10 ng/mL FGF23 (pink) or 

vehicle control phosphate buffered saline (grey), and following a 20-minute 

washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment 

x CV) were performed; P values shown for main effects analysis of FGF23 on CV 

and Sidak multiple comparison tests (N = 13 – 15 hearts per group). 
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5.4.4. Triangulation 

Triangulation is expressed as a ratio of APD80 over APD30. Increase in 

triangulation indicates prolongation of the phase 3 repolarisation time between 

APD80 and APD30 and is a risk factor for ventricular arrhythmia 536-538. Left 

ventricular triangulation was reduced following 10 minutes treatment with 10 

ng/mL FGF23 versus control (mean reduction in APD80/30 0.22 [95%CI 0.02 to 

0.42], p = 0.0329, Figure 5-6), which is in keeping with earlier results where 

shortening was seen more prominently at APD80 than at APD30. Curiously, 

triangulation at 30 minutes, where the shortening in APD80 was most marked, 

was unchanged (mean reduction in APD80/30 -0.17 [95%CI -0.13 to 0.47], p = 

0.2515, Figure 5-6).  
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Figure 5-6. Effect of FGF23 on murine left ventricular action potential 

triangulation by optical mapping. 

Action potential triangulation was defined as a ratio of action potential duration at 

80% repolarisation over 30% repolarisation, or APD80/30. Optical mapping 

recordings were taken at baseline, 10 & 30 minutes into treatment with 10 ng/mL 

FGF23 (pink) or vehicle control phosphate buffered saline (grey), and following 

a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA 

(treatment x APD80/30) were performed; P values shown for main effects 

analysis of FGF23 on APD80/30 and Sidak multiple comparison tests (N = 13 – 

15 hearts per group). 
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5.4.5.  Time to peak of action potential depolarisation 

Time to peak (TTP) was determined from the time from 10% rise to 90% from 

electrical diastole. It represents the speed at which the rapid inward current of 

Na+ ions during phase 0 causes peak depolarisation of the membrane. In this 

study, time to peak depolarisation was lengthened at both 10 minute (mean 

increase in TTP 0.75 ms [95%CI 0.25 to 1.24], p = 0.0046) and 30 minute (mean 

increase in TTP 1.08 ms [95%CI 0.06 to 2.10], p = 0.0387) timepoints versus 

control (Figure 5-7). Mean time to peak at baseline and following 20 minute 

washout in KHB was similar between the FGF23 hearts and those infused with 

control KHB. 
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Figure 5-7. Effect of FGF23 on murine left ventricular time to peak of action 

potential depolarisation by optical mapping. 

Time to peak (TTP) was defined as the time from 10% to 90% action potential 

depolarisation. Optical mapping recordings were taken at baseline, 10 & 30 

minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate 

buffered saline (grey), and following a 20-minute washout period. Data presented 

as mean ± S.E.M. Two-way ANOVA (treatment x TTP) were performed; P values 

shown for main effects analysis of FGF23 on TTP and Sidak multiple comparison 

tests (N = 13 – 15 hearts per group). 
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5.4.6.  Diastolic interval 

Diastolic interval (DI) represents phase 4 of the action potential, and in this study 

was calculated as the time from APD90 to the activation of the following action 

potential. Diastolic interval was shorter at baseline in the FGF23 treatment group 

(mean reduction in DI 3.33 ms [95%CI 0.57 to 6.09], p = 0.0196, Figure 5-8), with 

no significant changes seen between it and the control group once FGF23 

infusion occurred at 10- (p = 0.9377) and 30-minute (p = 0.1439) timepoints. This 

remained the case at washout (p = 0.6965). 
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Figure 5-8. Effect of FGF23 on murine left ventricular diastolic interval by 

optical mapping. 

Diastolic interval (DI) was calculated from action potential duration at 90% 

repolarisation to the following activation time. Optical mapping recordings were 

taken at baseline, 10 & 30 minutes into treatment with 10 ng/mL FGF23 (pink) or 

vehicle control phosphate buffered saline (grey), and following a 20-minute 

washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment 

x DI) were performed; P values shown for main effects analysis of FGF23 on DI 

and Sidak multiple comparison tests (N = 13 – 15 hearts per group). 
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5.4.7.  Ventricular arrhythmia burden 

Ventricular arrhythmias were observed ex vivo in both FGF23-treated and control 

hearts within the 30-minute treatment period. However, the incidence was greater 

in the FGF23-treated hearts (10 of 14 hearts) compared to in control hearts (6 of 

15 hearts, Figure 5-9 A). Median cumulative arrhythmia score was significantly 

greater in the FGF23 group (p = 0.0417, Figure 5-9 B), which reflects the higher 

incidence of significant, life-threatening ventricular arrhythmias (Figure 5-9 C). 

Premature ventricular beats were the most frequently observed arrhythmia (8 of 

14 FGF23; 4 of 15 control hearts). Two hearts in both groups sustained 

conduction block with intermittent non-conducted beats. Whilst 2 of 15 hearts 

from the control group went into ventricular tachycardia, this was seen in 7 out of 

14 hearts following FGF23 treatment. 
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Figure 5-9. Ventricular arrhythmia burden in ex vivo murine hearts in 

response to acute FGF23 treatment. 

Arrhythmia burden was assessed following 30 minutes perfusion with 10 ng/mL 

fibroblast growth factor 23 (FGF23; N = 14) or vehicle (phosphate buffered saline; 

N = 15). A – Incidence of ventricular arrhythmias. B – Arrhythmia score presented 

as median ± interquartile range; Mann-Whitney U test. C – Ventricular 

arrhythmias by type. D – Representative ECG recording at baseline and following 

FGF23 treatment. 
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5.5. DISCUSSION 

The present study is one of the first to use a Langendorff-perfused whole beating 

mouse heart to investigate the effects of FGF23 on cardiac electrophysiology, 

and the first to do so using optical mapping. Acute, 30-minute exposure of mouse 

hearts to elevated levels of FGF23 (10 ng/mL) resulted in shortening of APD50 

and APD80; increased APD80 heterogeneity; lengthening of time to peak 

depolarisation; and increased incidence and severity of ventricular arrhythmias. 

Although not reaching statistical significance, there was a trend towards 

shortening of APD30 and reduction in conduction velocity in the FGF23-treated 

hearts, which was not seen at baseline or washout timepoints. 

5.5.1. FGF23 alters action potential duration and increases 
arrhythmogenic burden 

Only one other study reported on the effect of FGF23 on action potential 

characteristics. Using isolated rabbit pulmonary vein cardiomyocytes, Huang et 

al. 524 showed that 4-6 hour treatment with 1 ng/mL FGF23 in vitro resulted in 

significant shortening of action potential duration (APD75 and APD50) by patch 

clamp technique. However, the mechanism was unclear. Pulmonary vein 

cardiomyocytes had faster spontaneous beating rates following FGF23 treatment 

which could account for shortening of APD, and the authors hypothesised that 

the shortening could also be due to a larger NCX reverse-mode current usually 

observed in phase 1 of the AP. In our study, the shortening in APD was 

independent of beat rate. Huang et al. 524 also reported a FGF23-dependent 

increase in late Na+ current (INa,late). This is, under normal physiological 

conditions, a small inward Na+ current which follows the much larger INa,early as 
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Na+ channels recover from inactivation and reopen during the plateau (phase 3) 

of the AP. In pathological conditions such as heart failure539, INa,late amplitude is 

increased resulting in lengthening of APD 540, and is associated with increased 

arrhythmogenesis through intracellular Na+ and Ca2+ overload 541. Curiously the 

increase in INa,late in their study did not result in lengthening of APD, but the 

opposite 524. Crucially, they also observed increased arrhythmogenic burden as 

found in our study. Pulmonary vein cardiomyocytes had increased amplitude of 

delayed after depolarisations (DAD) following FGF23 treatment 524, which are 

transient depolarisations occurring in the diastolic period (phase 4) following an 

AP. DADs, if suprathreshold, can trigger an AP causing a premature ventricular 

contraction or re-entrant arrhythmia as observed on our study. Shortening of the 

APD also reduces the refractory period, facilitating re-entry 542. 

Increased incidence of DADs were also reported by Kao et al. 523 where atrial HL-

1 cardiomyocytes experienced a higher incidence of DADs after 24-hr treatment 

with 25 ng/mL FGF23, although APD at 20, 50 and 90% repolarisation was 

unchanged. Curiously, treatment of these cells with 10 ng/mL FGF23 did not alter 

DAD incidence. Further evidence of FGF23-associated arrhythmias in ex vivo 

and in vivo settings can be found in two later studies. Navarro-Garcia et al. 257 not 

only found that FGF23 at 100 ng/mL evoked DADs and missed transients during 

2 Hz pacing of isolated adult Wistar rat cardiomyocytes, mice also experienced 

more frequent premature ventricular contractions 10 minutes following a single 

40 μg/kg intraperitoneal FGF23 injection. In separate experiments using CD1 

mice, Graves et al. 526 reported  an increased incidence of premature ventricular 

beats, bigeminy and ventricular tachycardia in isolated CD1 hearts treated with 9 
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ng/mL FGF23 for 30 minutes versus control. A prolongation of QTc was 

observed, corresponding to a lengthening of APD, which is in contrast to our 

study findings. Although there were similarities in experimental protocol, Graves 

and colleagues utilised male CD1 mice with a greater mean age – 13-15 weeks 

versus female 9-15 weeks used in the present study. In clinical studies, women 

have been found to be at greater risk of atrial fibrillation 543, whilst supraventricular 

ectopics were more frequent in men 544. Evidence from prior cellular studies 

indicate differences between male and female cardiac cellular electrophysiology 

and Ca2+ handling possibly as a result of sex hormones 545, highlighting the need 

for future studies to utilise cells or animals from both sexes. 

5.5.2. FGF23 increases action potential heterogeneity and 
reduces conduction velocity 

In the present study, increased spatial APD80 heterogeneity and reduced 

conduction velocity in the left ventricle was observed as a result of FGF23 

treatment. Increased APD heterogeneity and slowing of conduction velocity are 

risk factors for the formation of rotational re-entrant waves predisposing to 

tachyarrhythmias and fibrillation 534,546. For a re-entrant wave to excite the heart 

prior to the following sinus beat, the tissue must be non-refractory. A decrease in 

conduction velocity (and refractory period as in APD shortening) shortens the 

cardiac wavelength, allowing the possibility of multiple excitation waves to re-

excite the tissue without a sinus excitation, sustaining a cardiac arrhythmia 546. 

The mechanism by which FGF23 affects APD heterogeneity and conduction 

velocity is unclear, especially given that the CD1 mice used were young and 

healthy adults, free of structural alterations such as fibrosis or hypertrophy which 
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may affect intercellular electrical coupling. There are inherent differences in 

cellular APD dependent on their spatial location within the ventricle 547. At 

baseline, APD heterogeneity was most marked at slower cycle lengths, in line 

with observations by others 547-549. The difference in APD heterogeneity between 

the treatment groups was also most marked at slower cycle lengths.  

In summary, the data presents evidence that that FGF23 increases left ventricular 

arrhythmia burden through shortening of action potential duration, increased APD 

heterogeneity and reduction in conduction velocity. Further development of 

optical mapping analysis packages will allow the identification, location and 

analysis of spiral waves and re-entrant arrhythmias. Future work should 

investigate the effects of FGF23 on atrial arrhythmogenesis using the current 

beating-heart model given the previously described associations between 

elevated FGF23 and atrial fibrillation, and investigate whether the addition of 

soluble Klotho and or a FGF receptor blocker attenuates the pro-arrhythmic 

phenomena.  
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6.1. EXTENT OF PERSONAL CONTRIBUTION 

All experiments were conducted by the author of this thesis. 
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6.2. INTRODUCTION 

Work in Chapter 5 demonstrated statistically significant shortening of APD in ex 

vivo Langendorff-perfused whole murine hearts within 30 minutes of acute 

treatment with 10 ng/mL FGF23 irrespective of pacing cycle length. APD 

shortening was more marked at 50% and 80% repolarisation, with a non-

significant effect at APD30. This suggests that changes in ionic currents in phases 

2 and 3 are likely to result in the shortening of APD. As previously discussed, 

cardiomyocyte calcium handling is a key determinant of the cardiac action 

potential in phase 2/3 and excitation-contraction coupling. Prior studies have 

utilised isolated cardiac myocytes or ventricular muscle strip preparations  with 

varying results –  studies by Touchberry 254, Kao 523, Huang 524 and Graves 526 

found increased [Ca2+]i, whereas Verkaik 525 and Navarro-Garcia 257 showed the 

opposite following FGF23 treatment. 

Leveraging on the experimental protocol of the acute ex vivo model established 

in Chapter 5, I simultaneously loaded the Langendorff-perfused murine heart with 

a membrane potential and calcium-sensitive fluorescent dye. Mouse hearts were 

loaded with Rhod-2 AM and RH237 fluorescent dyes, which are sensitive to 

changes in intracellular calcium and membrane potential, respectively. This 

allowed concurrent exploration of left ventricular calcium handling dynamics and 

action potential characteristics using optical mapping. The optical mapping 

method was otherwise identical to that described in the general methods section 

and summarised again in the preceding chapter 5 methods.  

 



 

179 
 

6.3. RESULTS 

The effects of FGF23 on action potential duration, heterogeneity, conduction 

velocity, time to peak and diastolic interval are first presented, followed by data 

on calcium transient properties, and finally ventricular arrhythmia burden. 

6.3.1.  Effect of FGF23 on action potential duration and 
heterogeneity 

No difference in APD was seen at baseline between the FGF23-treated and 

control mouse hearts (simple main effects p > 0.37, Figure 6-1 A, D and G). 

Treatment of mouse hearts with 10 ng/mL FGF23 for 30 minutes resulted in 

shortening of left ventricular action potential duration at 30% (mean reduction in 

APD30= 2.44 ms [95% CI 0.93 to 3.94], p = 0.0030; Figure 6-1 B) , 50% (mean 

reduction in APD50 = 5.76 ms [95% CI 1.52 to 10.01], p = 0.0103, Figure 6-1 E) 

and 80% repolarisation (mean reduction in APD80 = 6.03 ms [95% CI 0.67 to 

11.40],p = 0.0293, Figure 6-1 H). The shortening effect appeared greater at 

longer pacing cycle lengths, however there were no interactions between cycle 

length and FGF23 treatment in the ANOVA model (cycle length x treatment p > 

0.3). The APD-shortening effect was no longer present following a 20-minute 

washout period (simple main effects p > 0.24, Figure 6-1 C, F and I). 

Although FGF23 appeared to cause a mild increase in APD50 (mean increase in 

APD50 heterogeneity = 0.18 [95% CI -0.03 to 0.39], p = 0.0886) and APD80 

heterogeneity (mean increase in APD80 heterogeneity = 0.06 [95% CI -0.07 to 

0.19], p = 0.3573), this did not reach statistical significance (Figure 6-2).  
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Figure 6-1. Effect of FGF23 on murine left ventricular action potential duration by optical mapping. 

Action potential duration (APD) at A-C – 30% repolarisation; D-F – 50% repolarisation; and G-I – 80% repolarisation. Optical 

mapping recordings were taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate 

buffered saline (grey), and following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment 

x APD); P values shown for main effects analysis of FGF23 on APD, and Sidak multiple comparison tests (N = 11 hearts per 

group). 
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Figure 6-2. Effect of FGF23 on murine left ventricular action potential duration heterogeneity by optical mapping. 

Action potential duration (APD) heterogeneity at A – 30% repolarisation; B – 50% repolarisation; and C – 80% repolarisation. 

Optical mapping recordings were taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control 

phosphate buffered saline (grey), and following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way 

ANOVA (treatment x APD heterogeneity); P values shown for main effects analysis of FGF23 on APD heterogeneity and Sidak 

multiple comparison tests (N = 11 hearts per group). 
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6.3.2.  Effect of FGF23 on action potential conduction 
velocity, time to peak depolarisation and diastolic 
interval 

FGF23 treatment for 30 minutes did not alter action potential conduction velocity 

(mean reduction in conduction velocity = -1.57 cm/s [95% CI -8.65 to 5.52], p = 

0.6497, Figure 6-3) or time to peak depolarisation (mean reduction in time to 

peak = 0.15 ms [95% CI -0.81 to 1.11], p = 0.7490, Figure 6-4) versus control 

hearts. Curiously, action potential diastolic interval appeared to be lengthened by 

FGF23 treatment (mean increase in diastolic interval at 30 minutes = 4.83 ms 

[95% CI -0.48 to 10.15], p = 0.0725), an effect which was most significant 

following 20 minute washout (mean increase in diastolic interval = 5.78 ms [95% 

CI 0.22 to 11.34], p = 0.0423, Figure 6-5). 
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Figure 6-3. Effect of FGF23 on murine left ventricular conduction velocity by optical mapping. 

Conduction velocity (CV) was measured from optical mapping recordings taken at baseline, 10 & 30 minutes into treatment with 

10 ng/mL FGF23 (pink) or vehicle control phosphate buffered saline (grey), and following a 20-minute washout period. Data 

presented as mean ± S.E.M. Two-way ANOVA (treatment x CV) were performed; P values shown for main effects analysis of 

FGF23 on CV and Sidak multiple comparison tests (N = 11 hearts per group). 
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Figure 6-4. Effect of FGF23 on murine left ventricular time to peak of action potential depolarisation by optical mapping. 

Time to peak (TTP) was defined as the time from 10% to 90% action potential depolarisation. Optical mapping recordings were 

taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate buffered saline (grey), 

and following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment x TTP) were 

performed; P values shown for main effects analysis of FGF23 on TTP and Sidak multiple comparison tests (N = 11 hearts per 

group). 
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Figure 6-5. Effect of FGF23 on murine left ventricular diastolic interval by optical mapping. 

Diastolic interval (DI) was calculated from action potential duration at 90% repolarisation to the following activation time. Optical 

mapping recordings were taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate 

buffered saline (grey), and following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment 

x DI) were performed; P values shown for main effects analysis of FGF23 on DI and Sidak multiple comparison tests (N = 11 

hearts per group). 
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6.3.3.  FGF23 effects on ventricular calcium transient 
duration and amplitude 

The calcium transient begins shortly after membrane depolarisation when Ca2+ 

influx through LTCC triggers rapid release of Ca2+ from the SR through RyR2 

resulting in a sharp and significant increase in [Ca2+]i. The gradual decay occurs 

as RyR2 close and [Ca2+]i is removed by NCX, SERCA2 and mitochondrial Ca2+ 

uniporter, respectively extruding Ca2+ from the cell and replenishing SR, 

mitochondrial Ca2+ stores until the next membrane depolarisation by a 

propagated AP 506. In this study, calcium transient duration (CaTD) was defined 

as the time from maximum upstroke velocity to 50% (CaTD50) and 80% (CaTD80) 

transient decay. 

After 30 minutes treatment, mean CaTD fluorescence amplitude fell by 742 ± 59 

a.u. in the control group versus 24 ± 49  a.u. in FGF23 treatment group. However, 

the difference between means was non-significant (mean change in fluorescence 

amplitude = 717 a.u., p = 0.6934, Figure 6-6 A), suggesting that peak [Ca2+]i is 

not altered by FGF23. 

FGF23 treatment for 30 minutes resulted in shortening of CaTD50 (mean 

shortening of CaTD50 = 4.50 ms [95% CI 0.39 to 8.62], p = 0.0334) and CaTD80 

(mean shortening of CaTD80 = 4.84 ms [95% CI 1.50 to 8.18], p = 0.0067, Figure 

6-6 B and C). The effect of CaTD shortening persisted into the washout period 

(mean shortening of CaTD50 = 4.77 ms [95% CI 0.22 to 9.31], p = 0.0408; mean 

shortening of CaTD80 = 5.14 ms [95% CI 1.84 to 8.43], p = 0.0041, Figure 6-6 B 

and C). Whilst the shortening appeared to be most marked at lower cycle lengths, 

no interaction between cycle length and FGF23 treatment was found in the two-
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way ANOVA models (p > 0.2). These findings are consistent with the action 

potential shortening observed in these hearts and those in Chapter 5, which 

underwent optical mapping under the same treatment conditions, but were 

loaded with a different voltage sensitive dye. 

Shortening of CaTD was accompanied by significant increases in CaTD 

heterogeneity at both 50% (mean increase in CaTD50 heterogeneity = 0.14 [95% 

CI 0.01 to 0.27], p = 0.0373) and 80% decay (mean increase in CaTD80 

heterogeneity = 0.12 [95% CI 0.02 to 0.22], p = 0.0227, Figure 6-7 A and B). The 

increases in heterogeneity remained following the 20-minute washout (mean 

increase in CaTD50 heterogeneity = 0.19 ms [95% CI 0.01 to 0.38], p = 0.0396; 

mean increase in CaTD80 heterogeneity = 0.16 ms [95% CI 0.04 to 0.28], p = 

0.0138, Figure 6-7 A and B). 
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Figure 6-6. Effect of FGF23 on murine left ventricular calcium transient duration and amplitude by optical mapping. 

Optical mapping recordings were taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control 

phosphate buffered saline (grey), and following a 20-minute washout period. A – Mean change in raw optical calcium transient 

fluorescence amplitude at 30 minutes compared to baseline fluorescence amplitude. Calcium transient duration (CaTD) at B – 

50% decay; and C – 80% decay. Data presented as mean ± S.E.M. Two-way ANOVA (treatment x CaTD / change in amplitude) 

were performed; P values shown for main effects analysis of FGF23 on CaTD / change in amplitude and Sidak multiple 

comparison tests (N = 11 hearts per group). 
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Figure 6-7. Effect of FGF23 on murine left ventricular calcium transient duration heterogeneity by optical mapping. 

Calcium transient duration (CaTD) heterogeneity at A – 50% decay; and B – 80% decay. Optical mapping recordings were taken 

at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate buffered saline (grey), and 

following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment x CaTD heterogeneity) 

were performed; P values shown for main effects analysis of FGF23 on CaTD heterogeneity and Sidak multiple comparison 

tests (N = 11 hearts per group). 
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6.3.4.  Time to peak of calcium transient and calcium 
transient decay following FGF23 treatment 

To further study the effect of FGF23 on the calcium transient, time to peak and 

calcium decay were studied. Following 10 ng/mL FGF23 treatment for 30 

minutes, the time to peak of the calcium transient remained unchanged versus 

control (mean change in time to peak = -0.35 ms [95% CI -2.08 to 2.78], p = 

0.7646). There were no significant changes at baseline (simple main effects p = 

0.7502) or at 20-minute washout (simple main effects p =  0.7496) between 

groups (Figure 6-8). Calcium transient decay expressed as exponential decay 

constant tau was prolonged by a mean of 7.95 ms (95% CI 0.10 to 15.8, p = 

0.0475) following FGF23 treatment, however there was a significant interaction 

between cycle length and FGF23 treatment (p = 0.0256). Further scrutiny of the 

multiple comparison tests show that FGF23 treatment has a stronger effect on 

tau at 90 ms (p = 0.0007) and 100ms ( p = 0.2197), whilst there was generally no 

observed effect at other, longer cycle lengths (p > 0.7, Figure 6-9). Tau 

heterogeneity was unchanged by FGF23 treatment at baseline, 30 minute and 

20-minute washout timepoints with respective simple main effects p = 0.1301, 

0.2973 and 0.1301 (Figure 6-10). 
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Figure 6-8. Effect of FGF23 on murine left ventricular time to peak of calcium transient by optical mapping. 

Time to peak (TTP) was defined as the time from 10% to 90% of the peak of the calcium transient. Optical mapping recordings 

were taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate buffered saline 

(grey), and following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment x TTP) were 

performed; P values shown for main effects analysis of FGF23 on TTP and Sidak multiple comparison tests (N = 11 hearts per 

group). 

 

 

 

 

 

 

 



 

196 
 

Figure 6-9. Effect of FGF23 on murine left ventricular calcium transient decay coefficient tau by optical mapping. 

Tau was obtained from exponential curve fitting between 90% and 30% decay of the calcium transient. Optical mapping 

recordings were taken at baseline, 30 minutes into treatment with 10 ng/mL FGF23 (pink) or vehicle control phosphate buffered 

saline (grey), and following a 20-minute washout period. Data presented as mean ± S.E.M. Two-way ANOVA (treatment x Tau) 

were performed; P values shown for main effects analysis of FGF23 on Tau and Sidak multiple comparison tests (N = 11 hearts 

per group). 
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Figure 6-10. Effect of FGF23 on murine left ventricular calcium transient decay heterogeneity by optical mapping. 

Tau heterogeneity was obtained from optical mapping recordings were taken at baseline, 30 minutes into treatment with 10 

ng/mL FGF23 (pink) or vehicle control phosphate buffered saline (grey), and following a 20-minute washout period. Data 

presented as mean ± S.E.M. Two-way ANOVA (treatment x Tau heterogeneity) were performed; P values shown for main effects 

analysis of FGF23 on Tau heterogeneity and Sidak multiple comparison tests (N = 11 hearts per group). 
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6.3.5. Ventricular arrhythmia burden and effective 
refractory period 

Ventricular arrhythmias were observed in 54% of control (6 of 11) and 62.5% of 

FGF23-treated (10 of 16) hearts with the 30-minute treatment period ( A). Whilst 

the incidence of premature ventricular beats was similar in both groups (46% 

control vs 43.8% FGF23), FGF23 treated hearts had more instances of 2nd 

degree heart block (18% vs 9%), 3rd degree heard block (6% vs 0%) and 

ventricular tachycardia (19% vs 0%) compared to control hearts. Overall 

arrhythmia score using the same criteria as employed in Chapter 5 showed a high 

arrhythmia burden in hearts treated with FGF23 (mean score 1.38 ± 0.36 vs 

control 0.55 ± 0.16) but this did not reach statistical significance (p = 0.0834). 

Effective refractory period (ERP) was determined in both treatment groups using 

a S1-S2 protocol. There were no significant differences between treatment 

groups at baseline, 30 minute and 20-minute washout timepoints. 
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Figure 6-11. Ventricular arrhythmia burden and effective refractory period 

of ex vivo murine hearts in response to acute FGF23 treatment. 

Arrhythmia burden (A-C) was assessed following 30 minutes perfusion with 10 

ng/mL fibroblast growth factor 23 (FGF23; N = 16) or vehicle (phosphate buffered 

saline; N = 11). A – Incidence of ventricular arrhythmias. B – Ventricular 

arrhythmias by type. C – Arrhythmia score presented as median ± interquartile 

range; Mann-Whitney U test. D – Left ventricular effective refractory period at 

baseline, 30 minutes following infusion of 10 ng/mL FGF23 or vehicle control, and 

20-minute washout. 
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6.4. DISCUSSION 

6.4.1. FGF23, ventricular APD shortening and increased 
arrhythmogenicity 

Using a calcium and voltage optical mapping setup, dual fluorescent dye-loaded 

murine hearts were found to exhibit APD shortening following 30 minute 

treatment with 10 ng/mL FGF23 compared to vehicle control hearts. The APD 

shortening was no longer present following a 20-minute washout, mirroring the 

findings in single fluorescent (voltage) dye-loaded murine hearts in Chapter 5. 

Other common findings include increased ventricular arrhythmia burden following 

FGF23 treatment, although to a lesser extent than in the single-loaded 

experiments. This was due to the marginally greater incidence of premature 

ventricular contractions in the control dual-loaded hearts compared to the control 

single loaded hearts (5 of 11 hearts vs 4 of 15 hearts). This may be due to the 

use of a calcium dye, which can buffer some of the intracellular calcium over the 

course of the optical experiment and, therefore, negatively impact cellular 

electrophysiology. Other differences between the two experiments included a 

smaller, statistically non-significant rise in APD heterogeneity as result of FGF23 

treatment than found in the single-loaded hearts, and the lack effect of the 

treatment on time to peak depolarisation in the dual-loaded hearts. 

6.4.2.  Differences between single, and dual calcium-
voltage loaded experiments 

Whilst much effort was made to ensure the single and dual-loaded experimental 

protocols were as well-matched as possible – e.g. identical murine strain of 

similar gender and age; anaesthetic, cardiac extraction and Langendorff 
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perfusion methodology and buffers; cardiac pacing protocols and treatment 

timepoints – the main sources of variation were the use of a different voltage-

sensitive dye (RH237 λex/λem 528/782 nm) which has a different emission 

wavelength, but similar peak excitation band to the calcium dye (Rhod-2 AM 

λex/λem 530/570-625 nm) allowing simultaneous capture of voltage and calcium 

fluorescence using a single wavelength light source 550,551; and the additional ~10 

minutes at the beginning of each dual-loaded experiment to allow loading of both 

dyes, resulting in a later baseline time point (i.e. start of FGF23/vehicle control 

treatment). 

Evidence of this later baseline time point can be seen when comparing the 

baseline APDs from both experiments. In Langendorff-perfused murine hearts, I 

have observed a prolongation of APD over the course of the experiment as seen 

in the time/treatment control hearts: a later experimental start time resulted in 

longer baseline APDs – mean APD50 and APD80 at baseline were 29.38 ms and 

52.58 ms, respectively, in the dual-loaded experiments; in the single-loaded 

experiments, mean APD50 and APD80 at baseline were 25.67 ms and 58.00 ms, 

respectively. At the washout timepoint, 50 minutes after the baseline timepoint, 

mean APD50 and APD80 were 32.60 ms and 58.84 ms in the dual-loaded hearts, 

as compared to  31.37 ms and 56.20 ms in the single-loaded hearts. A possible 

explanation for the prolongation of APD with time is an altered balance or 

dysfunction of one or more ion channels responsible for APD repolarisation (e.g. 

reduced NCX and SERCA2a activity resulting in longer calcium transient decay) 

as a result of gradual tissue ischaemia and necrosis. This is an unavoidable 

limitation which has been alleviated by several experimental optimisations to 
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maintain normal electrophysiological function for as long as possible: anaesthetic 

minimisation and efficient cardiac extraction, flushing the heart with heparinised, 

ice-cold KHB to reduce thrombosis and metabolic demand; rapid cannulation and 

perfusion with warmed, oxygenated and pH-adjusted KHB to minimise cold-

ischaemic time; use of lowest possible loading doses of fluorescent dyes and 

solubilising of dyes with the addition of Pluronic F-127 to facilitate loading; 

minimising excitation LED intensity and ‘ON’ time to reduce photobleaching. 

6.4.3. FGF23 and ventricular calcium handling 

In these dual-loaded experiments, ventricular CaTD was shortened following 30 

minutes of 10 ng/mL FGF23 treatment versus time/vehicle controls. This 

suggests that alterations in calcium handling are responsible, at least in part, for 

the shortening in APD observed. CaTD transient heterogeneity was significantly 

increased, as was the CaT decay constant tau. Navarro-Garcia et al. 257 also 

reported in vitro prolongation of calcium decay in isolated rat cardiomyocytes 

treated with a much higher concentration of FGF23 (50 and 100 ng/mL). These 

cells exhibited a longer time to peak calcium transient, reduced calcium transient 

amplitude, and SR calcium load due to increases in calcium spark frequency. 

Another in vitro study by Verkaik et al. 524 also reported reduced peak systolic 

calcium, prolonged time to peak and slower decay in mouse ventricular 

cardiomyocytes isolated from 5/6 nephrectomy mice. 

In contrast, several studies reported opposite effects: Touchberry et al. 254 (18 

ng/mL FGF23, isolated CD1 mouse cardiomyocytes), Kao et al. 523 (25 ng/mL 

FGF23, HL-1 mouse atrial cardiomyocytes), Huang et al. (1 ng/mL FGF23, rabbit 

pulmonary cardiomyocytes), and Graves et al. 526 (9 ng/mL FGF23, CD1 
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ventricular muscle strips) all reported increased [Ca2+]i 254,526, CaT amplitude 523, 

SR calcium content 523 and ICaL 523,524 compared to control. In the ex vivo 

experiments described in this chapter, mean CaT amplitude was not different 

between the FGF23-treated and vehicle control hearts, implying that FGF23 does 

not alter peak systolic [Ca2+]i. There was however considerable variation in the 

calcium signal amplitude in both control and FGF23 treated hearts in part due to 

variations in dye loading, which can be addressed by using a ratiometric dye such 

as Indo-1 or Fura-2. 

It is challenging to reconcile the variation in experiment findings reported by these 

authors due to fundamental variations in experimental technique. Varying 

concentrations of FGF23 and cardiac cells/tissue from different species and 

cardiac chambers were employed. There were commonalities between studies 

and these were as follows: 1) all but one study (Verkaik et al. 525) studied the 

effects of acute exposure to FGF23, where calcium measurements were taken 

from tens of minutes to hours following superfusion of treatment solutions with 

the longest being 24 hours prior to Ca2+ imaging 523;  2) all authors utilised 

nonratiometric fluorescein dyes to measure Ca2+; 3) cells were isolated from 

disease-free animals with the exception of Verkaik et al. 525, who utilised CKD 

animal models; 4) although there was great variation in FGF23 concentrations 

utilised (1 to 100 ng/mL), the dosing range is comparable to circulating FGF23 

levels in CKD 178,552-554; 5) in vitro nature of studies. 

Unlike in this current study, no other published studies have studied the effects 

of FGF23 on cardiac calcium dynamics using an intact, beating whole-heart 

preparation. This allowed for a more physiological assessment of cardiac 
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electrophysiology compared to in vitro, (single) cellular techniques. Optical 

mapping also has the added benefit of high spatial and temporal resolution across 

the whole imaged cardiac surface, and simultaneous voltage-calcium optical 

mapping offers unique insights into the optical AP and CaT in the same heart. 

Due to a hardware fault, I was unable to synchronise the two cameras used to 

record the record the AP and CaT separately. As a result, the temporal 

relationship between the voltage and calcium traces could not be deduced from 

the optical mapping recordings. 

In conclusion, data from the dual-loaded murine hearts show that acute FGF23 

treatment induced ventricular APD and CaTD shortening, and increased CaTD 

spatial heterogeneity, providing a substrate for the increased ventricular 

arrhythmias observed. 
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7.1. EXTENT OF PERSONAL CONTRIBUTION 

Intraperitoneal rmFGF23 injections were performed by staff scientists at the 

Biomedical Sciences Unit, University of Birmingham. Sophie Broadway-Stringer 

acquired the in vivo echocardiograms and performed analysis of the images. I 

performed all other aspects of the presented data. 
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7.2. INTRODUCTION 

Following on from the experiments in Chapters 5 and 6, which investigated the 

effect of acute FGF23 elevations on murine cardiac electrophysiology, we 

hypothesised that longer periods of elevated FGF23, as found in chronic kidney 

disease would cause similar, pathological changes in cardiac electrical function, 

but also result in cardiac remodelling and dysfunction. As previously discussed, 

elevations in FGF23 have already been associated with increased ventricular 

remodelling and hypertrophy in humans 555,556 and in murine studies 171,172. 

To address this question, a murine model of FGF23 excess was generated (see 

Chapter 2.7.2.2) by injecting adult, female CD1 mice with once daily 3.12 μg 

intraperitoneal injections of FGF23 for seven days, such that the daily dose of 

FGF23 would exceed 80 μg/kg/day. The daily dose was comparable to that used 

by Faul et al. 171, although in their study, FGF23 was administered by tail vein 

injection in two daily doses, eight hours apart, for five days. 

Venepuncture for plasma FGF23 quantification were performed on day 4 of 

injections; in vivo echocardiography and cardiac isolation for Langendorff-

perfused left ventricular optical mapping were conducted on day 8. Mouse hearts 

were loaded with a voltage-sensitive membrane dye Di-4-ANEPPS utilising an 

identical optical mapping setup to that described in previous chapters. Whole 

cardiac mass and mass by cardiac chamber were adjusted for body weight and 

tibial length. Tissue was retained for immunoblotting. 
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7.3. RESULTS 

7.3.1. Plasma FGF23 quantification 

C-terminal FGF23 was quantified from plasma obtained following day 4 of 7 daily 

intraperitoneal injections of 3.12 μg FGF23 or vehicle (phosphate buffered 

saline). Care was taken to allow ~4 hours to have elapsed since the 

intraperitoneal injection before saphenous vein venepuncture. All mice received 

above the target 80 μg/kg daily dose. Mean dose delivered was 96 ± 2 μg/kg with 

a minimum of 87 μg/kg and a maximum of 110 μg/kg. 

C-terminal FGF23 levels were non-parametrically distributed in the FGF23-

treated animals and were significantly higher than in the vehicle control (median 

plasma FGF23FGF23 = 514 (1310) pg/mL; median plasma FGF23vehicle = 199 (64) 

pg/mL, p < 0.0001, Figure 7-1 A). The difference remained after log-

normalisation of FGF23 values (p < 0.0001, Figure 7-1 B). There was no 

correlation between dose of FGF23 delivered, and c-terminal FGF23 level (r2 = 

0.01436, Figure 7-1 C), which did not change with log-normalisation of FGF23 

levels (r2 = 0.02068, Figure 7-1 D). 
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Figure 7-1. Plasma c-terminal FGF23 quantification by sandwich ELISA. 

CD1 mice underwent 7 daily intraperitoneal injections of vehicle control 

phosphate buffered saline or 3.12 μg FGF23. Plasma was obtained following the 

fourth daily intraperitoneal injection (N = 12 per group). A – Plasma levels. 

Median, interquartile range; Mann-Whitney U test. B – Log transformed plasma 

levels. Mean ± S.E.M.; unpaired t-test. C – Correlation of daily FGF23 dose 

(ug/kg) with plasma FGF23 level. D – Correlation with log-transformed plasma 

FGF23 level. Linear regression with r2 shown. 
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7.3.2. Body and tissue weight 

Following 7 days of FGF23 or vehicle intraperitoneal injections, mice underwent 

terminal anaesthesia and cardiac extraction on day 8. Mice assigned to the 

vehicle (PBS) group had a lower body mass at day 1 of the protocol (mean 

difference = 2.9 ± 1.3 g, p = 0.0327, Figure 7-2 A) than mice assigned to the 

FGF23 group). This remained the case at day 8 (mean difference = 3.5 ± 1.1 g, 

p = 0.0051, Figure 7-2 A). Although the vehicle control mice experienced a small 

reduction in body weight during the 7 day protocol (mean percentage change of 

-1.96 ± 1.03%), this was not significantly different from the FGF23-treated mice 

(mean percentage change of 0.26 ± 1.58%, p = 0.2521, Figure 7-2 B). 

No differences in heart weights were observed between the two groups at day 8 

of the protocol when normalised to body weight (p = 0.5832) and tibial length (p 

= 0.2064, Figure 7-2 C & D). Cardiac chambers were dissected, individually 

weighed, and adjusted for tibial length. FGF23 treatment did not alter cardiac 

chamber weights (p > 0.9, Figure 7-2 E). 

 

 

 

 



 

211 
 

Figure 7-2. Body and tissue weights. 

CD1 mice underwent 7 daily intraperitoneal injections of vehicle control 

phosphate buffered saline or 3.12 μg FGF23, and underwent terminal 

anaesthesia on day 8. (N = 12 per group). A – CD1 mice were weighed at day 1 

and 8 prior to terminal anaesthesia. B -  Percentage weight change between day 

1 and 8. C – Heart weight to body weight ratio at day 8. D – Heart weight to tibial 

length ratio at day 8. E – Hearts were dissected to separate the individual 

chambers. Cardiac chamber and kidney weights were adjusted to tibial length.  

Mean ± S.E.M.; unpaired t-test, N = 12 per group. 
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7.3.3. Echocardiogram parameters – LV mass and function 

In vivo echocardiograms were performed under 0.5-3% isoflurane anaesthesia 

(Figure 7-3). Echocardiograms were abandoned for mice with anaesthetic 

complications, labile heart rate or poor views. Mean age of the mice was 11.6 ± 

0.3 weeks old. Mean heart rate at time of echocardiogram was 450 ± 10 bpm in 

control mice versus 444 ± 11 bpm in FGF23 mice (p = 0.6908, Figure 7-3 A). 

FGF23 did not alter uncorrected LV mass (p = 0.5345), nor was there a difference 

between groups after correcting for body weight (p = 0.2453) and tibial length (p 

= 0.5735, Figure 7-3 B). Markers of LV systolic function (Figure 7-3 C) were 

near-identical in both groups with a difference between mean LVEF of just -0.05 

± 5 % (mean EFvehicle = 44.49, mean EFFGF23 = 47.44 p = 0.9928). Fractional 

shortening (p = 0.9460), cardiac output (p = 0.8848) and stroke volume (p = 

0.7242) were comparable. Diastolic parameters were only measured in 7 of 12 

vehicle control and 5 of 12 FGF23 mice due to limited views. FGF23 treatment 

did not significantly alter myocardial perfusion index (p = 0.4318) or E/A ratio (p 

= 7861) (Figure 7-3 D). Taken together, FGF23 treated mice did not exhibit any 

changes in left ventricular structure or function. 
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Figure 7-3. In vivo echocardiogram. 

CD1 mice underwent 7 daily intraperitoneal injections of vehicle control 

phosphate buffered saline or 3.12 μg FGF23. In vivo echocardiograms were 

performed on day 8 under isoflurane anaesthesia. A – Mouse age and heart rate; 

B – LV mass measurements; C – markers of systolic function; D – markers of 

diastolic function. Mean ± S.E.M.; unpaired t-test, N = 9-12 per treatment group 

for systolic parameters; N = 5-7 per treatment group for diastolic parameters. 
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7.3.4. Optical mapping and arrhythmias 

The same mice that were subjected to echocardiogram underwent cardiac 

extraction under terminal anaesthesia on the same day (day 8). Hearts were 

isolated for Langendorff-perfusion and optical mapping using voltage-sensitive 

fluorescent dye Di-4-ANEPPS. 

FGF23 treatment for 7 days did not change APD at 30, 50 and 80% repolarisation 

(simple main effects p = 0.9997, 0.7120, 0.7050 respectively), APD30, 50, 80 

heterogeneity (simple main effects p = 0.0686, 0.3889, 0.6302, respectively), AP 

conduction velocity (simple main effects p = 0.2226), time to peak depolarisation 

(simple main effects p = 0.9544) or diastolic interval (p = 0.8202) versus vehicle 

control mice (Figure 7-4). APD and conduction were not correlated with log-

normal plasma FGF23 (Figure 7-5). 

During the optical mapping experiments, hearts were monitored for ventricular 

arrhythmias. They were present in 33% (3 of 9) control and 36% (4 of 11) hearts 

from FGF23-treated mice (Figure 7-6 A). 

Ventricular arrhythmias were mostly due to sinus arrhythmias and premature 

ventricular beats, which were more common in hearts from FGF-treated mice: 

sinus arrhythmias were observed in  18% (2 of 11) hearts and premature 

ventricular beats in 27% (3 of 11) hearts from FGF23-treated mice; sinus 

arrhythmias and premature ventricular beats were detected in 11% (1 of 9) hearts 

from the control mice (Figure 7-6 B). There was one instance of non-sustained 

ventricular tachycardia in the control hearts (out of 9), and one instance of a 2:1 

conduction block in the FGF23 hearts (out of 11, Figure 7-6 B). 
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Arrhythmia scores (p = 0.8774, Figure 7-6 C) and effective refractory periods (p 

= 0.3224, Figure 7-6 D), as determined using previously described S1-S2 

protocol, were not significantly different  between groups. 

Overall, longer term exposure of hearts to excess circulating FGF23 resulted in 

minor increases in the incidence of arrhythmogenic phenomena, without 

significantly altering action potential characteristics. 
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Figure 7-4. Left ventricle optical mapping. 

CD1 mice underwent 7 daily intraperitoneal injections of vehicle control phosphate buffered saline or 3.12 μg FGF23, and 

underwent terminal anaesthesia on day 8. Hearts were isolated for optical mapping of left ventricle action potentials.(N = 10 per 

group). A-C – Action potential duration at 30, 50 and 80% repolarisation. D-F – Action potential heterogeneity at 30, 50 and 80% 

repolarisation. G-I – Conduction velocity, time to peak depolarisation and diastolic interval. Data presented as mean ± S.E.M. 

Two-way ANOVA (treatment x parameter); P values shown for main effects analysis of FGF23 on parameter, and Sidak multiple 

comparison tests (N = 10 per group). 

 

 

 

 

 

 

  A                                                                              B                                                                             C 



 

217 
 

 

 

 

2. 

 

 

 

 

 

 

 

 

  D                                                                              E                                                                             F 

  G                                                                              H                                                                             I 



 

218 
 

Figure 7-5. Correlation of left ventricle electrophysiological parameter with 

plasma FGF23 level. 

Action potential duration at 30%, 50% and 80% repolarisation and conduction 

velocity were plotted against plasma c-terminal FGF23 levels at three cycle 

lengths – 80, 110, 150 ms. Linear regression line with 95% confidence interval 

bands and r2 shown. N = 20 per cycle length and electrophysiology parameter. 
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Figure 7-6. Ventricular arrhythmia burden and effective refractory period of 

ex vivo murine hearts in response to chronic systemic FGF23 treatment. 

Following 7 daily intraperitoneal of FGF23 or vehicle control phosphate buffered 

saline, hearts were isolated and Langendorff perfused. Arrhythmia burden (A-C) 

was assessed ex vivo during optical mapping. A – Incidence of ventricular 

arrhythmias. B – Ventricular arrhythmias by type. C – Arrhythmia score presented 

as median ± interquartile range; Mann-Whitney U test (N = 9 control; N = 11 

FGF23). D – Left ventricular effective refractory period presented as mean ± 

S.E.M.; unpaired t-test (N = 7 control; N = 9 FGF23).  
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7.3.5. Immunoblotting of cardiac lysates 

Left ventricular lysates obtained from mice following 7 days treatment with 

intraperitoneal FGF23 were subjected to western blotting. 50 μg of protein was 

loaded into each lane, with a human cardiac myofibroblast lysate used as positive 

control. Neither collagen 1 (Figure 7-7), nor collagen 3 (Figure 7-8) were present 

in the left ventricular lysates, irrespective of whether the hearts had been exposed 

to FGF23. Both collagens were clearly present in the positive control samples. 

Collagen 1 and 3 may not have been adequately solubilised by the extraction 

technique and buffer. Alternative methods of assessing collagen 1 and 3 

expression and excretion is required, e.g. RT-PCR, histology or hydroxyl-proline 

assay. Troponin T was used as a loading control and was present in ventricles 

from both control and FGF23-treated mice with no significant difference between 

groups (p = 0.1848, Figure 7-7 D). There was no correlation between Troponin 

T expression and plasma FGF23 level (Figure 7-7 E). Heat shock protein 27 

(Hsp27) is a potential biomarker for cardiovascular disease in haemodialysis 

patients and is inversely associated with cardiovascular mortality and sudden 

cardiac death in patients requiring haemodialysis 557. It was not reliably expressed 

in the ventricular lysates from both treatment groups (Figure 7-8). 
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Figure 7-7. Western blot of collagen 1 and troponin T in murine left 

ventricular lysates. 

Following 7 days of treatment with intraperitoneal FGF23 (N = 12) or vehicle 

control phosphate buffered saline (N = 11), murine hearts were isolated. Left 

ventricular tissue lysates (50ug per lane) were subjected to infrared fluorescence 

immunoblotting. A human cardiac myofibroblast (HCF) lysate was used as 

control. GAPDH was used as a loading control across all samples. A-C – Raw 

western blots. D – Troponin T expression as a ratio to GAPDH. E – Correlation 

between Troponin T expression and log-normal plasma FGF23 concentration. 

Data presented as mean ± S.E.M.; unpaired t-test. Collagen 1 expression was 

unquantifiable. 
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Figure 7-8. Western blot of collagen 3 and heat shock protein 27 (HSP27) in 

murine left ventricular lysates. 

Following 7 days of treatment with intraperitoneal FGF23 (N = 12) or vehicle 

control phosphate buffered saline (N = 11), murine hearts were isolated. Left 

ventricular tissue was subjected to infrared fluorescence immunoblotting . A 

human cardiac myofibroblast (HCF) lysate was used as control. GAPDH was 

used as a loading control across all samples. Quantification of band intensity was 

not performed due to lack of expression of both collagen 3 and HSP27 in the 

murine ventricular lysates. 
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7.4. DISCUSSION 

In this study, the longer-term, 7-day effects of in vivo FGF23 excess on the murine 

heart morphology and function were investigated. FGF23 did not alter left 

ventricular action potential characteristics measured by optical mapping. Whilst 

there is no published data on the longer-term effects of FGF23 on the cardiac 

action potential, these results contrast with the acute effects on APD (shortening), 

which have previously been discussed in Chapters 5 and 6 of this thesis. Further 

evidence of in vitro shortening of APD following acute FGF23 treatment was 

reported by Huang et al. 524, who treated rabbit pulmonary vein cardiomyocytes 

for 4-6 hours. Although not to the same extent as found in the acute FGF23 

experiments reported in Chapters 5 and 6, the hearts from mice which had 

received 7 days of intraperitoneal FGF23 injections exhibited increased incidence 

of sinus arrhythmia and extra-systolic beats. There were fewer instances of 

severe ventricular tachyarrhythmias. 

A potential explanation for the milder phenotype observed in the chronic FGF23 

experiments is the presence of soluble αKlotho, which was absent in the acute 

model. The biological relevance of αKlotho in terms of FGF23 signalling has been 

previous reviewed in Chapter 1.4. and will be briefly summarised here. αKlotho 

is a key co-receptor which enables efficient binding of FGF23 to FGFR1 159. Its 

expression is significantly reduced in CKD 177. It was previously thought that its 

differential expression within the human body determines the tissue specificity of 

FGF23. For example, the heart and its constituent cells do not express αKlotho 

152. However, recent work by Faul, Grabner and colleagues showed that FGF23 

can act in an αKlotho-independent, FGFR4 signalling pathway to cause 
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pathological hypertrophic changes to the heart 171,172,174. Furthermore, the 

addition of recombinant αKlotho to αKlotho-deficient CKD mice attenuated 

cardiac hypertrophy and fibrosis 213,237,391,395, and prevented FGF23-induced, 

FGFR-dependent calcium dysfunction in isolated rat cardiomyocytes 257. It is, 

therefore, conceivable that absence of soluble and transmembrane αKlotho 

induces pro-hypertrophic and pro-arrhythmic FGF23 signalling pathways, whilst 

the presence, or addition of circulating αKlotho in αKlotho-deficient states can 

rescue this phenotype by re-directing the FGF23 signalling towards more 

physiological pathways as seen in healthy states (e.g. regulation of mineral bone 

health). 

In the acute model, murine hearts, which do not express αKlotho, were exposed 

to FGF23, resulting in significant pro-arrhythmic perturbations in action potential 

and calcium transient characteristics. In comparison, the chronic in vivo model 

was conducted in healthy, young adult mice, which would have had preserved 

renal function and therefore normal circulating αKlotho, although these were not 

measured in the present study. The presence of soluble, circulating αKlotho may 

have been protective. It was not possible to acquire soluble αKlotho in time for 

the experiments described in this thesis. Future work will investigate the potential 

of pre-treatment with αKlotho to protect the heart from acute and chronic FGF23 

elevations. 

There were no changes in cardiac, and specifically, ventricular morphology and 

function on post-mortem cardiac chamber weights or in vivo echocardiography 

following 7 days of FGF23 intraperitoneal injections. Other groups have 

previously reported the prohypertrophic effects of FGF23 in preclinical settings. 
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These include increased cross-sectional myocyte surface area in vitro using 

neonatal rat ventricular myocytes 171,174, neonatal mouse ventricular myocytes 

172, HL-1 atrial cardiomyocytes 254; cardiac hypertrophy in vivo by a single direct 

intramyocardial FGF23 injection into the left ventricular free wall with assessment 

by cardiac weight, echocardiogram and histology 7-14 days later 171; and 

following 5 days of high-dose intravenous FGF23 injections 171. Increases in 

hypertrophic gene expression of atrial natriuretic peptide (ANP), BNP, β-myosin 

heavy chain (MHC)  have also been reported following exogenous FGF23 171,254. 

A reason for the discrepancy between the results of this study and those 

described above is the FGF23 dosing used, rather than the exposure time, which 

was initially thought to be the case. Prior in vitro studies have employed higher 

FGF23 concentrations – the lowest being 0.9 ng/mL 254, going up to 100 ng/mL 

171,172,174 with dose-dependent effects. In the acute FGF23 experiments (Chapters 

5 and 6), murine hearts were continuously perfused with 10 ng/mL FGF23 for 30 

minutes, resulting in significant pathological findings. In the chronic in vivo FGF23 

experiments, mice received seven daily intraperitoneal injections of 3.12 μg 

FGF23 achieving a mean dose of 96 μg/kg (target was > 80 μg/kg) and a median 

plasma FGF23 level of 514 pg/mL. Faul and colleagues 171 found that the same 

80 μg/kg dosing given intravenously for 5 days resulted in a higher mean serum 

FGF23 level of 800 RU/mL in mice. In separate models of FGF23 excess (Klotho-

deficient / Klotho-heterozygous mice), they reported mean serum FGF23 levels 

upwards of 1000 and 5000 RU/mL, which was associated with dose-dependent 

hypertrophy and increased β-MHC, ANP and BNP mRNA. 
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Intraperitoneal administration is a widely used means of administering drugs in 

animal studies, however it is plausible that the drug is administered into the 

abdominal fat, intestines, other solid organs, or subcutaneous tissues rather than 

into the intended peritoneal cavity, resulting in lower circulating drug levels. 

Verkaik and colleagues 525 also employed the intraperitoneal route and, in spite 

of a higher dose (160 μg/kg/day for 7 days), reported no change in ventricular 

morphology and molecular markers of hypertrophy (e.g. ANP, α-MHC, β-MHC) in 

mice. Although the authors did not quantify circulating FGF23 levels, the findings 

were mirrored by separate experiments in 5/6 nephrectomy mice with mean 

plasma FGF23 levels of 720 pg/mL, which did not have any evidence of cardiac 

hypertrophy. Interestingly, cardiomyocytes isolated from both intraperitoneal 

FGF23 and 5/6 nephrectomy mouse models were found to have disturbed 

calcium handling, as described in Chapter 6, without affecting contractile function. 

Whilst assessment of arrhythmia was not included in their experimental design, 

it raises the possibility for FGF23 to cause electrical remodelling of the heart prior 

to the development of structural remodelling, hypertrophy, and fibrosis. This may 

account for the mild increase in incidence of arrhythmias observed in the FGF23-

treated mice in this present study.  

Taken together, moderate increases in FGF23 over a seven-day period may not 

be sufficient to induce pathological structural remodelling. However, the 

increased incidence of cardiac arrhythmias suggests the presence of an 

underlying disturbance in cardiac ionic handling. A further study utilising higher 

doses of FGF23 and further characterisation of ex vivo ventricular calcium 

handling dynamics by optical mapping is warranted. 
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8.1. THESIS OUTCOMES 

The major aim of this thesis was to explore the role of FGF23 in the pathogenesis 

of CKD-associated cardiomyopathy. On a background of literature linking chronic 

kidney disease and elevated FGF23 levels to cardiac fibrosis, hypertrophy and 

electromechanical dysfunction, the aims of this thesis were to examine the 

potential for reversal of activated human cardiac myofibroblasts to a more 

quiescent phenotype, and also to determine whether FGF23 plays a direct role in 

the human cardiac fibroblast activation. In addition, I set out to investigate the 

effect of acute FGF23 elevations on murine ventricular electrophysiology, and 

longer-term exposure on ventricular morphology and function.  

 

The main outcomes of this thesis are as follows: 

- Chronic activation of primary human ventricular cardiac fibroblasts and 

hiPSC-derived cardiac fibroblasts led to terminal differentiation into 

myofibroblasts in vitro. Neither culture on softer substrates, mimicking the 

effects of reducing extracellular matrix stiffness and diastolic dysfunction, 

nor TGF-β inhibition reversed the myofibroblast phenotype. Myofibroblasts 

exhibited diminished responses to further activating stimuli from TGF-β 

and reduced proliferative capacity. Long-term activation of hiPSC-derived 

cardiac fibroblasts led to an irreversible myofibroblast phenotype 

characterised by loss of fibrous α-SMA expression. These in vitro data 

suggest that cardiac fibrosis resulting from chronic, terminal activation and 

differentiation of myofibroblasts fibroblasts under diseased conditions 
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such as CKD may not be reversible through de-activation of fibroblasts. 

Moreover, antifibrotic agents aimed at reversal of fibrotic tissue may not 

be sufficient in rescuing the myofibroblast phenotype by restoration of 

extracellular matrix compliance alone (Chapter 3). 

- Primary human ventricular cardiac fibroblasts expressed all four fibroblast 

growth factor receptors, with FGFR1 being most highly expressed. 

FGF23/FGFR co-receptor αKlotho was not expressed. Culture of 

fibroblasts across a range of soft and stiff culture plates did not affect 

FGFR expression or cardiac fibroblast activation state, and neither did 

treatment with FGF23 at concentrations equivalent to but not exceeding 

circulating levels found in patients with kidney failure with replacement 

therapy. Experiments utilising hiPSC-derived cardiac fibroblasts 

recapitulated the lack of effect of FGF23 on FGFR expression and cardiac 

fibroblast activation. These experiments, although conducted in the 

absence of αKlotho, indicate that FGF23 at levels seen in CKD may not 

play a direct role in the activation of human cardiac fibroblasts in vitro 

(Chapter 4). 

- Acute exposure of ex vivo Langendorff-perfused mouse hearts to high 

concentration FGF23 shortened left ventricle action potential duration and 

calcium transient duration, reducing the wavelength of the cardiac 

impulse, and increasing the incidence of premature ventricular beats and 

re-entrant arrhythmias. This was consistent across two separate optical 

mapping experiments utilising different membrane voltage-sensitive 

fluorescent dyes, with the second experiment conducted as part of a dual 
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voltage-calcium dye loaded preparation. These findings may explain in 

part the increased arrhythmia burden observed in patients with advanced 

kidney disease (Chapter 5 and 6). 

- Moderate levels of circulating FGF23 excess for seven days did not cause 

in vivo alterations in murine cardiac morphology or mechanical function. 

Ex vivo left ventricular action potential characteristics were unchanged, 

however, an increase in ventricular arrhythmias was observed compared 

to vehicle control mice, raising the possibility of underlying cardiac ionic 

perturbations (e.g. calcium, potassium or sodium), which require further 

study (Chapter 7).  

 

8.2. GENERAL LIMITATIONS 

8.2.1. Cellular studies 

8.2.1.1. Limitations of single cell-type studies and cellular isolation 

Whilst two human fibroblast cell lines were specifically chosen, going beyond 

previously published studies using murine cells, there are fundamental limitations 

to single cell-type in vitro studies. In the heart, fibroblasts relate to other cell types 

such cardiomyocytes through a variety of bioelectromechanical mechanisms 

including, but not limited to, paracrine signalling (e.g. TGF-β, angiotensin II); 

electrical and ionic coupling via membrane nanotubes and gap junctions; and 

extracellular matrix interactions 78,558. These are lacking in the current study. 

Primary human cardiac fibroblasts are also subject to the inevitable mechanical, 

chemical, and hypoxic stress from trituration, enzymatic digestion of the 

extracellular matrix and tissue ischaemia during the cell isolation procedure. The 
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exact cell isolation protocols were not available as the cells were procured from 

a commercial source. 

8.2.1.2. Mechano-electrically static culture conditions 

The impact of extracellular matrix stiffness on fibroblast phenotype and activation 

status was mimicked using polyacrylamide hydrogel culture substrates with 

varying tensile strength. However, cells grown in a 2D monolayer under static 

culture conditions do not experience the dynamic and pulsatile mechanoelectric 

forces in vivo. For example, cardiac tissue has an inherent, passive stiffness or 

tension, which is defined by contributions from the extracellular matrix such as 

collagen, cytoskeletal, and sarcomeric structures such as microtubules and titin 

559. During diastole, cardiac muscle undergoes relaxation and expansion of 

cardiac chambers to accommodate incoming blood. The rate of relaxation 

depends on factors including passive tension of the muscle and cardiomyocyte 

cytosolic calcium removal and re-uptake. As preload increases, stretching of the 

cardiac muscle wall occurs, increasing sarcomere length and passive tension 

further, generating more force (active tension) during systole as cardiac muscle 

contracts to expel blood into the circulatory system 560. Three-dimensional cardiac 

models, such as hiPSC-derived multicellular beating engineered heart tissues 

and organoids, address some of these limitations by more closely resembling the 

structure, function and cellular maturity of human myocardium 561,562. 
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8.2.1.3. αKlotho 

As already discussed in the previous chapters, the absence of circulating αKlotho 

at healthy, physiological, or reduced levels as seen in CKD limits the 

translatability of the in vitro, and ex vivo studies. 

8.2.1.4. Western blots 

Due to time constraints and challenges with antibody optimisation, fibroblast 

growth factor receptor protein expression was not quantified. Furthermore, 

collagen 1 and collagen 3 protein expression was measured in fibroblast lysates. 

As these proteins are excreted, future studies should include quantification of 

extracellular matrix proteins within the cell culture media, including other 

abundant extracellular matrix proteins e.g. fibronectin. 

8.2.2. Murine studies  

8.2.2.1. Murine versus human cardiac physiology 

The data presented in Chapters 5, 6 and 7 were obtained using a mouse model. 

As already discussed in Chapter 5.2.2, there are fundamental differences 

between murine cardiac electrophysiology and that of in the human heart with 

distinct ionic currents and action potential morphology. In addition, the resting 

mouse heart beat rate is seven to 10 times faster than in humans, again, 

impacting on ECG morphology 563. Therefore, the findings should be interpreted 

with caution as they may not directly translate into humans. Whilst larger 

mammals such as guinea pigs and rabbits more closely resemble human 

physiology, mice were selected due to the desire to align closely with the 3Rs 
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principles – replacement, reduction, and refinement, whilst still sharing 

physiological and genetic similarities with humans. 

8.2.2.2. Cardiac isolation and tissue ischaemia 

Animal procedures, specifically cardiac isolation under terminal anaesthesia, 

cannulation of the murine hearts and Langendorff perfusion, were conducted only 

after extensive training and satisfactory sign-off from expert trainers and 

operators in animal handling and procedures, and within the confines of the Home 

Office personal and project license. Each mouse heart was exposed to cold 

ischaemic time – typically 2 to 4 minutes, defined from the moment of aortic 

transection and cardiac extraction to aortic cannulation and retrograde 

Langendorff perfusion with oxygenated, body temperature KHB. In addition to 

carrying out the isolation as quickly as possible, mice were administered an 

intraperitoneal injection of heparin prior to surgery; hearts were immediately 

placed into ice-cold, heparinised KHB and cannulated ex vivo before rapidly 

transferring onto the Langendorff apparatus to limit the ischaemia-reperfusion 

injury and intravascular thrombosis. Despite this, some tissue ischaemia is 

unavoidable, in part due to crystalloid solutions being inferior carriers of oxygen 

compared to blood. This may account for the presence of minor arrhythmic 

phenomena in the hearts from healthy, control mice. 

8.2.2.3. Duration of exposure and circulating concentration of 
FGF23 in the chronic murine model 

As discussed in Chapter 7, the circulating FGF23 concentration achieved by daily 

intraperitoneal injections at a dose of ~90 μg/kg was moderate, roughly 

equivalent to levels seen in humans with stage 4 CKD 564. Prior studies, including 
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data presented within this thesis, have demonstrated clear physiological effects 

using higher concentrations of FGF23 comparable to, or exceeding, levels 

observed in patients with stage 5 CKD or those requiring dialysis. Given the 

relatively short exposure period in this study (7 days), compared to the natural 

history and definition of CKD (> 3 months), a longer study with higher circulating 

FGF23 concentrations is needed to replicate the long-term cardiac sequalae of 

FGF23 excess in CKD. 

8.2.3. Optical mapping limitations 

8.2.3.1. Blebbistatin 

The mechanical uncoupler blebbistatin was used across all optical mapping 

experiments in this thesis. It prevents cardiac muscle contraction through 

inhibition of myosin II activity and minimises motion artifacts during optical 

mapping. However, it has been reported to cause action potential changes such 

as APD prolongation and reduced ventricular fibrillation inducibility in optical 

mapping experiments when compared to contracting hearts without blebbistatin 

565,566. It is poorly soluble in water at high concentrations and prone to 

precipitation, which can deposit in small arterioles and capillaries causing tissue 

ischaemia. Blue/ultraviolet light sensitivity results deactivation of blebbistatin, 

generation of reactive oxygen species and cellular damage 567. In order to 

overcome these limitations, several optimisations were made to the optical 

mapping setup: the minimum amount of blebbistatin to achieve excitation-

contraction uncoupling was utilised; a KHB inflow 0.22 μm pre-filter was used to 

capture any precipitation or undissolved solids; optical mapping was conducted 

in a dark room; and a 530±20 nm bandpass excitation LED filter minimised 
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blue/ultraviolet light-induced blebbistatin inactivation and free radical production 

568. 

8.2.3.2. Limited depth of penetration 

The spectral characteristics of the fluorescent dyes used requires excitation by 

green light. These wavelengths are absorbed by blood and tissue, which limits 

the optical mapping to the epicardial layers 527. As previously discussed, there is 

inherent spatial heterogeneity in cardiac cellular composition 569 and 

electrophysiology 570,571 across different areas of the heart and in different layers 

of the ventricular wall, predisposing to arrhythmogenesis in diseased states 571-

573. It is not possible to extrapolate the electrophysiological changes found in this 

thesis to the myocardial and endocardial layers. 

8.3. FUTURE WORK 

8.3.1. In vitro experiments 

Prior studies have utilised hearts destined for transplantation, but discarded due 

to patient-donor mismatch, or other factors. Experiments utilising freshly isolated 

human cardiac fibroblasts from such hearts would provide a better starting point 

for experimentation. Plasticity of the myofibroblast phenotype can be examined 

at various timepoints after isolation as a result of pro-fibrotic stimuli. Co-culture 

with other resident cells of the heart, whether in direct contact with each other, or 

separated by a permeable membrane in the same media, will yield more 

physiologically relevant data and allow better understanding of the crosstalk 

between cell types. Although technically demanding, the previously discussed 

engineered heart tissues, in combination with electrical and mechanical stimuli, 
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would provide a better platform for experimentation, although the general reliance 

on hiPSC-derived cells calls into question their structural and functional maturity 

574. 

Key to future experiments is the addition of αKlotho to the cell culture media as a 

pre-treatment at physiologically relevant concentrations. In αKlotho-deficient 

disease models such as CKD, the potential of αKlotho as a therapeutic agent can 

be investigated. Other potential therapeutic agents such as calcineurin and 

FGFR4 antagonists may inhibit known FGF23-associated pathological signalling 

pathways. 

8.3.2. Optical mapping experiments and analysis 

The changes to action potential characteristics and increased incidence of 

arrhythmias call for further characterisation of mechanisms underpinning these 

changes. 

8.3.2.1. Phase mapping 

Shortening of APD facilitates wavelength for re-entry. A recent publication by Li 

et al. 575 provided a standardised framework for quantifying fibrillation dynamics 

using phase mapping. Using the suggested analysis framework, optical mapping 

data can be used to identify spiral waves (also known as rotational drivers) 

rotating around a phase singularity. Localisation, quantification, and assessment 

of the stability of such phase singularities may provide insights into the underlying 

fibrillatory mechanism. 
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8.3.2.2. Further characterisation of cardiac ionic handling 

To further understand the pathophysiology of CaTD shortening observed 

following FGF23 treatment, expression, and phosphorylation status of key 

cardiomyocyte calcium handling proteins LTCC, CaMKII, RyR2, NCX, SERCA2a, 

PLB can be assessed by western blotting. 

Ratiometric calcium-sensitive fluorescent dyes Indo-1 and Fura-2 have been 

used to image [Ca2+]i in cardiac tissue and minimise the effects of unequal dye 

loading and photobleaching . However, there are several potential issues, in part 

due to requiring excitation wavelengths in the ultraviolet spectrum. Penetration 

depth of the excitation light is reduced due to increased absorption of excitation 

photons. Blebbistatin may be inactivated by the ultraviolet illumination resulting 

in failure to suppress contractile motion during longer recording, although this 

study showed that epicardial ultraviolet illumination did not restore contractions 

in rat hearts perfused with 10 μM blebbistatin 576. In addition, Fura 2 has a high 

affinity (low dissociation constant Kd) for Ca2+, which may interfere with and 

prolong CaTD measurements 577. 

The effects of FGF23 on the handling of other ions within the cardiomyocyte is 

relatively unknown. To this date, there have been no published reports of optical 

mapping of cardiac sodium and potassium. Ratiometric dyes SBFI and PBFI have 

been used in vitro, but as they have excitation wavelengths in the ultraviolet 

spectrum, compatibility with blebbistatin may be problematic, in addition to the 

already discussed poor tissue penetration. Single cell patch clamp remains the 

gold-standard for assessing cellular sodium and potassium handling. 
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Finally, the use of red-shifted, near-infrared voltage-sensitive dyes such as Di-4-

ANBDQPQ or Di-4-ANBDQBS allow deeper penetration depth and blood-

perfused in vivo optical mapping due to the light being less strongly absorbed by 

blood and tissue 578. 

8.3.2.3. High circulating concentration, chronic FGF23 excess 
model 

In view of the results and limitations discussed, a longer-term, higher-dose 

FGF23 murine model is warranted. There are two specific methods by which this 

can be achieved. 

Firstly, high circulating FGF23 levels can be achieved through intravenous tail 

vein administration, bypassing the need for absorption through the peritoneal 

membrane, and reducing the risk of injection into unintended tissues 171.  The use 

of a tail vein catheter may allow longer-term studies, although these may be 

complicated by infections, vessel trauma and catheter displacement. 

Alternatively, implantable osmotic minipumps can deliver a continuous infusion 

of FGF23 reducing handling stress and repeated injections/venepuncture. 

However, the stability and therefore biological activity of recombinant FGF23 after 

extended periods at 37 °C are unknown. Daily monitoring of murine urinary 

phosphate excretion in metabolic cages may be a simple and non-invasive 

method of assessing in vivo FGF23 activity. 

Secondly, prior studies have utilised murine models of CKD such as 5/6 

nephrectomy 383,525, hypertension-induced e.g. spontaneously hypertensive rats 

579, DOCA salt/AngII 580,581, Col4a3-knockout 582,583 and adenine-induced 

nephropathy 401,584,585. The 5/6 nephrectomy approach, although widely used, is 
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not favoured due to postoperative complications and animal mortality. 

Hypertensive CKD models recapitulate the heart failure with preserved ejection 

phenotype and are associated with proteinuria. However, dissecting the effect of 

the hypertension itself from other drivers of the cardiovascular disease is 

challenging. Col4a3-knockouts produce a severe CKD phenotype characterised 

by LV systolic dysfunction, increased transcription of hypertrophic genes and high 

levels of circulating FGF23 (intact FGF23 5400 to 7799 pg/mL) 582,583. Dietary 

adenine induces renal tubulointerstitial fibrosis, cardiac remodelling and vascular 

calcification 586. Recent studies have also reported high levels of circulating 

FGF23 (20,000 to 37,000 pg/mL) 401,584. The use of the adenine-induced 

nephropathy model in a FGFR4-knockout mouse may dissect the role of FGF23 

in the pathogenesis of cardiovascular disease without affecting its regulation of 

phosphate homeostasis. Long-term administration of a FGFR4 blocker or 

recombinant αKlotho supplementation may be viable, but costly.  

In summary, future work will likely combine the complexity of a multicellular 

engineered heart tissue preparation or a carefully chosen CKD animal model, 

with state-of-the-art experimental methods such as optical mapping to further 

interrogate the role of FGF23 in the pathogenesis of CKD-associated 

cardiomyopathy. These models will also allow the application of existing, 

experimental and novel molecular inhibitors in both prevention and treatment of 

CKD-associated cardiomyopathy. 
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